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Resumo

As difrações sísmicas possuem valiosas informações sobre estruturas em subsuperfície como
quinas, falhas, fraturas, cunhas e canais. No entanto, são frequentemente consideradas como ruído
nos métodos convencionais de processamento sísmico. A componente difratada do campo de
ondas oferece o potencial de alcançar a super resolução, ultrapassando o limite sísmico de ima-
geamento. Essa capacidade possui implicações significativas em diversos campos e aplicações
industriais. Por meio de uma revisão sistemática da literatura, apresentamos uma visão abrangente
das técnicas disponíveis de imageamento sísmico de difrações. Nossa análise inclui uma avaliação
quantitativa dos artigos selecionados com o objetivo de identificar técnicas emergentes, lacunas
de conhecimento e explorar possíveis temas para pesquisas futuras. Notamos um interesse cres-
cente em aplicações práticas, com foco especial na demonstração da eficácia do processamento
de difrações na delimitação de estruturas baseadas exclusivamente em dados de campo. Neste es-
tudo, apresentamos o DiffraPy, um programa gratuito implementado em Python especificamente
para realizar o processamento de difrações. Nosso código oferece uma funcionalidade que inclui
capacidade de modelagem sintética, permitindo testes e novas experimentações. Demonstramos
a aplicação do código utilizando um modelo simplificado e avaliamos seu desempenho em um
modelo sintético de maior complexidade, avaliando tanto suas limitações quanto seu potencial.
Em ambos os casos, o programa suprimiu a maior parte da energia refletida, o que resulta em um
produto de maior resolução em comparação com a migração convencional. O processamento de
difrações destacou as respostas de pequenas lentes, descontinuidades e falhas, o que fornece im-
portantes informações sobre a subsuperfície. Esperamos que nosso código ofereça à comunidade
geofísica uma alternativa gratuita e documentada para testar, reproduzir e explorar vários cenários
de imageamento de difrações.

Palavras-chave:
Programa Aberto; Python; Imageamento de Difrações; Difrações Sísmicas; Modelagem Sinté-

tica; Descontinuidades; Revisão Sistemática.
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Abstract

Seismic diffractions contain valuable high-resolution information about subsurface structures,
but they are frequently disregarded as noise in conventional seismic processing methods. The
diffracted component of the wavefield offers the potential to achieve superresolution, surpassing
the limitations of the Rayleigh limit and enabling the recovery of subsurface details. This ca-
pability has significant implications across diverse fields and industrial applications. Through a
systematic literature review, we present a comprehensive overview of the available techniques in
seismic diffractions imaging. Our analysis encompasses a quantitative assessment of the selected
articles, aiming to identify emerging techniques, address knowledge gaps, and explore potential
avenues for future research. We observed an increasing interest in practical applications, with a
particular focus on demonstrating the effectiveness of diffractions imaging in delineating structu-
res exclusively based on field data. In this study, we introduce DiffraPy, an freely available Python
software specifically developed for performing a diffraction-oriented migration. Our code offers
functionalities that include forward modeling, allowing for thorough testing and experimentation.
To illustrate the functionality of DiffraPy, we demonstrate its workflow using a toy model and
evaluate its performance on a synthetic model, discussing both its limitations and potential. In
both cases, the program successfully suppressed the majority of reflected energy in the diffraction-
oriented image, resulting in a higher-resolution product compared to the conventional migration.
The diffraction processing prominently highlighted the responses of small lenses, discontinuities,
and faults, providing valuable information about the subsurface. We expect our code to offer the
geosciences community a freely accessible and well-documented alternative for testing, reprodu-
cing, and exploring various diffraction imaging examples scenarios.

Keywords:
Open-software; Python; Diffraction Imaging; Seismic Diffractions; Forward Modeling; Dis-

continuities; Systematic Review.
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1 Introdução

A sísmica de exploração é largamente utilizada para o estudo não invasivo da subsuperfície por
meio de imagens geradas após a aquisição de sismogramas. O uso das ondas refletidas para obter
imagens de estruturas rasas do meio se tornou um dos principais métodos geofísicos de exploração
(Fehler e Huang, 2002). As chamadas reflexões especulares são geradas por estruturas contínuas,
com dimensões maiores que o comprimento de onda. O termo “especularidade” se refere ao fato
de que estas ondas obedecem às leis de Snell, ou seja, a energia completa da onda incidente é
refletida em um ângulo igual e oposto ao de incidência. O espalhamento da energia pode ocorrer
de duas formas diferentes, a depender da dimensão do objeto em relação ao comprimento da onda
incidente λ. Caso o objeto seja muito menor do que λ, ocorre a difusão Rayleigh. Já no caso em que
o objeto possui dimensões próximas ou superiores a λ, ocorre a difusão Mie (Lockwood, 2016).
Estruturas geológicas como falhas, canais, cunhas e fraturas interagem com as ondas sísmicas
e espalham a energia sísmica, o que resulta nas difrações. Esse tipo de onda é um fenômeno
físico fundamentalmente diferente das reflexões, além de possuir amplitudes comparativamente
menores e ser mais rapidamente atenuado pelo espalhamento geométrico (Klem-Musatov, 1994;
Zhao et al., 2015). Trorey (1970) discute que a difração não é somente produzida pela borda de um
refletor descontínuo, mas depende de toda a superfície refletora. Por este motivo, as amplitudes
das difrações decaem mais rapidamente do que o previsto por um simples espalhamento inverso.
As técnicas tradicionais de processamento sísmico ressaltam o campo de ondas proveniente de
reflexões, consequentemente suprimindo as difrações (Khaidukov et al., 2004; Lin et al., 2021;
Moser, 2012). Com isso, a informação de estruturas importantes para a interpretação de seções
como heterogeneidades e descontinuidades é perdida durante o imageamento do meio (Lin et al.,
2022b).

As diferenças dinâmicas e cinemáticas entre difrações e reflexões podem ser utilizadas para a
separação dos dois campos de onda antes de se gerar a imagem final (Schwarz, 2019a). Para isso,
é necessário utilizar processos que propositalmente ressaltem a energia não especular. Sob certas
condições, é possível recuperar informações de objetos abaixo do tradicional limite de Rayleigh
(metade do comprimento de onda sísmica) a partir das técnicas de processamento de difrações,
o que permite a “super resolução” (Khaidukov et al., 2004; Sturzu et al., 2014; Zhang e Zhang,
2014; Zhao et al., 2019). Contudo, a capacidade de gerar imagens com detalhes abaixo do limite
tradicional de reflexão ainda é uma questão em aberto, uma vez que são necessárias circunstâncias
idealizadas (Khaidukov et al., 2004). Situações práticas dificultam a obtenção de tais níveis de
resolução, como a presença de ruído de campos distantes nos dados. Assim, a disponibilidade
de novas ferramentas para testar e reproduzir exemplos de imageamento de difrações são uma
solução para que os pesquisadores investiguem os parâmetros que interferem na obtenção de altas
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resoluções.
A aplicação de difrações como ferramenta para facilitar a interpretação de seções sísmicas é

um tópico relativamente pouco explorado pela comunidade geofísica (Decker e Fomel, 2021). No
entanto, sua relevância e contribuição para a área estão cada vez mais consolidadas, conforme
demonstrado pelas referências na literatura científica. Trabalhos pioneiros se concentraram em se-
parar este tipo de onda para identificar e delinear zonas de falhas (Hagedoorn, 1954; Kanasewich
e Phadke, 1988; Krey, 1952; Kunz, 1960). Atualmente, as principais aplicações das técnicas de
imageamento de difrações são a caracterização de falhas, fraturas e outras estruturas em subsuper-
fície (Decker e Fomel, 2021; Li et al., 2020a; Lowney et al., 2021a; Prosatov et al., 2021; Zhang
et al., 2020), imageamentos ligados à indústria de óleo e gás (Decker et al., 2014; Lin et al., 2018b;
Merzlikin e Fomel, 2017; Tyiasning et al., 2016; Zhao et al., 2019, 2015, 2020), investigações ra-
sas (De Figueiredo et al., 2013; Delf et al., 2022; Maciel e Biloti, 2020) e análise de velocidades
necessárias para diferentes técnicas de migração (Decker et al., 2017; Fomel et al., 2007; Santos
et al., 2020). Apesar de algumas empresas oferecerem soluções comerciais para o processamento
de imagens de difrações, a comunidade geofísica possui poucas opções de programas de código
aberto disponíveis para essa finalidade. Um exemplo de programa aberto é o Madagascar, que
inclui funções específicas para o processamento e análise de dados de difrações sísmicas (Fomel
et al., 2013).

A revisão sistemática da literatura desempenha um papel fundamental no avanço do conheci-
mento científico ao proporcionar uma abordagem transparente e replicável para a busca, seleção e
análise de artigos primários (Tranfield et al., 2003). Por meio de um processo rigoroso e padroni-
zado, é possível responder a perguntas específicas e apresentar novos métodos. Uma das vantagens
da revisão sistemática é a capacidade de identificar lacunas teóricas e sintetizar estudos relevantes
relacionados a um tópico específico (Kitchenham et al., 2009). É possível realizar uma análise
abrangente e comparativa, o que permite a identificação de tendências, convergências e discrepân-
cias nos resultados publicados (Castro e Cunha, 2021). Recentemente, a revisão sistemática da
literatura tem sido aplicada em diversas áreas das geociências, como radar de penetração no solo
(Castro e Cunha, 2021; Rasol et al., 2022), estudos de afloramentos relacionados à exploração de
hidrocarbonetos (Marques Jr et al., 2020) e aplicação de técnicas de aprendizado de máquinas para
a modelagem de propriedades físicas de reservatórios (Syed et al., 2022). Algumas publicações
apresentam uma revisão do estado da arte no campo do processamento de difrações, como Kim
et al. (2021); Li et al. (2021); Lin et al. (2021); Schwarz (2019a); Wang et al. (2020); Zhao et al.
(2019). No entanto, até o momento, nenhuma dessas pesquisas utilizou a abordagem sistemática
para investigar e sintetizar o conhecimento disponível sobre esse tema.

O objetivo deste trabalho é apresentar um programa desenvolvido em Python dedicado ao pro-
cessamento de difrações sísmicas. Implementamos o método de imageamento apresentado por
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Moser e Howard (2008), que envolve a modificação da condição de imagem da migração Kirchhoff
por meio do uso de um peso isotrópico anti-estacionário. O programa possui funções pré-definidas
que permitem executar as etapas necessárias para gerar a migração direcionada a difrações. O
produto final do código consiste em duas imagens geradas simultaneamente: a migração Kirchhoff
convencional e a migração com o peso modificado, em que as reflexões são suprimidas e o campo
de ondas difratadas é enfatizado. Além disso, o programa inclui um modelador sintético que faci-
lita a reprodução de testes e experimentos relacionados à técnica de processamento de difrações.

Adicionalmente, este trabalho também tem como objetivo realizar uma revisão abrangente do
estado da arte no campo do imageamento de difrações sísmicas. Identificamos lacunas no conhe-
cimento e na pesquisa relacionados ao tema e fornecemos uma visão geral dos diferentes métodos
de processamento de difrações disponíveis. Realizamos uma análise quantitativa das publicações
selecionadas e identificamos áreas potenciais para futuras pesquisas.

1.1 Objetivo Geral

Avaliar o uso da técnica de imageamento de difrações para a obtenção de imagens de alta
resolução por meio do desenvolvimento de um programa aberto para a comunidade geofísica.

1.2 Objetivos Específicos

1. Realizar uma revisão sistemática da literatura sobre o imageamento sísmico de difrações;

2. Desenvolver um programa em Python que possua a modelagem e a migração sísmica con-
vencional;

3. Implementar o imageamento de difrações no código a partir do método da alteração da con-
dição de imagem da integral de Kirchhoff;

4. Testar a aplicação do programa em dados sintéticos para verificar a capacidade de recupera-
ção de informações de estruturas espalhadoras.

1.3 Justificativa

O processamento sísmico tradicional ressalta a informação contida nas ondas refletidas e su-
prime as difrações para gerar imagens da subsuperfície. No entanto, as difrações possuem in-
formações relevantes sobre a interação das ondas sísmicas com estruturas como quinas, falhas,
fraturas ou pequenas variações na refletividade sísmica causadas pela presença de fluidos. As on-
das difratadas são utilizadas principalmente para gerar imagens da subsuperfície e para a análise
de velocidades no processos de migração.
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Reflexões e difrações são fenômenos físicos fundamentalmente diferentes, fato que permite a
sua separação em seções sísmicas antes da imagem final. Com isso, é possível gerar uma imagem
da subsuperfície em que as difrações são ressaltadas. O imageamento de difrações, em tese, é capaz
de recuperar detalhes abaixo do tradicional limite de Rayleigh; ou seja, metade do comprimento de
onda. Entretanto, esse fenômeno só é alcançado sob certas condições. É preciso explorar melhor
a aplicação das difrações para a recuperação de detalhes em diferentes condições para melhor
compreender as limitações e potencialidades da técnica.

Separar as difrações do campo de ondas total e imageá-las separadamente não é um processo
computacionalmente intensivo, e pode ser alcançado a partir de modificações nos passos comuns
do processamento sísmico. Atualmente, as difrações são estudadas pela indústria de óleo e gás com
a finalidade da exploração em áreas fraturadas, e algumas soluções comerciais já foram apresen-
tadas a partir dessa técnica. No entanto, ainda são poucas as opções de imageamento de difrações
oferecidas para a comunidade geofísica, como os pacotes disponíveis no programa Madagascar
(Fomel et al., 2013).

1.4 Hipótese

A integração do imageamento de difrações no processamento sísmico convencional pode ser
feito a partir de pequenas modificações em algoritmos tradicionais e é capaz de recuperar informa-
ções de objetos abaixo do limite de resolução sísmico. Isso pode ser feito a partir da alteração da
condição de imagem na migração Kirchhoff.

1.5 Organização da Dissertação

Após a introdução ao tema e contextualização da pesquisa apresentadas no Capítulo 1, abor-
damos os conceitos básicos sobre difrações sísmicas no Capítulo 2, assim como a teoria sobre a
migração Kirchhoff e o método de imageamento proposto por Moser e Howard (2008).

No Capítulo 3, apresentamos os resultados de uma revisão sistemática de literatura sobre o
imageamento de difrações sísmicas no formato de artigo científico. Realizamos uma análise quan-
titativa dos trabalhos selecionados para fornecer uma visão abrangente dos métodos propostos.

O Capítulo 4, também no formato de artigo científico, introduz o programa de processamento
de difrações desenvolvido nesta pesquisa. Apresentamos as funcionalidades do código e testamos
sua aplicação em dados sintéticos. A partir de um modelo sintético mais complexo, discutimos as
aplicações, limitações e potencialidades do programa.

Por fim, no Capitulo 5, realizamos uma síntese dos resultados obtidos nos artigos, além de
apresentar as conclusões e considerações finais.
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2 Fundamentação Teórica

2.1 Ondas Sísmicas

Um dos principais objetivos da geofísica é obter imagens da subsuperfície e caracterizar o meio
de forma indireta e não invasiva. O início da utilização de fontes artificiais para o estudo dos efei-
tos das ondas geradas pode ser atribuído a Robert Mallet, em 1846 (Dean, 1991). No entanto, os
maiores avanços na instrumentação e aplicação dos métodos sísmicos ocorreram durante a revo-
lução digital, em 1960. De acordo com Fehler e Huang (2002), o uso de ondas refletidas para
obter informações de porções rasas da estrutura da Terra se tornou um dos principais métodos de
exploração, com uma grande quantidade de aplicações e técnicas estudadas.

A base dos estudos sísmicos consiste no entendimento da propagação das ondas no interior
da Terra e sua visualização em sismogramas. Ondas sísmicas são pacotes de energia de deforma-
ção liberados por uma fonte, natural ou artificial, cuja velocidade depende de parâmetros como o
módulo de elasticidade e densidade do meio. A interação dessas ondas com as estruturas em sub-
superfície é registrada por receptores e resultam em sismogramas que podem ser transformados
em modelos realísticos do meio.

São dois os tipos de ondas que podem se propagar através do volume interno de meios elás-
ticos. O primeiro tipo é o das ondas P, também conhecidas como compressionais, primárias, de
dilatação ou longitudinais. A outra categoria de ondas de corpo são as ondas S, também conheci-
das como secundárias, de cisalhamento ou transversais. O movimento das partículas associadas às
ondas P envolve a oscilação de um ponto fixo na direção da propagação da onda (Figura 1a). Já o
movimento associado às ondas S envolve a oscilação de um ponto fixo em um plano perpendicular
à direção de propagação (Figura 1b). Essa propagação das ondas S ao longo de um plano per-
mite sua polarização, dividindo-a em uma componente polarizada vertical (Sv) e uma polarizada
horizontal (Sh).

A velocidade de propagação de uma onda de corpo em qualquer material homogêneo e isotró-
pico pode ser descrita pela relação entre suas propriedades elásticas e sua densidade. A velocidade
da onda P é dada por:

Vp =

(
k+ 4

3µ
ρ

)1/2

, (1)

em que k é o módulo de compressibilidade, µ é o módulo de cisalhamento, um dos coeficientes de
Lamé, e ρ é a densidade do meio. Como a onda S envolve somente cisalhamento, a velocidade Vs

é dada por:
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Figura 1: (a) Bloco tridimensional ilustrando a propagação de uma onda P: a partícula se move na
direção da propagação da onda. (b) Na onda S, a partícula se movimenta em um plano perpendi-
cular à direção de propagação.

Vs =

(
µ
ρ

)1/2

. (2)

Já as ondas de superfície são praticamente restritas à propagação na superfície de meios elásti-
cos, possuem menor velocidade que as ondas de corpo e guardam grande quantidade de energia da
fonte. Possuem essa nomenclatura pelo fato de não penetrarem muito profundamente em subsuper-
fície. As ondas Rayleigh viajam ao longo da superfície da Terra como um pacote, com amplitudes
que decaem exponencialmente com a profundidade. O movimento de partículas associado é elíp-
tico retrógrado (Figura 2a), resultado da interferência entre as ondas P e Sv. Há uma dispersão
da onda, em que a vibração ocorre em diferentes profundidades e frequências. Caso exista uma
camada de baixa velocidade sobreposta a uma camada de alta velocidade, o segundo pacote de
ondas é gerado, resultante da interferência das ondas S polarizadas horizontalmente (Sh), chamado
de ondas Love. Se propagam paralelamente à superfície e perpendicularmente à direção da onda
(Figura 2b).

Um pulso sísmico emitido por uma fonte natural ou artificial se propaga em velocidades de-
terminadas pelas propriedades físicas do meio em que se encontra. Por exemplo, caso o pulso se
propague em um meio homogêneo e isotrópico, terá a mesma velocidade em todas as direções.
Para que uma onda seja refletida, é preciso que interaja com uma interface ou objeto que apresente
contraste de impedância acústica Z. A impedância acústica é o produto da velocidade sísmica c
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Figura 2: (a) Bloco tridimensional ilustrando a propagação das ondas Rayleigh: a partícula apre-
senta um movimento elíptico retrógrado em um plano perpendicular à superfície. (b) Nas ondas
Love, a partícula se movimenta paralelamente à superfície e perpendicularmente à direção de pro-
pagação.

pela densidade ρ de determinada camada ou interface. A amplitude da onda refletida é descrita
pelo coeficiente de refletividade.

Se a velocidade for maior em uma camada subjacente, ocorrerá um ângulo de incidência es-
pecífico conhecido como ângulo crítico θc. Quando o ângulo de incidência é igual a θc, o ângulo
de refração é de 90º. Consequentemente, o raio refratado irá viajar ao longo da interface entre
as duas camadas. A passagem do raio refratado provoca uma perturbação na camada superior,
o que resulta na geração de ondas de choque. No caso sísmico, essas ondas são denominadas
“ondas frontais” e se propagam de maneira oblíqua pela camada superior em direção à superfície.
A sísmica de refração explora essas propriedades para investigar a geometria e a velocidade das
camadas subsuperficiais.

A difusão é um fenômeno que resulta na mudança da trajetória da propagação da onda causada
por obstáculos ou pequenas variações do meio. A difração é um caso particular da difusão, relaci-
onado a perturbações com dimensões comparáveis ao comprimento de onda (Weill, 2014). Neste
trabalho, utilizaremos o termo “difração” para se referir ao espalhamento da onda sísmica causado
por descontinuidades na subsuperfície.

Até o momento, assumimos que as superfícies são suficientemente contínuas, suaves e planas
para discutir os fenômenos de reflexão e refração. No entanto, quando as ondas sísmicas interagem
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com objetos, descontinuidades, bordas, quinas ou estruturas com raio de curvatura menor que o
comprimento de onda incidente, as leis de Snell não são mais válidas. Isso resulta em fenômenos
conhecidos como difrações sísmicas.

2.2 Difrações Sísmicas

A interação das ondas sísmicas com diferentes interfaces ou obstáculos resulta em eventos
distintos. Difrações e reflexões são fenômenos fundamentalmente diferentes (Khaidukov et al.,
2004; Klem-Musatov, 1994). Enquanto as reflexões são geradas por interfaces suaves e contínuas,
difrações são resultado da interação da onda com pequenas estruturas e não satisfazem as condições
gerais de validação da teoria de raios apresentadas por Červeny (2001). Segundo Moser (2012), as
ondas refletidas podem ser referidas como “ondas especulares” pelo fato de obedecerem à lei de
Snell, o que não ocorre com as ondas difratadas. A reflexão resultante da incidência de uma onda
em uma superfície suave é compreendida a partir da aplicação da lei de Snell, em que o ângulo
de incidência é equivalente ao ângulo do raio refletido (Figura 3a). Assim, este raio é definido e
parametrizado por um único critério, como o tempo de percurso da onda. Como as difrações não
especulares são um espalhamento da energia da onda incidente em vários raios, é necessária mais
de uma propriedade para parametrizar os raios resultantes, e.g., o tempo de percurso da onda e os
ângulos de saída (Figura 3b).

Figura 3: Comportamento de raios sísmicos (a) refletidos e (b) difratados em uma superfície.
Modificado de Moser (2012).

Portanto, o comportamento cinemático dos dois tipos de onda é diferente (Trorey, 1970). Re-
flexões e difrações provenientes de pontos com a mesma profundidade irão se manifestar de forma
diferente em seções. Além disso, a posição do ápice da hipérbole também sofrerá alterações em
cada conjunto de tiros (shot gather) (Khaidukov et al., 2004). Para exemplificar, consideramos o
simples caso de um refletor horizontal e velocidades constantes, como na Figura 4a. Deste modo,
o ápice da hipérbole de reflexão sempre será na posição de offset igual a zero, i.e., logo abaixo da
posição da fonte. Se a fonte muda de posição, o mesmo ocorre com o ápice da hipérbole, acompa-
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nhando a fonte. Já a hipérbole gerada por um ponto difrator em um meio de velocidade constante
possui o ápice fixado acima deste ponto; a hipérbole de difração não se move lateralmente (Figura
4b). Outra diferença fundamental é que a energia de reflexão pode ser compreendida como gerada
por uma fonte secundária em subsuperfície (pontos S’, Figura 4a), fato que não ocorre com as
difrações (Keller, 1962).

Figura 4: Diferença geométrica entre reflexões e difrações em um meio de velocidade constante.
S e R são as posições da fonte e dos receptores; A o ápice da hipérbole; S’ a projeção da refle-
xão em subsupefície; e D o ponto difrator. (a) Geometria de reflexões para uma interface planar
horizontal; (b) Geometria de difrações para um ponto difrator. Note que a reflexão pode ser com-
preendida como originada por um ponto S’ espelhado em relação à posição do refletor. Modificado
de Khaidukov et al. (2004).

Além disso, a energia das difrações é consideravelmente menor que a de reflexões, que pode
chegar a uma ou duas ordens de diferença de magnitude (Klem-Musatov, 1994). A Figura 5 de-
monstra essa propriedade a partir de modelos sintéticos simples, com velocidade constante v=1000
m/s (Figuras 5a a 5c), e as seções de tiro comum (common-shot) resultantes (Figuras 5d a 5f). Ge-
ramos três diferentes modelos de refletividade: um refletor plano horizontal na posição z=1000 m;
um ponto difrator na posição x,z=1200,500 m; e a combinação entre esses modelos. Simulamos
a reposta esperada de uma fonte explosiva no centro do modelo a partir da modelagem Kirchhoff.
Ao comparar as amplitudes das hipérboles resultantes (Figuras 5d e 5e), notamos a diferença de
uma ordem de magnitude (0.005 e 0.0005). Para a seção apresentada na Figura 5f, observamos que
a hipérbole gerada pelo ponto difrator é pouco visível, devido às menores amplitudes comparadas
à reflexão. Dessa forma, essas propriedades fazem com que seja possível separar o campo de ondas
total em uma componente composta por reflexões e uma composta por difrações.

As reflexões só recuperam informações de refletores acima do tradicional limite de Rayleigh,
separação mínima entre eventos sísmicos que permite sua distinção (Figura 6). Este limite é nor-
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Figura 5: Modelos sintéticos de refletividade (a-c) e seções common-shot resultantes a partir da
modelagem Kirchhoff (d-f).

malmente definido como metade do comprimento de onda sísmico, ou seja, possui relação com a
frequência de aquisição ou a resolução temporal do sinal. As difrações, em teoria, são capazes de
recuperar informações de estruturas abaixo deste limite, o que permite a “super resolução” (Nei-
dell, 1997; Zhang e Zhang, 2014; Zhao et al., 2019). O processamento de difrações para aumentar
a resolução de imagens sísmicas é um tópico de pesquisa relativamente novo, porém já consolidado
na literatura. Os esforços iniciais do uso de difrações se concentraram na identificação e delimi-
tação de falhas, como feito por Kanasewich e Phadke (1988), Krey (1952), Kunz (1960) e Trorey
(1970). Berryhill (1977) determinou o comportamento dinâmico de difrações de borda. Harlan
et al. (1984) estimaram velocidades do meio usando modelagens sintéticas e introduziram técni-
cas de análise de velocidade a partir de difrações. Vries e Berkhout (1984) usaram o conceito de
entropia mínima para avaliar o método de focar respostas difratoras e extrair velocidades. Landa
et al. (1987) propuseram seções common-diffraction point (D-sections) por meio do cálculo de
coerência ao longo de hipérboles geradas por estruturas espalhadoras. Neidell (1997) diferenciou
as contribuições dos campos de ondas difratado e refletido e utilizou a componente difratada para
estabelecer maiores resoluções. Landa e Keydar (1998) extraíram informações de seções sísmicas
para imagear difrações e identificar heterogeneidades do meio geradas por atividades humanas ou
rápidos processos geológicos. Papziner e Nick (1998) também aplicaram difrações para detectar
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heterogeneidades em porções rasas da subsuperfície. Bansal e Imhof (2005) estudaram diferentes
módulos para separar o campo de ondas difratados em diferentes domínios.

Figura 6: Diferentes situações de interação entre pulsos sísmicos de diferentes eventos. À es-
querda, a distância entre os pulsos torna possível distingui-los separadamente no pulso resultante.
No meio, ocorre o limite de Rayleigh, em que ainda é possível distinguir os pulsos individualmente.
À direita, a distância não permite a distinção, em que a resultante é um único pulso.

As atuais aplicações das difrações estão principalmente ligadas à incorporação de análise de
velocidades associada a técnicas de migrações sísmicas (Fomel et al., 2007; Lin et al., 2020, 2018a;
Reshef e Landa, 2009; Sava et al., 2005) e ao imageamento de pequenas estruturas em sismogra-
mas (Bauer et al., 2019; Decker et al., 2014; Khoshnavaz et al., 2016; Li et al., 2020b; Maciel e
Biloti, 2020; Schwarz, 2019a; Tyiasning et al., 2016), especialmente ligadas a reservatórios de óleo
e gás (Merzlikin e Fomel, 2017; Schwarz e Krawczyk, 2020; Tyiasning et al., 2016). Estudos tam-
bém foram direcionados ao imageamento de complexos de massa de transporte (mass-transport

complexes, depósitos gerados por deslizamentos de terra subaquáticos) (Ford et al., 2021), redes
complexas de falhas e fraturas (Schwarz e Krawczyk, 2020), inversões relacionadas à tomografia
sísmica (Bauer et al., 2017; Santos et al., 2012), detecção de estruturas relacionadas à mineração
de carvão (Zhou et al., 2017), monitoramento de captura de CO2 (Alonaizi et al., 2014) e estudos
de estruturas internas de geleiras (Delf et al., 2022).

2.3 Migração Sísmica

A migração sísmica é a etapa do processamento que permite o imageamento da subsuperfície
a partir do colapso da energia espalhada ao longo das hipérboles ao seu ponto de origem (Yilmaz,
2008). Esta etapa converte a informação de reflexões e outros eventos contida nos traços em
uma imagem que representa o meio. Um dos principais objetivos do imageamento sísmico é obter
imagens realísticas do meio a partir de processamentos aplicados aos dados adquiridos. Uma seção
sísmica convencional não representa a imagem de subsuperfície, pois é composta pelo registro
do tempo de chegada das ondas nos receptores. As amplitudes geradas por um ponto difrator
captadas por um hipotético conjunto de receptores irão formar uma hipérbole (Figura 7b). Assim,
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é necessário empilhar a energia que está espalhada ao longo da hipérbole no ponto em que foi
gerada. A migração é a operação que retorna a imagem esperada a partir de uma seção sísmica,
pois empilha a energia das difrações elementares aos seus respectivos pontos emissores (Figura
7c). Dessa forma, os eventos passam do domínio do tempo (traços sísmicos) para o domínio da
profundidade (Tygel et al., 1994).

Figura 7: Exemplo de migração sísmica. (a) Modelo sintético de uma seção de tiro comum com
um ponto difrator; (b) traços sísmicos resultantes da modelagem Kirchhoff; (c) imagem recuperada
após a migração Kirchhoff.

Há duas classes gerais de algoritmos utilizadas para a migração de dados sísmicos (Bednar,
2005). A primeira é baseada na solução da equação da onda em sua forma completa, conhecida
como “migração da equação de onda” (wave equation migration - WEM). O objetivo é obter uma
solução que satisfaça a equação completa da onda. Isso pode ser feito no domínio do tempo, por
meio do método de diferenças finitas (Mulder e Plessix, 2004), ou no domínio da frequência, a
partir da extrapolação do campo de ondas usando a equação do tempo de ida (one-way) ou de ida
e volta da onda (two-way) (Fomel e Kaur, 2021; Gazdag, 1978; Stolt, 1978).

Mulder e Plessix (2004) ressaltam que apesar de resultarem em imagens que representam a
subsuperfície com maior acurácia, os algoritmos da migração da equação de onda possuem um
alto custo computacional. São necessárias elevadas taxas de tempo de processamento que podem
ser irrealísticas para aplicações em dados de larga escala (Zhu e Lines, 1998).

A segunda categoria de algoritmos é a migração Kirchhoff, que utiliza o princípio de Huygens
(Berryhill, 1979; Schneider, 1978). Além de considerar o meio como uma malha de pontos es-
palhadores, esta categoria faz uma aproximação da integral da equação da onda a partir de duas
suposições. A primeira é que os dados devem satisfazer a suposição de alta frequência, e a segunda
é que o campo de ondas espalhado deve estar linearmente relacionado ao campo de ondas incidente
por meio de um fator denominado “refletividade”.
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2.3.1 Princípio de Huygens

O princípio de Huygens foi proposto por Christiaan Huygens em seu estudo “Traité de la

Lumière” (Tratado da Luz), em que o autor apresenta discussões sobre a propagação ondulatória
da luz e fenômenos como reflexão e refração (Huygens, 1690).

Quando qualquer tipo de onda se propaga, cada ponto da frente de onda age como um novo
ponto emissor de energia (Anderson, 2021), como ilustrado na Figura 8. Ou seja, a frente de onda é
compreendida como o envelope da energia de fontes secundárias; a energia se interfere de maneira
construtiva ao longo da frente de onda e destrutiva fora dela (Enders, 1996). A partir disso, é
possível compreender uma superfície refletora como composta por infinitesimais pontos emissores
de frentes de onda, chamadas de “difrações elementares”.

Figura 8: Construção geométrica do princípio de Huygens. A fonte A emite a frente de onda B.
Cada ponto D desta frente de onda atua como uma nova fonte emissora, gerando as frentes de onda
como em E. O envelope dessas curvas resulta na nova frente de onda C.

A teoria proposta por Huygens descreve a hipérbole de reflexão sísmica como o envelope de
difrações elementares, também chamadas “ondas de Huygens” (Hubral et al., 1996b), que se in-
terferem construtivamente ao longo da frente de onda. Esta propriedade é ilustrada na Figura 9. A
Figura 9a é um modelo sintético com três pontos difratores. Abaixo, a Figura 9d mostra a seção
sintética resultante de uma hipotética aquisição common-offset, em que as respectivas hipérboles
de difração são visíveis. Ao aumentar o número de pontos difratores do modelo (Figura 9b), a
imagem do refletor começa a se tornar nítida, mas ainda é possível observar as hipérboles de difra-
ções reais individualmente (Figura 9e). No caso de uma superfície contínua (Figura 9c), a seção
resultante mostra o envelope das difrações elementares, que dá origem à reflexão (Figura 9f).

A teoria de Huygens aplicada para o imageamento sísmico é válida tanto para refletores suaves
como para quinas e descontinuidades. No entanto, conforme apontado por Moser e Howard (2008),
há importantes diferenças entre as difrações elementares previstas na teoria e difrações reais. As
difrações elementares são idealizações matemáticas que se interferem construtivamente ao longo
da frente de ondas. Já as difrações reais não são somente conceitos matemáticos, mas o resultado da
interação da onda sísmica com pequenos objetos ou variações do meio. Ao contrário de difrações
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Figura 9: (a) Modelo sintético de velocidade com três pontos difratores; (b) Decomposição de uma
superfície refletora em um número finito de pontos difratores; (c) Superfície refletora suave e con-
tínua, com duas quinas. (d-f) Seções common-offset resultantes a partir da modelagem Kirchhoff.

31



elementares, a energia individual das difrações reais é observável em seções sísmicas.

2.3.2 Migração Kirchhoff

O princípio de Huygens explica a formulação proposta por Hagedoorn na década de 1950 para
compreender reflexões sísmicas (Hagedoorn, 1954). O autor apresentou um método que utiliza
régua e compassos para definir reflexões como o envelope de curvas de tempo de trânsito, um dos
trabalhos pioneiros para o imageamento sísmico a partir da noção de migração (Bednar, 2005).
Foi somente após a revolução digital iniciada em 1960 que a implementação computacional de
um algoritmo de migração se tornou possível. Com isso, as primeiras soluções comerciais de
migrações baseadas no trabalho de Hagedoorn surgiram no fim desta década (Schneider, 1978).
Apesar da aplicação do método ser distinta da migração Kirchhoff, as duas abordagens possuem
semelhanças por se basearem no princípio de Huygens para compreender as reflexões sísmicas.

A integral de Kirchhoff utilizada na migração sísmica é baseada na solução da equação da onda
em sua forma simplificada para o caso 3D (Enders, 1996):

∆Ψ− 1
c2

∂2Ψ

∂t2 =−q(r, t), (3)

em que Ψ(r, t) é a amplitude do campo escalar, c = c(x) é a velocidade acústica do meio e q(r, t) é
a densidade da fonte. A Equação 3 também é chamada de equação da onda acústica e descreve a
propagação de ondas compressionais.

A função de Green para a Equação 3 é a sua solução para fontes unitárias:

∆g− 1
c2

∂2g
∂t2 =−δ(r− r0)δ(t − t0). (4)

Uma possível solução para a Equação 4 é a expansão da onda esférica impulsiva em um espaço
livre (Schneider, 1978):

g f (r, t|r0, t0) =
δ(R/c− τ)

4πR
;

R ≡ |r0 − r|; τ = t − t0.
(5)

Ao utilizar a Função de Green determinada na Equação 5, a solução geral para a Equação 4
pode ser escrita como:
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Ψ(r, t) =
∫ t

0
dt0

∫∫∫
g f (r, t|r0, t0)q(r0, t0)dV0

− 1
c2

∫∫∫ [(
∂g f

∂t0

)

t0=0
Ψ(r0,0)−g f (r, t|r0,0)

∂Ψ

∂t
(r0,0)

]
dV0

+
∫ t

0
dt0

∫∫
(g f (r, t|r0, t0)∇0Ψ(r0,t0)−Ψ(r0, t0)∇0g f (r, t|r0, t0))dS0.

(6)

O primeiro termo da Equação 6 descreve a propagação de partes do campo de amplitudes que
se originam de fontes externas, enquanto o segundo e o terceiro item descrevem a propagação
de campos originados das condições iniciais e de borda, respectivamente (Enders, 2009). Ao
terceiro item é dado o nome de “integral de Kirchhoff”, que resulta na informação espacial da
fonte emissora.

No caso da aplicação da integral de Kirchhoff para a migração de dados sísmicos, é possível
simplificar o terceiro termo da Equação 6 na seguinte forma (Tygel et al., 1996):

V (x) =
∫

dξ

∫
dt U(ξ, t) δ(t − td(ξ,x)), (7)

em que U(ξ, t) é o dado sísmico parametrizado pelo vetor ξ; δ é distribuição delta de Dirac; e td é
a curva do tempo de trânsito, ou seja, o tempo de propagação de uma difração elementar no ponto
x.

Por compreender as superfícies refletoras como compostas por diversos pontos difratores, a
integral de Kirchhoff também é chamada de stack de difrações, uma vez que faz o empilhamento
da energia de difrações elementares. Moser e Howard (2008) ressaltam que, ao contrário do que o
nome indica, o stack de difrações ressalta a informação das reflexões em detrimento às difrações
reais. Dessa forma, a integral de Kirchhoff possui um viés para a energia de reflexões; há uma
perda da energia de difrações após esta operação.
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2.4 Separação e Imageamento de Difrações

Wang et al. (2020) discutem que as ondas difratadas são tratadas como ruído em fluxos tradicio-
nais de processamento, fato que dificulta a obtenção de imagens de alta resolução da subsuperfície.
O campo difratado é mascarado pelas reflexões devido à diferença de magnitude entre os dois tipos
de ondas (Klem-Musatov, 1994). Além disso, como discutido por Moser e Howard (2008), técni-
cas usuais de imageamento sísmico, como a migração Kirchhoff, possuem um viés para reflexões,
suprimindo a energia das difrações não especulares. A partir das diferenças do comportamento di-
nâmico e cinemático entre reflexões e difrações, é possível separar o campo total de ondas em duas
componentes. Diferentes técnicas foram apresentadas pelos pesquisadores para obter imagens em
que as difrações não especulares são destacadas e reflexões especulares são suprimidas. Autores
classificam os métodos de imageamento de difrações por meio da separação de reflexões em duas
(Kim et al., 2021; Lin et al., 2021; Schwarz, 2019a; Wang et al., 2020) ou três (Li et al., 2021; Zhao
et al., 2019) diferentes categorias ao considerar as diferentes abordagens matemáticas utilizadas.
Neste trabalho, iremos considerar duas categorias distintas.

A primeira inclui os métodos que separam as difrações das reflexões antes ou após o processo
de migração, no domínio do dado. Faz parte desse grupo o método de separação local slant-slack

apresentado por Harlan et al. (1984). Diversos estudos exploram filtros de destruição de onda
plana (plane-wave destruction ou PWD), como Decker et al. (2017), Fomel (2002), Fomel et al.
(2007), Li et al. (2022a), Li et al. (2022b), Lin et al. (2018c), Lowney et al. (2020), Taner (2006)
e Yuan et al. (2019). O método de subtração coerente realiza a soma das amplitudes provenien-
tes de reflexões e as separa das difrações a partir de filtros de frentes de onda (Schwarz, 2019b;
Schwarz e Gajewski, 2017). Lin et al. (2020) apresentam o método da análise multicanal de es-
pectro (MSSA, multichannel singular-spectral analysis), em que as reflexões são suprimidas no
domínio da frequência-espaço (f-x) a partir da análise das características lineares da energia de
reflexões (Lin et al., 2022a; Zhou et al., 2023); posteriormente, o estudo de Shen et al. (2020)
aprimorou o método por meio da técnica singular value decomposition (SVD), em que os autores
utilizam um filtro baseado nas diferenças de coerência e dos tempos de trânsito entre os campos de
ondas. Jiang et al. (2022) propuseram uma melhoria para o método SVD ao utilizar uma estratégia
de espectro de diferença de segunda ordem. Outra técnica que utiliza o domínio f-x é o variatio-

nal mode decomposition (Lin et al., 2021), que considera os aspectos esparsos da distribuição da
energia dos eventos. Estudos também utilizam filtros no domínio da frequência - número de onda
(f-k) para separar as difrações. Dell et al. (2018) utilizam filtros no domínio f-k para separar o
modelo de eventos de ondas planas e posteriormente subtraí-lo do campos de onda total. Bashir
et al. (2018, 2020) também usam filtros no domínio f-k, porém com posterior filtro PWD no do-
mínio do tempo-espaço (t-x) para separar as difrações. Zhao et al. (2019) realizam a separação
dos eventos no domínio do tiro por meio do filtro de variação no espaço (space-varying media
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filter ou SVMF); o domínio no tiro também é conhecido como common virtual source gather (Li
et al., 2021). Decker e Fomel (2021) apresentaram uma técnica para ser aplicada em conjuntos de
dados em que a energia de reflexões já foi suprimida. Neste estudo, é feita a soma dos possíveis
sinais gerados por diferentes velocidades de migração (path integral seismic imaging) (Merzlikin
e Fomel, 2017; Merzlikin et al., 2019, 2020) de forma a acentuar a energia gerada por difratores
em subsuperfície.

A segunda categoria inclui os métodos que separam as difrações diretamente durante o pro-
cesso de migração. A vantagem desta categoria é que grande parte das técnicas apresentadas
podem ser implementadas a partir de pequenas modificações na equação de migração. Além disso,
a implementação representa um baixo custo computacional, pois não representa uma alteração
brusca nos algoritmos de processamento convencionais. Landa et al. (1987) criaram seções de
difrações (D-sections) a partir de correlações de fase; Kanasewich e Phadke (1988) construíram
gathers de common-fault-points a partir da distribuição de amplitudes de difrações; Landa e Key-
dar (1998) criaram seções de common-diffraction-point para ressaltar a amplitude das difrações e
detectar heterogeneidades. Khaidukov et al. (2004) modificaram o termo do tempo de trânsito de
difrações elementares no algoritmo de migração para criar um domínio em que é possível focar
a energia de reflexões e posteriormente mutá-las do campo de ondas difratado. Berkovitch et al.
(2009) também realizaram pequenas modificações na equação de migração para criar o método
multifocus que, analogamente ao método anterior, foca a energia de difrações baseado na correção
do tempo de trânsito da integral de migração. Moser e Howard (2008) desenvolveram um filtro
anti-estacionário a partir da modificação da função de peso na intergral de Kirchhoff para suprimir
a energia de reflexões e ressaltar as difrações. Li et al. (2020b) modificaram este filtro por meio
da análise das fases dos sinais e posterior reversão de polaridade de modo a reduzir a energia re-
sidual de reflexões. Zhang e Zhang (2014) propuseram mutar a energia de reflexões da zona de
Fresnel nos gathers de tiro e ângulos de abertura. Li et al. (2020c), Zhao et al. (2016) e Zhao et al.
(2020) utilizaram a distância Mahalanobis para incluir uma função exponencial na integral de Kir-
chhoff de forma a suprimir as amplitudes de reflexões. Dell e Gajewski (2011), Rad et al. (2018)
e Schwarz et al. (2014) propuseram o método common-reflection-surface, baseado na diferença
de curvatura entre respostas de reflexões e difrações. Os métodos baseados na transformada de
Radon (Klokov e Fomel, 2012, 2013; Li et al., 2018; Liu et al., 2016; Ogiesoba e Klokov, 2017)
realizam a separação das diferentes componentes do campo de ondas no domínio dip-angle após a
migração; no entanto, como são baseados em derivações de algoritmos de migração, entendemos
que se encaixam melhor nesta categoria. É importante frisar que a separação de eventos no domíno
dip-angle não é restrita à migração Kirchhoff tradicional (Dafni e Symes, 2017; Silvestrov et al.,
2016; Zhu e Wu, 2010).

Adicionalmente, técnicas de aprendizado de máquinas também se mostraram efetivas para a
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separação e imageamento de difrações. De Figueiredo et al. (2013) apresentaram um dos estudos
pioneiros no uso de algoritmos de machine learning para a separação e imageamento de difrações.
Os autores classificaram imagens a partir da análise das amplitudes de difrações elementares. Para
isso, aplicaram a técnica k-nearest neighbors (kNN) a fim de distinguir imagens contendo difra-
ções, reflexões ou ruído pela análise da distribuição de amplitudes ao longo das curvas de tempo
de trânsito de difrações. Esta abordagem foi posteriormente aplicada e aperfeiçoada por Maciel
e Biloti (2020). Neste estudo, os autores desenvolveram um descritor estatístico baseado na di-
ferença entre aspectos dinâmicos e cinemáticos dos campos de onda. Este método apresenta a
classificação correta de eventos utilizando a técnica de aprendizado de máquinas conhecida como
máquina de vetores de suporte (support vector machines ou SVMs) (Cortes e Vapnik, 1995). Shus-
tak e Landa (2018) empregaram o princípio do foco de reflexões em fontes secundárias (Figura 4)
para analisar os padrões gerados após a migração dos dados. Para isso, utilizaram o classificador
gaussiano naive Bayes, técnica de aprendizagem supervisionada. Markovic et al. (2022) aplicaram
um modelo de segmentação para reconhecer padrões de difração em conjuntos de dados sísmicos
e GPR. Tschannen et al. (2020) aplicaram redes neurais convolucionais para diferenciar imagens
contendo difrações e reflexões. O algoritmo foi treinado a partir de seções sintéticas baseadas em
modelagens da equação da onda. A aplicação de redes neurais, classe de algoritmos de deep lear-

ning, também foi estudada por Kim et al. (2021), Lowney et al. (2021a), Lowney et al. (2021b),
Sheng e Zhao (2022) e Sun et al. (2022).

Dentre os diferentes métodos utilizados para separar a componente de difrações do campo de
ondas total, destacamos aqui a alteração da função peso da integral de migração proposta por Mo-
ser e Howard (2008), que envolve manipulações da integral de Kirchhoff, utilizada na migração de
seções sísmicas (Equação 7). A Equação 7 também é chamada de stack de difrações, pois consi-
dera a hipérbole de reflexão como o envelope das curvas de muitas difrações elementares, como
definido pelo princípio de Huygens (Baker e Copson, 2003). Como discutido anteriormente, na
migração e na modelagem Kirchhoff, um refletor suave é entendido como a soma de vários pontos
difratores; cada ponto emite uma difração elementar que, somada a todas as outras, forma a curva
de reflexão observada nos sismogramas. As difrações elementares são idealizações matemáticas
que se interferem construtivamente ao longo da curva de reflexão e destrutivamente fora dela; as-
sim, não podem ser observadas individualmente em sismogramas. No entanto, as difrações reais,
que carregam informações de espalhadores em subsuperfície, não são somente idealizações e são
observáveis em seções sísmicas.
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2.4.1 Alteração da Condição de Imagem

É possível incorporar um fator de peso isotrópico na Equação 7 (Hubral et al., 1996a), também
chamado de “condição de imagem” ou “peso anti-estacionário”. Se considerarmos o vetor de
parametrização ξ como a posição da fonte s e do receptor r, podemos reescrever a integral de
Kirchhoff (Li et al., 2020b):

V D(x) =
∫

dt ds dr w(s,x,r) U(t,s,r) δ(t − td(s,x,r)), (8)

em que w(s,x,r) é o fator peso. O tempo de trânsito das difrações elementares td(s,x,r) pode ser
considerado como:

td(s,x,r) = T (s,x)+T (x,r), (9)

em que T (s,x) é o tempo de propagação da fonte ao ponto difrator x e T (r,x) é o tempo do ponto
difrator ao receptor. Para os vetores ps =∇xT (s,x) e pr =∇xT (r,x) referentes à fonte e ao receptor,
e considerando um vetor unitário normal ao refletor n, a condição de imagem pode ser definida
como

w(s,x,r) = nT (ps + pr)

∥ps + pr∥
. (10)

Isso pode ser compreendido como o produto interno entre a normal unitária do refletor e a
bissetriz dos raios incidentes e refletidos em x. A condição possui valor máximo quando a nor-
mal e a bissetriz são colineares, que é o caso das reflexões especulares. Essa definição faz com
que as contribuições de reflexões especulares sejam enfatizadas no processo de migração, o que
atenua as difrações advindas de fora da zona de Fresnel (Figura 10). A zona de Fresnel é defi-
nida como w(s,x,r) > 1− ε, em que ε é um pequeno número dependente da frequência (Moser e
Howard, 2008); também pode ser compreendida como a porção do refletor que apresenta interfe-
rência construtiva e cuja energia refletida é detectada por sensores (Sheriff, 1980).

Os raios sísmicos são descritos como vetores perpendiculares à frente de onda. Apesar de
não possuírem significado físico, são conceitos úteis para a compreensão do percurso das energia
sísmica em subsuperfície. Ao representar a trajetória da frente de ondas por meio de raios, assu-
mimos que a reflexão ocorre em um único ponto. No entanto, a energia é refletida em uma área
mais ampla, definida como a zona de Fresnel. O cálculo do raio da zona de Fresnel RF para meios
isotrópicos pode ser realizado a partir do teorema de Pitágoras (Figura 11) (Sheriff, 1980):

R2
F = (Z +λ/4)2 −Z2, (11)

em que Z é a profundidade do refletor e λ é o comprimento da onda sísmica. Se considerarmos
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λ = V/ f , podemos reescrever a Equação 11 a partir dos parâmetros de frequência e velocidade
(Xu e Stovas, 2017):

RF =

√√√√
(

Z +
V
4 f

)2

−Z2. (12)

Figura 10: Princípio da condição de imagem w(s,x,r). (a) A migração convencional considera
somente as reflexões especulares provenientes da zona de Fresnel. (b) A modificação de w por
wd(s,x,r) faz com que a migração considere somente a informação não especular proveniente de
fora da zona de Fresnel. Modificado de Moser e Howard (2008).

Figura 11: Esquema para cálculo do raio da zona de Fresnel em meios isotrópicos. Modificado de
Xu e Stovas (2017).
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É possível utilizar a Equação 10 para definir uma nova condição de imagem que explicita-
mente suprime as reflexões especulares e enfatiza as difrações ao considerar somente a energia não
especular:

wd(s,x,r) = 1−nT (ps + pr)

∥ps + pr∥
. (13)

Dessa forma, a técnica apresentada por Moser e Howard (2008) substitui w(s,x,r) por wd(s,x,r)

na Equação 8 para atenuar a resposta de reflexões e ressaltar a energia das difrações (Figura 10b),
o que resulta em uma imagem com informações de pequenas estruturas espalhadoras do meio.
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Resumo. O campo de ondas difratadas muitas vezes é tratado como ruído durante os fluxos conven-
cionais de pré-processamento sísmico. No entanto, ele possui informações valiosas para a visualização
de falhas, fraturas, cunhas e outras estruturas em pequena escala que apresentam implicações significati-
vas em diversos campos e aplicações industriais. Além disso, os métodos de imageamento de difrações
sísmicas têm o potencial de alcançar a super resolução, o que permite recuperar detalhes menores que
o limite de Rayleigh. Neste estudo, realizamos uma revisão sistemática da literatura para fornecer uma
visão abrangente das técnicas de imageamento de difrações sísmicas. Nossa análise inclui uma avalia-
ção quantitativa dos artigos selecionados com o objetivo de identificar técnicas emergentes, lacunas de
conhecimento e potenciais áreas para pesquisas futuras. A maioria dos estudos propõem a aplicação
dos métodos em seções sísmicas para delinear falhas, fraturas e outras heterogeneidades. Essas técnicas
possuem amplas aplicações na indústria de petróleo e gás, investigações rasas e análise de velocidade.
Observamos uma demanda crescente por aplicações práticas, com ênfase em demonstrar a capacidade
das imagens de difração em delinear e interpretar estruturas usando exclusivamente dados de campo.
Além disso, há uma tendência crescente em estudos relacionados à mineração de carvão e à utilização
de dados de radar de penetração no solo. Pesquisas adicionais são necessárias para avaliar o potencial e
as limitações destas técnicas.

Palavras-chaves: Difrações sísmicas; Imageamento de difrações; Revisão; Sistemática; Análise quan-
titativa; Iluminação de subsuperfície; Heterogeneidades.

Abstract. The diffractive component of the wavefield is often treated as noise during traditional pre-
processing workflows. However, it possesses valuable information for imaging faults, fractures, wedges,
and other small-scale structures, which have significant implications across diverse fields and industrial
applications. Furthermore, the seismic diffractions imaging methods have the potential to achieve the
superresolution, enabling the recovery of subsurface details beyond the Rayleigh limit. In this study,
we conducted a systematic literature review to provide a comprehensive overview of the state-of-the-art
techniques in seismic diffraction imaging. Our analysis includes a quantitative assessment of selec-
ted articles, aimed at identifying emerging techniques, knowledge gaps, and potential areas for future
research. The majority of studies focus on the application of proposed methods in seismic sections to de-
lineate faults, fractures, and other heterogeneities, thereby enhancing subsurface illumination. Notably,
these techniques find wide-ranging applications in the oil and gas industry, near-surface investigations,
and velocity analysis for migration kernels. We observed a growing demand for practical applications
and interpretation, with a specific emphasis on showcasing the ability of diffraction imaging to delineate
structures using exclusively field data. Additionally, there is a growing trend in studies related to coal
mining and the utilization of ground-penetrating radar data. Further research is necessary to fully assess
the potential and limitations of seismic diffraction imaging in these emerging topics.

Keywords: Seismic diffractions; Diffractions imaging; Review; Systematic; Quantitative analysis;
Subsurface illumination; Heterogeinities.
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1 Introduction

1.1 Seismic Diffractions

The interaction of seismic waves with different inter-
faces/obstacles results in different events. The seismic
diffractions are fundamentally different physical phe-
nomena from reflections and have comparatively smal-
ler amplitudes (Khaidukov et al., 2004; Klem-Musatov,
1994), as illustrated in Figure 1. While smooth and
continuous interfaces generate reflections, diffractions
result from wave interaction with small structures and
do not satisfy the general conditions of validation of the
ray theory presented by Červeny (2001). According to
Moser (2012), the reflected waves can be referred to as
“specular waves” because they obey Snell’s law, which
is not the case for diffracted waves.

The specular reflections are generated by continu-
ous structures with dimensions greater than the seis-
mic wavelength. Geological structures such as faults,
channels, wedges, and fractures interact with waves and
scatter the seismic energy, which results in diffractions.
Traditional seismic processing techniques enhance re-
flections and suppress diffractions (Khaidukov et al.,
2004; Moser, 2012). As a result, information on impor-
tant structures for interpreting sections as small hetero-
geneities, scatterers, and discontinuities is lost during
the imaging process. Furthermore, diffractions imaging
can theoretically lead to superresolution, i.e., the retrie-
val of information smaller than the Rayleigh limit (half
the seismic wavelength) (Khaidukov et al., 2004; Moser
and Howard, 2008; Zhang and Zhang, 2014) (Figure 2).

The application of diffractions to facilitate the in-
terpretation of seismic sections is a relatively underex-
plored topic within the geophysical community, but it
has already established itself in the literature. Pionee-
ring works used this type of wave to identify fault zo-
nes (Kanasewich and Phadke, 1988; Krey, 1952; Kunz,
1960; Trorey, 1970). Berryhill (1977) studied the beha-
vior of edge diffractions responses and determined their
dynamic characteristics. Harlan et al. (1984) introdu-
ced techniques for analyzing velocities from diffracti-
ons in simple geological settings, such as a constant
velocity medium. Vries and Berkhout (1984) deve-
loped a minimum-entropy based technique for focu-
sing diffracted energy and subsequent velocity analysis.
Landa et al. (1987) introduced the concept of common-
diffraction point sections, which involves computing
coherence along hyperbolic diffraction events genera-
ted by scattering structures. Neidell (1997) differentia-
ted the contribution of diffractions and reflections to the
total wavefield and used the diffraction component to
establish higher resolutions. Landa and Keydar (1998)
and Papziner and Nick (1998) used diffractions’ energy

Figure 1: (a) Synthetic model consisting of a single scatterer and
a horizontal reflector. (b) Resulting common-shot gather. Note that
the diffraction hyperbola show weaker amplitudes compared to the
reflection hyperbola.

for detecting near surface heterogeneities. Bansal and
Imhof (2005) investigated the combination of proces-
sing modules to enhance diffractions in different do-
mains.

Presently, the retrieval of information contained in
diffractions is being used for velocity analysis neces-
sary for different migration techniques (Delf et al.,
2022; Fomel et al., 2007; Lin et al., 2020, 2018a; Reshef
and Landa, 2009; Sava et al., 2005) and to obtain de-
tailed images of the subsurface (Bauer et al., 2019; Li
et al., 2020c; Maciel and Biloti, 2020; Tyiasning et al.,
2016). Studies have also focused on imaging mass-
transport complexes (Ford et al., 2021), complex fault
and fracture networks (Schwarz and Krawczyk, 2020),
seismic tomography (Bauer et al., 2017; Santos et al.,
2012), detection of structures related to coal mining
(Zhou et al., 2017), and monitoring of CO2 capture
(Alonaizi et al., 2014).

Figure 3 illustrates the concept of scale separation
in seismic imaging, showing the temporal-frequency
bands (black line) representing different wavelength
ranges. The acoustic impedance is usually seen through
the spectral window from 10 to 100 Hz, while velocity
is seen through a window ranging from zero to 2 Hz.
Claerbout (1985) has discussed the existent informa-
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Figure 2: Illustration of the interaction of different seismic pulses and the Rayleigh’s criterion. (a) When the distance between events is
sufficiently large, each event can be distinguished individually in the resultant pulse. (b) The Rayleigh’s criterion represents the maximum limit
at which it remains possible to observe each pulse individually. (c) Beyond the Rayleigh limit, it is not possible to distinguish each event, as
the resultant appears as a single pulse. Modified from Kallweit and Wood (1982).

tion gap in traditional reflection seismology, between
2-10Hz. As discussed by Biondi and Almomin (2014),
the industry has made efforts to broaden the frequency
band at both high and low ends, as shown by the blue
(tomographic models) and green (Full-Waveform In-
version - FWI for improved velocity estimation) lines.
Seismic diffraction imaging can extend high-frequency
imaging (red line) by retrieving information about small
subsurface structures and scatterers. Diffractions have
about twice the seismic resolution of the reflections.
Huang et al. (2015) show that when we compute the ra-
dius of the Fresnel zone as a function of wavelength and
ray path length, the radius for the diffraction is about
half of the radius for the reflection. This implies that ve-
locity analysis using diffractions will be more accurate,
improving imaging resolution in high-frequency bands.

Figure 3: Simplified graphical representation of scale separation in
seismic imaging. The black line represents the wavelength ranges
and the current imaging gaps. The industry has been making efforts
to widen the data frequency band at the high and low ends (blue, green
and red lines). Modified from Biondi and Almomin (2014).

1.2 Systematic Literature Review

The systematic literature review (SLR) consists of a re-
plicable, scientific, and transparent process (Tranfield
et al., 2003) to minimize bias for qualitative analysis.
Kitchenham et al. (2009) define the SLR as a rigorous,

methodological, and repeatable review of primary stu-
dies, i.e., empirical articles and publications conducted
to answer specific questions or present new methods.
Through the SLR, it is possible to identify gaps in a par-
ticular theme/study field, summarize relevant studies in
a topic, and perform a qualitative analysis of the extrac-
ted data (Rasol et al., 2022). It differs from the con-
ventional literature review by applying pre-established
and repeatable protocols on a specific topic (Castro and
Cunha, 2021).

The SLR comprises three main stages: plan-
ning, conducting, and reporting/documenting (Wahono,
2015). In the first step, we define the main parame-
ters and protocols to be applied in the query. We
apply the defined protocols in the second step: se-
arch for primary studies, assess quality/extract selec-
ted publications, synthesize data, and perform qualita-
tive analysis. The final stage involves elaborating the
written report document, with the discussion and con-
clusion (Porritt et al., 2014). Recently, the SLR has
been applied in earth sciences research, such as GPR
(ground-penetrating radar) (Castro and Cunha, 2021;
Rasol et al., 2022), outcrops in petroleum exploration
(Marques Jr et al., 2020), and the application of ma-
chine learning to model physical properties of shale re-
servoirs (Syed et al., 2022).

SLRs are useful in identifying knowledge gaps,
summarizing existing information, and providing a
comprehensive overview of the research topic. The
method is also known to minimize bias and increase the
reliability of the results. Given the broad scope of ge-
osciences, incorporating systematic reviews can help in
synthesizing the available information, revealing rese-
arch gaps, and developing a research agenda. Hence,
conducting the systematic research in geosciences can
offer valuable contributions to the field and help in the
development of new research ideas. Some articles re-
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view the state-of-the-art of seismic diffractions separa-
tion and imaging topic, e.g., Kim et al. (2021); Li et al.
(2021a); Lin et al. (2021b); Schwarz (2019a); Wang
et al. (2020b); Zhao et al. (2019a), but none of them
have applied the methodology of a systematic review.

The meta-analysis is a subset of the SLR, defined
as the quantitative study applied for assessing the re-
sults of primary studies (Haidich, 2010) to draw a more
robust conclusion. It aims to provide a comprehensive
overview of the evidence on a specific research question
by pooling together the results of many individual stu-
dies. The process of meta-analysis involves a systema-
tic and comprehensive search for relevant studies, a cri-
tical evaluation of the quality of the studies, and a quan-
titative synthesis of the results. The PRISMA (Prefer-
red Reporting Items for Systematic reviews and Meta-
analyzes) statement (Moher et al., 2009) is a workflow
that guides the application of systematic reviews and
meta-analyzes. The statement includes the identifica-
tion, screening, and eligibility of the works in the data-
base.

Hence, the objective of this study is to apply a SLR
and meta-analysis to present a comprehensive overview
of the current state-of-the-art in seismic diffraction ima-
ging. The study aims to identify and analyze the gaps in
knowledge and research related to the topic and provide
an overview of the different methods used for seismic
diffraction imaging. Furthermore, we present a quan-
titative analysis on the selected publications. Additio-
nally, this study proposes potential areas for future re-
search in the field.

2 Materials and Methods

2.1 Quantitative Analysis

The first step is organizing the metadata from the
articles available on the Web of Science (webofsci-
ence.com) and Scopus (scopus.com) platforms. It is
possible to determine keywords and terms for database
queries. We defined the terms “seismic diffraction” and
“imaging” for the query in the paper’s title, abstract, or
keywords. The Web of Science database returned 612
works from January 1st, 1990, to August 5th, 2022. We
applied the PRISMA statement (Moher et al., 2009) for
articles’ selection (Figure 4). We manually selected the
studies based on the inclusion/exclusion criteria defined
in Table 1. A total of 116 articles were selected for the
quantitative analysis from the Web of Science platform.
For the same period, the Scopus database returned 924
works. After the manual selection and the duplicate re-
moval, 34 articles were selected. In total, we analyzed
150 articles in this work.

Figure 4: Flowchart for primary studies selection according to the
PRISMA statement.

Each article’s title, abstract, and keywords were ex-
ported from the Web of Science (WoS) and Scopus da-
tabases in a .txt format. We opened the files in the VOS-
Viewer software (version 1.6.18), which provides cons-
tructing and visualizing bibliometric networks (Van Eck
and Waltman, 2010). We generated networks based on
instances such as co-citation (the relatedness of items is
determined based on the number of times they are cited
together), co-authorship (based on the number of co-
authored documents), and bibliographic coupling (ba-
sed on the number of references shared by the papers).
We also evaluated the countries that publish the most on
the topic.

3 Results
3.1 Number of Publications

Figure 5 shows the number of published works and the
direct citations over the years. The first publication da-
tes from 1993, and from 1990 to 2000, only three arti-
cles are returned from the query. Although some works
focus on the applications of the seismic diffractions
separation before the decade 1990, Schwarz (2019a)
emphasizes that it was only in the late 1990s that dif-
fraction processing methods presented reliability to de-
tect small-scale heterogeneities, e.g., Landa and Keydar
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Table 1: Research parameters applied in the database query.

Parameter Applied in Query

Keyword / Term (seismic diffraction AND imaging)
Topic Title, Abstract and Keywords
Publication Year January 1st, 1990 to August 5th, 2022
Publication Type Article / Review Article
Language English
Area of Research All (unrestricted)

Inclusion Criteria

Diffraction separation / enhancement for subsurface imaging;
Diffraction separation for migration velocity analysis;
New techniques for diffractions imaging;
Study cases of diffractions imaging.

Exclusion Criteria

Book / Book’s Chapter / Conference Abstract / Theses;
Papers not related with seismic diffractions separation / enhancement;
Abstract / full text not found;
Not peer reviewed.

(1998). There has been an increase in publication and
citation from 2010. After this year, the number of publi-
cations (n=137) represents 91.33% of the total analyzed
works.

Figure 5: Variation of publications (blue histograms) and quantity of
citations (black line) considering the WoS and the Scopus databases.

3.2 Most Cited Articles

The most cited papers are Khaidukov et al. (2004)
(n=149) and Moser and Howard (2008) (n=122), which
present the focusing-muting-defocusing and the anti-
stationary phase filter methods, respectively. Fol-
lowing, the most cited articles (over 90 citations) are
Dell and Gajewski (2011) (n=105), Klokov and Fomel
(2012) (n=104), Fomel et al. (2007) (n=103), Landa
and Keydar (1998) (n=101) and Berkovitch et al. (2009)
(n=95). The main contributions of each publication are
presented in Table 2.

3.3 Co-authorship (countries)

Figure 6 shows the co-authorship network using coun-
tries as the unit of analysis. It indicates the scienti-
fic collaboration between the countries based on the
authors’ affiliations. Different collaborative groups
tend to form a decentralized network, which contribu-
tes to solve more complex scientific problems and broad
research (Fagan et al., 2018). Figure 6a shows the col-
laboration map considering the WoS database, where
a group of 10 countries interacts when publishing new
papers led by the USA. In Figure 6b, referring to the
Scopus database, only three countries present expres-
sive scientific collaborations: China, Australia, and the
USA.

3.4 Co-citation

The co-citation analysis shows the similarities between
two documents based on the times they are cited in
other works (Small, 1973). Two publications cited to-
gether frequently are relatively closer on the map, in-
dicating proximity between them (White and Griffith,
1981). We present a table based on the primary refe-
rences obtained from the network. Table 3 shows the
most cited articles after the co-citation network analy-
sis, where mapping the most relevant authors and arti-
cles on the topic is possible. We noticed a similarity
between the references retrieved by the two databases
since eight articles appear in both lists.

3.5 Wordcloud (full record)

To visualize the words with higher occurrences in the
publications’ titles, abstract, and keywords, we used the
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Table 2: Main contributions of the most cited articles from both databases (WoS and Scopus)

Authors, Year, Journal Title Citations Main Contributions

Khaidukov, V.; Landa, E.;
Moser, T.
2004, Geophysics

Diffraction imaging by focusing-
defocusing: An outlook on seismic
superresolution

149
Introduction of the focusing-
muting-defocusing method

Moser, T.; Howard, C.
2008, Geophysical
Prospecting

Diffraction imaging in depth 122

Presented the reverse stati-
onary phase migration me-
thod; further developed the
focusing-muting-defocusing
method

Dell, S.; Gajewski, D.
2011, Geophysics

Common-reflection-surface-based
workflow for diffraction imaging 105

Presented the common-reflec-
tion-surface operator for dif-
fraction imaging and poststack
time migration velocity analy-
sis

Klokov, A.; Fomel, S.
2012, Geophysics

Separation and imaging of seismic
diffractions using migrated dip-
angle gathers

104

Presented the diffraction
separation in the dip-angle
domain after the Radon
transform

Fomel, S.; Landa, E.;
Taner, T.
2007, Geophysics

Poststack velocity analysis by se-
paration and imaging of seismic
diffractions

103

Introduced the plane-wave
destruction filter to
separate diffractions for
imaging in the time domain
and velocity analysis in the
poststack domain

Landa, E.; Keydar, S.
1998, Geophysics

Seismic monitoring of diffraction
images for detection of local hete-
rogeneities

101

Proposed the common-diffrac-
tion-point sections (D-sections)
to enhance the diffractions am-
plitudes and detect heterogenei-
ties; presented a time correction
for diffraction curves based on
the wavefronts’ curvature radius.

Berkovitch, A.; Belfer, I.;
Hassin, Y.; Landa, E.
2009, Geophysics

Diffraction imaging by multifocu-
sing 95

Introduced the diffraction multifo-
cusing stack method to image lo-
cal heterogeneities

Python library wordcloud (Oesper et al., 2011). Ta-
ble 4 shows the 30 most frequent words in the se-
lected papers. The words with the highest occurren-
ces are “diffraction” (n=440), “diffractions” (n=259),
“seismic” (n=388), “imaging” (n=233), and “method”
(n=204), all directly related to the main research to-
pic explored in this study. The word “migration” has
118 occurrences, related to publications where the mi-
gration has a fundamental role in diffractions imaging,
e.g., Berkovitch et al. (2009); Li et al. (2020c); Moser
and Howard (2008); Zhang and Zhang (2014).

The word “synthetic,” with 82 occurrences, is rela-
ted to works with applications in synthetic seismic data
to test and validate the proposed methods, e.g., Ber-

kovitch et al. (2009); Dell and Gajewski (2011); Fo-
mel et al. (2007); Ford et al. (2021); Khaidukov et al.
(2004); Klokov and Fomel (2012); Landa and Keydar
(1998); Li et al. (2021a); Lin et al. (2022c, 2021c); Ma-
ciel and Biloti (2020); Merzlikin et al. (2020); Moser
and Howard (2008); Prosatov et al. (2021); Rad et al.
(2018); Tschannen et al. (2020); Wang et al. (2020b).
Note that all most cited publications use synthetic data
to validate their methods.

“Dip-angle” (n=52) is associated with works that
use the dip-domain to separate the diffracted energy
(Dafni and Symes, 2017; Klokov and Fomel, 2012,
2013; Li et al., 2018, 2020d; Li and Zhang, 2019;
Lin et al., 2018b; Liu et al., 2016; Ogiesoba and Klo-
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Table 3: Main references from the co-citation analysis in descending order of total citations. To obtain these ten main references, a minimum
limit of 34 citations was adopted for each reference pair within each article analyzed in WoS, and three citations for each reference pair within
each article analyzed in Scopus (Total analysed references from WoS: 2209, and Scopus: 999).

Item Reference from WoS Item Reference from Scopus

1
Fomel S., 2007,
doi 10.1190/1.2781533 1

Harlan W., 1984,
doi 10.1190/1.1441600

2
Landa E., 1998,
doi 10.1190/1.1444387 2

Reshef M. and Landa E., 2009,
doi 10.1111/j.1365-2478.2008.00773.x

3
Kanasewich E., 1988,
doi 10.1190/1.1442467 3

Landa E., 1987,
doi 10.1111/j.1365-2478.1987.tb00823.x

4
Fomel S., 2002,
doi 10.1190/1.1527095 4

Fomel S., 2002,
doi 10.1190/1.1527095

5
Berkovitch A., 2009,
doi 10.1190/1.3198210 5

Moser T. and Howard C., 2008,
doi 10.1111/j.1365-2478.2007.00718.x

6
Landa E., 1987,
doi 10.1111/j.1365-2478.1987.tb00823.x 6

Berkovitch A., 2009,
doi 10.1190/1.3198210

7
Dell S. and Gajewski D., 2011,
doi 10.1190/geo2010-0229.1 7

Khaidukov V., 2004,
doi 10.1190/1.1836821

8
Klokov A. and Fomel S., 2012,
doi 10.1190/geo2012-0017.1 8

Dell S. and Gajewski D., 2011,
doi 10.1190/geo2010-0229.1

9
Khaidukov V., 2004,
doi 10.1190/1.1836821 9

Klokov A. and Fomel S., 2012,
doi 10.1190/geo2012-0017.1

10
Moser T. and Howard C., 2008,
doi 10.1111/j.1365-2478.2007.00718.x 10

Fomel S., 2007,
doi 10.1190/1.2781533

kov, 2017; Reshef and Landa, 2009), and “plane-wave”
(n=44) is related with works that apply the plane-wave
destruction (PWD) filter for diffractions separation and
enhancement (Decker et al., 2017; Fomel, 2002; Fomel
et al., 2007; Kong et al., 2017; Li et al., 2022b; Lin et al.,
2022c, 2018a,c; Lowney et al., 2020; Taner, 2006). The
word “3d” (n=49) indicates works with applications in
3D seismic data (Alonaizi et al., 2014; Klokov and Fo-
mel, 2013; Li and Zhang, 2019; Lin et al., 2021c; Prosa-
tov et al., 2021; Schoepp et al., 2015; Zhao et al., 2020;
Zhou et al., 2017).

“Velocity” (n=126) combined with “analysis”
(n=62) refers to works that focus on the application of
the seismic diffractions for velocity analysis in migra-
tion kernels, e.g., Fomel et al. (2007); Landa and Key-
dar (1998); Lin et al. (2018a); Reshef and Landa (2009);
Reshef and Rüger (2008); Sava et al. (2005).

3.6 Bibliographic Coupling

The bibliographic coupling links researchers based
on the number of referenced documents they share
(Boyack and Klavans, 2010; Kessler, 1963). Conse-
quently, it connects papers from their similarity using
bibliographic coupling counts. The circles’ size is de-
termined by the number of citations, i.e., how many ti-

mes the document was cited. The distance between the
two circles and the thickness of the lines represent the
relatedness of the papers in terms of bibliographic cou-
pling, i.e., the number of cited references two publica-
tions have in common (Van Eck and Waltman, 2010).
The authors commonly acknowledge co-citation analy-
sis as a dynamic approach, in contrast to the static na-
ture of bibliographic coupling (Vogel and Güttel, 2013).
Co-citation analysis is useful to identify fundamental
works within a specific research topic, while biblio-
graphic coupling is effective in detecting current trends
and future directions (Aria and Cuccurullo, 2017). The-
refore, both methods complement each other, with co-
citation analysis focusing on foundational works and bi-
bliographic coupling highlighting emerging trends (Fer-
reira, 2018). For this reason, we conduct both analyzes
in our work to present a comprehensive understanding
of the historical development of the topic as well as its
current/future trajectories.

Figures 7 and 8 show the bibliographic coupling
network for the WoS and Scopus databases, respecti-
vely, when considering a minimum of 5 citations for
each paper. We considered only the articles published
in the last five years. In Figure 7, two connected clus-
ters are marked in red and green. Cluster 1 (red) has the
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Table 4: 30 most frequent words in the titles, abstracts, and keywords from the 150 articles of both databases (WoS and Scopus).

Word
Number of

Occurrences Word
Number of

Occurrences Word
Number of

Occurrences
diffraction 440 subsurface 89 analysis 62

seismic 388 reflections 86 results 61
diffractions 259 diffracted 83 events 56

imaging 233 synthetic 82 wavefield 54
data 204 wave 80 dip-angle 52

method 204 separation 79 conventional 52
velocity 126 field 73 3d 49

reflection 119 energy 65 prestack 48
migration 118 time 63 plane-wave 44

image 116 small-scale 63 model 42

Figure 6: Co-authorship map using countries as the unit of analy-
sis, normalized citation as weight, and year of publication as score.
The relative distance of the cluster’s nuclei indicates the proximity
of the research groups, the thickness of lines indicates the collabo-
ration’s intensity, and the number of citations determines the node’s
size. (a) Network for the WoS database. Although the USA research
groups represent the central leadership with a more extensive network
of members (10 countries), China already occupies a prominent role
for appearing with the highest number of citations in recent years in
the period used to elaborate the map. (b) Network for the Scopus da-
tabase. China and the United States share a leading role, connected
with Australia.

following works: Bauer et al. (2019); Li et al. (2020b);
Lin et al. (2020, 2018b); Merzlikin et al. (2019); Wang
et al. (2020b); Zhao et al. (2020), while cluster 2 (green)
is composed by Tschannen et al. (2020) and Zhang et al.
(2019).

Figure 7: Bibliographic Coupling map for the 61 works published in
the last 5 years (2018-2022) from the WoS database using the docu-
ments as the unit of analysis and normalized citations as weight.

Figure 8 has three connected clusters (red, green,
and blue). Cluster 1 (red) is composed of Burnett et al.
(2021); Decker and Fomel (2021); Khoshnavaz et al.
(2018); Li et al. (2021b); Mu et al. (2021); Zhao et al.
(2019a); cluster 2 (green) is formed by Pedersen and
Marcy (2022); Wang et al. (2020a); and cluster 3 (blue)
is composed of Economou et al. (2020); Xiang and
Landa (2019). The first two clusters are more closely
related than the third one.

After analysing the articles present in the networks
of Figures 7 and 8, we noted that the clusters lack a
distinct theme or specific topic that interconnects them.
All works present in the clusters propose innovative
and improved methods for seismic diffractions separa-
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tion and imaging, but there is an absence of a common
theme or shared application within the publications.

Figure 8: Bibliographic Coupling map for the 21 works published
in the last 5 years (2018-2022) from the Scopus database using the
documents as the unit of analysis and normalized citations as weight.

3.7 Wordcloud (last 5 years)

Table 5 shows the 30 words with the highest occur-
rences in the articles’ titles, abstracts, and keywords
in the past five years. Similarly to Table 4, the words
with the highest occurrences are related to the main to-
pic (“diffraction,” n=390; “diffractions,” n=238; “ima-
ging,” n=248; “separation,” n=113; “seismic,” n=249).
“Velocity” (n=72) and “analysis” (n=78) refer to arti-
cles that study the application of diffractions for velo-
city analysis in migration kernels (Santos et al., 2020).
“Migration” (n=96) indicates studies and methods in
which the migration process is essential (Li et al.,
2020c). “Plane-wave” has 37 occurrences (Lin et al.,
2022c, 2018a,c; Lowney et al., 2020; Mu et al., 2021),
while “3d” has 41 occurrences (Li and Zhang, 2019;
Zhao et al., 2020). “Reservoir” has 36 occurrences re-
lated to works with applications in oil and gas explora-
tion (Schwarz and Krawczyk, 2020; Zhao et al., 2019a,
2020). “Faults” (n=60) and “discontinuities” (n=43) are
related to works applied to faults, fractures, and small-
scale discontinuities characterization (Decker and Fo-
mel, 2021; Li et al., 2020b; Lowney et al., 2021a; Ts-
channen et al., 2020).

3.8 World Map

Most papers are published by institutions/researchers
from China (29.68%, n=46) and United States (21.29%,
n=33), followed by Germany (9.03%, n=14), Israel
(5.81%, n=9), Russia (4.52%, n=7), Brazil (3.87%,
n=6), Iran (3.87%, n=6), Australia (3.23%, n=5),
Norway (2.58%, n=4), Ireland (1.94%, n=3), Malaysia
(1.94%, n=3), Saudi Arabia (1.42%, n=3), Italy (1.29%,
n=2), and Netherlands (1.29%, n=2). Canada, Den-
mark, England, France, Greece, Japan, and South Korea
represent 0.65% each (n=1). Figure 9 shows the geo-
graphical distribution of the publications according to
the first author’s affiliation. In summary, the data shows
that most of the research on seismic diffractions ima-
ging is being conducted by researchers from China and
the United States, while other countries, such as Ger-
many, Israel, Russia, and Brazil, also have a significant
presence in the field. The data also highlights the con-
tributions of other countries with a smaller number of
papers, as well as the limited but important contribution
of some countries, each with less than five papers.

3.9 Co-authorship (authors)

The network of co-authorship is presented in Figure 10.
The clusters indicate the authors who publish the most
relevant works together. The distance between the two
nodes and the thickness of the lines represent the num-
ber of publications co-authored by the authors, and the
circles’ size indicates the number of times the author’s
publications are cited. We identified three main discon-
nected clusters: Figure 10a indicates the first cluster,
composed of researchers of the University of Hamburg:
Dell, S., Schwarz, B., and the core, Gajewski, D. (Dell
and Gajewski, 2011; Rad et al., 2018; Schwarz and Ga-
jewski, 2017; Schwarz et al., 2014). Figure 10b shows
the second cluster, composed by researchers from the
China University of Mining and Technology and the
Chinese Academy of Sciences: Wang, Y., Yu, C., Zhao,
J. (core), Li, C., Peng, S., Lin, P., and Cui, X. (Li
et al., 2022b, 2020c; Lin et al., 2020, 2018c; Zhao et al.,
2020). This cluster indicates a more recent contribution
to literature. The third cluster (Figure 10c) is compo-
sed of the following authors: Klokov, A. (University of
Texas at Austin - UT), Merzlikin, D. (UT), Fomel, S.
(core, UT), and Landa, E. (Tel Aviv University) (Fomel
et al., 2007; Klokov and Fomel, 2012, 2013; Merzlikin
and Fomel, 2017; Merzlikin et al., 2017).

3.10 Applications

Table 6 indicates the main categories of seismic diffrac-
tions’ applications after reading and analyzing the 150
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Table 5: 30 most frequent words in the titles, abstracts, and keywords from the 82 articles published in the last 5 years (2018-2022) of both
databases (WoS and Scopus).

Word
Number of

Occurrences Word
Number of

Occurrences Word
Number of

Occurrences

diffraction 390 image 79 diffracted 49
seismic 249 analysis 78 waves 48
imaging 248 velocity 72 time 47

diffractions 238 images 70 discontinuities 43
data 194 small-scale 66 model 43

method 173 subsurface 62 plane-wave 42
separation 113 faults 60 3d 41
reflections 97 energy 59 resolution 37
reflection 96 field 57 reservoir 36
migration 96 synthetic 53 high-resolution 35

Figure 9: World map with the number of published articles per country (according to the first author’s affiliation).

articles. The primary application is the characteriza-
tion of faults, fractures, and other small-scale disconti-
nuities to enhance the subsurface illumination, with 75
papers. Following, the application of seismic diffrac-
tions imaging in oil and gas exploration has 42 papers
that suggest to apply their methods on the identification
of migration paths and fracture corridors. 14 articles
concern the near-surface applications such as the detec-
tion of pipes (Keydar and Landa, 2019; Rad and Hickey,
2021; Zhao et al., 2019b) and archaeological investiga-
tions (Liu et al., 2021; Wechsler et al., 2020). Six pa-
pers focus on applying velocity analysis necessary for
migration processes (Decker et al., 2017; Fomel et al.,
2007; Santos et al., 2020). Six papers explore the appli-

cation of diffractions imaging in coal mining, and seven
articles explore other applications listed in Table 6.

3.11 Documents Analysis

Figure 11a shows the distribution of papers that use
2D, 3D, or both 2D and 3D data to illustrate their ap-
plications. Most of the analyzed works uses only 2D
data (n=101) (Bauer et al., 2016; Khaidukov et al.,
2004; Klokov and Fomel, 2012; Lin et al., 2022c,
2021b; Merzlikin et al., 2019; Moser and Howard,
2008; Reshef and Landa, 2009; Zhao et al., 2015), fol-
lowed by papers that combine 2D and 3D examples
(n=35) (Bansal and Imhof, 2005; Bauer et al., 2019;
Chen et al., 2022; Decker and Fomel, 2021; Fomel
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Table 6: Main applications of the seismic diffractions imaging in the literature.

Application Papers

Oil and gas exploration

Bashir et al. (2018b);
Burnett et al. (2015); Decker et al. (2014);
Grasmueck et al. (2015); Klokov et al. (2017);
Lin et al. (2018b); Merzlikin and Fomel (2017);
Nosjean et al. (2020); Schoepp et al. (2015);
Schwarz and Krawczyk (2020); Tyiasning et al. (2016);
Yu et al. (2016); Zhao et al. (2019a, 2015, 2020)

Near surface (tunnels, tumbs, cables
and other utilities identification)

Belfer et al. (1998); De Figueiredo et al. (2013);
Economou et al. (2020); Keydar et al. (2010);
Landa and Keydar (1998); Lellouch and Reshef (2016);
Liu et al. (2021); Maciel and Biloti (2020);
Peterie and Miller (2014); Peterie et al. (2020);
Rad and Hickey (2021); Wechsler et al. (2020)

Coal mining
Li et al. (2020c,d); Zhao et al. (2021);
Wang et al. (2020a); Zhou et al. (2017, 2022)

Velocity analysis
Decker et al. (2017); Dell and Gajewski (2011);
Fomel et al. (2007); Klokov and Fomel (2012);
Reshef and Landa (2009); Santos et al. (2020)

Fault, fractures, and small scale
discontinuities characterization

Bansal and Imhof (2005); Berkovitch et al. (2009);
Decker and Fomel (2021); Khaidukov et al. (2004);
Li et al. (2020b); Lowney et al. (2021a);
Moser and Howard (2008); Prosatov et al. (2021);
Schwarz and Gajewski (2017); Tschannen et al. (2020);
Zhang et al. (2020); Zhang and Zhang (2014)

Hard rock environment characterization Ahmed et al. (2019); Khoshnavaz et al. (2016)
CO2 sequestration monitoring Alonaizi et al. (2014)
Reef identification Klokov et al. (2015)
Boulder detection in shallow sub-seafloor Römer-Stange et al. (2022)
Identification and location of carbonate
concretions (septaria) Bellezza et al. (2022)

Characterization of Mass-Transport
Complexes Ford et al. (2021)

et al., 2007; Khoshnavaz et al., 2016; Li et al., 2020d;
Schwarz and Krawczyk, 2020; Zhao et al., 2021). 14
works present only 3D data in their results (Decker
et al., 2014; Dell et al., 2020; Klokov et al., 2017; Pro-
tasov et al., 2021; Schoepp et al., 2015; Zhao et al.,
2020). Figure 11b shows synthetic, field data distribu-
tion or both applications in the analyzed papers. 93 ar-
ticles use synthetic and field data to discuss their propo-
sed method (Bauer et al., 2017, 2019; Berkovitch et al.,
2009; Dafni and Symes, 2017; Ford et al., 2021; Gelius
et al., 2013; Li et al., 2020b; Lin et al., 2020; Merzlikin
et al., 2020; Rad and Hickey, 2021; Tschannen et al.,
2020; Wang et al., 2020b; Yu et al., 2016; Zhang et al.,
2019), while 33 articles use only synthetic data (Bansal
and Imhof, 2005; Bashir et al., 2020; Dell et al., 2019;
Gelius and Asgedom, 2011; Jiang et al., 2022; Khosh-

navaz et al., 2018; Kong et al., 2017; Sturzu et al., 2014;
Zhu and Wu, 2010), and 24 articles use only field data
(Burnett et al., 2015; Dell et al., 2018, 2020; Klokov
et al., 2017; Meng et al., 2021; Montazeri et al., 2019;
Ogiesoba and Klokov, 2017; Ogiesoba et al., 2015;
Schwarz and Gajewski, 2017; Tyiasning et al., 2016).
The use of both synthetic and field data allows for a
comprehensive evaluation of the proposed methods, as
synthetic data can be used to test the method in con-
trolled and well-understood conditions, while field data
provides a real-world evaluation of the method’s perfor-
mance and limitations. Studies that use only synthetic
data might be focused on developing or testing new te-
chniques or algorithms, while studies that use only field
data might be focused on applying existing methods to
real-world situations.
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Figure 10: Co-authorship map for the 150 reviewed works using
authors as the unit of analysis and normalized citation as weight.
There are three main clusters (a, b, and c), where the relative distance
of each author’s nucleus indicates their proximity.

Figure 11c shows the distribution of the first
authors’ affiliations regarding academic or industrial
institutions. 130 articles (86.7%) were written by
authors from academic institutions, while authors wrote
20 articles (13.3%) from industrial institutions, most
related to oil and gas exploration, e.g., Burnett et al.
(2015, 2021); Liu et al. (2022); Nosjean et al. (2020);
Schoepp et al. (2015); Zhang et al. (2019, 2020). For
comparison, we did a quick query with the terms “seis-
mic” and “full-waveform inversion,” a well-established
and widely-used technique in the industry (Virieux and
Operto, 2009); 12.2% of the articles were written by
authors affiliated with industrial institutions. This sug-
gests that the field of seismic diffractions imaging has a
level of engagement from industrial institutions similar
to that seen in the well-established technique of seis-
mic full-waveform inversion. This partnership between
academia and industry has the potential to drive the cre-
ation of innovative techniques and approaches that are
both scientifically rigorous and practically relevant to
the challenges faced in oil and gas exploration. The
integration of academic and industrial perspectives can
result in more robust and effective solutions to the chal-
lenges faced in the industry. It indicates that the parti-
cipation of the industrial sector in this seismic research
field is important, as they can bring their expertise and
resources in the oil and gas exploration industry to the
development of the techniques.

Figure 11d shows the difference between articles
that apply only seismic data (n=143) and articles that
combine seismic with GPR (ground-penetrating radar)

data (n=7) (De Figueiredo et al., 2013; Economou et al.,
2020; Grasmueck et al., 2015, 2013; Maciel and Bi-
loti, 2020; Schwarz and Krawczyk, 2020; Zhao et al.,
2019b). GPR is a non-destructive geophysical ima-
ging technique commonly used in various applications,
including civil engineering (Orlando and Slob, 2009;
Pérez-Gracia and Solla, 2015), archaeology (Conyers,
2013; Conyers and Leckebusch, 2010), environmen-
tal assessments (Knight, 2001), forensics investigations
(Barone and Maggio, 2019; Castro and Cunha, 2021;
Fiedler et al., 2009), estimation of water content (Par-
sekian, 2018), and tree roots imaging (de Aguiar et al.,
2021; Guo et al., 2013). It works by emitting electro-
magnetic waves into the subsurface and recording the
return signals. The ability of GPR to image subsurface
features and anomalies has made it a valuable tool for
various applications, including the study of diffractions
imaging. The use of GPR for diffractions imaging is
relatively limited compared to seismic techniques, but
the results obtained from radargrams have shown pro-
mise in this area. It provides a complementary approach
to seismic methods and offers some unique advantages,
such as high-resolution and the ability to image near-
surface features. Despite its potential, more research is
needed to fully realize the potential of this method for
diffractions imaging and to better understand the asso-
ciated limitations and challenges.

Regarding the investigation depths of the analyzed
papers, we considered three different data types (toy
models, synthetic, and field data), and two different
depth ranges (near-surface and oil exploration) (Figure
12). Many works use more than one data type to assess
and demonstrate their methods, e.g., Chen et al. (2022);
Li et al. (2020b, 2022c); Lowney et al. (2021b, 2020);
Schwarz and Krawczyk (2020); Zhang et al. (2020).
The near surface depths range from a few meters to 1
km, and the oil exploration depths range from 1 km up
to 20 km. Our query did not return any work using seis-
mic diffractions for crustal studies. We identified 98
examples of toy models, i.e., synthetic models with sim-
ple geological settings as constant velocities and few
reflectors, for a general understanding of the proposed
method. 32.7% (n=32) of the toy models are in the
near-surface range, and 67.3% (n=66) of the toy model
examples are in the oil exploration depths range. There
are 56 realistic synthetic examples. Only 10.7% (n=6)
refers to the near-surface range, while 89.3% (n=50) re-
fers to the oil exploration range. The most common data
type is field data, with 119 examples. 25.2% (n=30) of
the field data examples are in the near-surface range,
and 74.8% (n=89) are in the oil exploration range.
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Figure 11: Distribution of the reviewed articles according to (a) dimension of the dataset; (b) synthetic and/or field data applications; (c) first
author’s affiliation type; (d) use of GPR data.

Figure 12: Investigation depths of the examples shown in the analy-
zed works. The near surface depth range from a few meters to 1 km,
and the oil exploration depth ranges from 1 km to 20 km.

4 Discussion

The most used method in the analyzed works for dif-
fractions enhancement and imaging is plane-wave des-
truction (PWD), applied by 15.33% (n=23) of the pa-
pers, e.g., Bashir et al. (2018a,b); Burnett et al. (2015);
Decker et al. (2014); Fomel et al. (2007); Ford et al.
(2021); Kong et al. (2017); Lin et al. (2022c, 2018a);
Lowney et al. (2021b, 2020); Merzlikin and Fomel
(2017); Merzlikin et al. (2019, 2020); Montazeri et al.
(2019); Mu et al. (2021); Ogiesoba et al. (2015); Sturzu
et al. (2014); Tyiasning et al. (2016); Zhao et al.
(2019b). PWD is a powerful tool for diffraction ima-
ging, as it can suppress strong reflections and reveal
weak diffracted signals with minimal parameters tu-
ning, thus enhancing the resolution of seismic ima-
ges. Despite its effectiveness, PWD has some limita-
tions. One of these limitations is the assumption that
the reflection events have a smoothed, gradual slope.
This assumption is not always accurate, especially in
areas with complex geology, such as faults and fractu-
res, where residual reflection energy may remain, po-
tentially compromising the image quality (Chen et al.,
2013). Nevertheless, its widespread use in the literature
highlights its potential for improving the interpretation
of seismic data and detecting important geological fe-
atures. Some works compare their methods with the
PWD as a state-of-the-art example (Chen et al., 2022;
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Lowney et al., 2021a; Wang et al., 2020b).
We noticed a growing trend in the number of publi-

cations over the years, according to Figure 5. It suggests
that the technique is gaining more attention and recog-
nition in the geoscience community. It is an indication
of growing interest in this field of research, which could
be attributed to the increasing need for more precise and
accurate subsurface imaging in different applications.
The increase in the number of publications could also
be an indication of advances in technology and the avai-
lability of more sophisticated imaging methods, which
make it easier and more effective to apply this techni-
que. The trend suggests that there is a growing inte-
rest and momentum to develop new methods and ap-
proaches to enhance its application and effectiveness,
as well as studying its limitations.

Comparing the most common words from the word
clouds (Tables 4 and 5), there is a continuity in the the-
mes and topics explored by the new publishing authors
since many words are repeated in both tables (e.g.,
“diffraction,” “seismic,” “imaging,” “method,” “separa-
tion,” “reflections,” “velocity,” “analysis,” “migration,”
“3d,” and “plane-wave”). From the 30 most common
words in the word map elaborated for all the 150 arti-
cles, 23 are repeated in the word map of the 82 articles
published in the last 5 years. Among the new words
that have appeared in the last 5 years (Table 5), we
highlight “faults,” “discontinuities,” “high-resolution,”
and “reservoirs,” related to the main applications of the
diffractions imaging (Table 6). The continuity in the
themes and topics explored by new publishing authors
in the past 5 years suggests that the field of seismic
diffractions imaging has reached a level of maturity,
where researchers are consistently exploring and deve-
loping the fundamental concepts. The high frequency
of words such as “diffraction,” “seismic,” “imaging,”
“method,” “separation,” and “reflections” in both word
clouds highlights the central focus and the core con-
cepts of the research on this topic. The emergence of
new words such as “faults,” “discontinuities,” and “re-
servoirs” in the word map of the 82 articles published
in the last 5 years suggests a shift in the focus of re-
search towards the practical applications of diffractions
imaging. This shift in focus is likely driven by the in-
creasing demand for more accurate and efficient ima-
ging methods in the oil and gas industry, where the dif-
fractions imaging is used to locate and map subsurface
features such as faults, fractures, and other indicators of
potential reservoirs.

Considering the co-authorship maps using countries
and authors as units of analysis (Figures 6 and 10, res-
pectively), we noticed that the United States has a le-

ading role in all analysis. Nevertheless, China has
occupied an important role in recent years, with sig-
nificant contributions from its authors to developing
methods. The dominance of the United States in the co-
authorship map suggests that the country has been a ma-
jor contributor to the advancement of this field. Howe-
ver, the increasing involvement of Chinese authors in
recent years also indicates a shift in the distribution
of research efforts and collaborations. The significant
contributions of Chinese authors in developing methods
for seismic diffractions imaging may reflect the coun-
try’s growing investment in research and development,
as well as its emphasis on innovation and technologi-
cal advancement. This shift may also reflect the in-
creasing globalization and internationalization of rese-
arch, as more countries and authors from diverse regi-
ons become involved in this field. This finding high-
lights the dynamic and evolving nature of seismic dif-
fractions imaging research topic and the importance of
collaborations across borders and cultures.

Regarding the contributions of the Chinese resear-
chers to the theme, we highlight the emergent contri-
butions on the coal mining topic (Table 6), as the ap-
plication of diffraction imaging has shown to be highly
beneficial for various reasons. Firstly, it enables the in-
terpretation of minor faults and fractures, which are of-
ten related to the presence of coal seams (Zhou et al.,
2022). This information can be used to identify poten-
tial areas for coal mining and to better understand the
geological structures that underlie coal deposits. Addi-
tionally, diffraction imaging can also be used to prevent
water inrush and coal outbursts (Li et al., 2021a; Wang
et al., 2020a), which are major safety concerns in coal
mines. The energy of the diffractions can provide cru-
cial information that can aid in preventing these types of
disasters. Several studies in the field have highlighted
the significance of these contributions and their poten-
tial to improve the safety and efficiency of coal mining
operations.

After analyzing the 10 most cited references in the
co-citation analysis for both WoS and Scopus databa-
ses (Table 3), 8 references are present in both databases
(Berkovitch et al., 2009; Dell and Gajewski, 2011; Fo-
mel, 2002; Fomel et al., 2007; Khaidukov et al., 2004;
Klokov and Fomel, 2012; Landa et al., 1987; Moser and
Howard, 2008). A total of 3208 references were consi-
dered in the co-citation analysis and only 12 were re-
turned as the most cited in the two databases. Despite
analyzing a large number of references, the co-citation
analysis revealed a limited overlap in the most cited re-
ferences between the two databases. This result sug-
gests that there is some agreement between the two da-
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tabases on the most important references in the field, as
well as on the citation patterns and research interests.

According to Figure 11b, most works (84%, n=126)
use synthetic data (including toy models) to test, va-
lidate and demonstrate their method. The prevalence
of synthetic data in the majority of seismic diffracti-
ons imaging research indicates a need for a controlled
and reproducible environment to test and validate new
methods. The use of synthetic data allows researchers
to evaluate the effectiveness of their method before ap-
plying it to real-world data. Additionally, synthetic data
can be more easily shared and compared across diffe-
rent research groups, promoting collaboration and kno-
wledge sharing. The most common synthetic exam-
ples are the Sigsbee2A / Sigsbee2B (Bauer et al., 2016;
Dafni and Symes, 2017; Dell and Gajewski, 2011; Klo-
kov and Fomel, 2012; Li et al., 2020a,b; Liu et al., 2016;
Mu et al., 2021; Sheng and Zhao, 2022; Silvestrov et al.,
2016; Yin and Nakata, 2019; Zhao et al., 2021), and the
Marmousi / Marmousi II models (Asgedom et al., 2013;
Gelius et al., 2013; Klokov and Fomel, 2012; Li et al.,
2020c; Liu et al., 2022, 2016; Zhang et al., 2019, 2020;
Zhao et al., 2021). The frequent use of the Sigsbee2A/B
and Marmousi/Marmousi II models as synthetic exam-
ples may suggest that these models have become stan-
dards in the field. This may make it easier for resear-
chers to compare their results to those of other studies
that have used the same models, promoting consistency
and comparability. However, it is also important to re-
cognize that these models may not accurately reflect
real-world geological structures, and therefore the ef-
fectiveness of methods demonstrated on these models
may not necessarily translate to real-world applicati-
ons. Concerning the field data, several examples can
be found in the articles: the Nankai Trough subduc-
tion zone lines (Moore et al., 1990), e.g., Decker and
Fomel (2021); Decker et al. (2017); Li et al. (2022c,
2021a,b); Lin et al. (2022c, 2020); Sheng and Zhao
(2022); Wang et al. (2020b); data sets from the Viking
Graben (Madiba and McMechan, 2003), e.g., Dafni and
Symes (2017); Kim et al. (2021); Klokov and Fomel
(2012); Lin et al. (2022a); Merzlikin et al. (2019); the
Gulf of Mexico data set, e.g., Fomel et al. (2007); Lin
et al. (2022b, 2021b); Merzlikin et al. (2020); and the
Jequitinhonha data set, e.g., Asgedom et al. (2013);
Coimbra et al. (2018); Gelius et al. (2013). The greatest
depths found in the field data examples (Figure 12) do
not exceed 20 km or 10 s in depth: the Nankai data set
(depth = 8 s); the deep-water marine examples of Low-
ney et al. (2020) (depth = 5.5 s), Lowney et al. (2021a)
(depth = 5.4 s), and Lowney et al. (2021b) (depth = 4
s); the 3D seismic land examples of Zhao et al. (2020)

(depth = 3.7 s), Zhao et al. (2019a) (depth = 6 s), Zhu-
ang et al. (2022) (depth = 10 km), and Ahmed et al.
(2019) (depth = 8.4 km); the example of a salt diapir in-
terpretation in the North Sea of Montazeri et al. (2019)
(depth = 3.5 s); the Jequitinhonha Basin examples (As-
gedom et al., 2013; Coimbra et al., 2018; Gelius et al.,
2013) (depths = 4 and 7 s); and the example of Zhang
(2013) (depth = 6 km). The field data examples from
the 150 analyzed papers are mostly focused on shal-
lower portions of the Earth’s crust. One possible reason
could be the limitations of current seismic diffraction
imaging methods, which may not be able to accurately
image deeper portions of the crust. Another possibility
is that the authors present more interested in studying
shallow geological structures and processes, such as se-
dimentary basins, rather than the deeper portions of the
Earth’s crust. These structures zones can provide infor-
mation on the presence and distribution of hydrocarbon
reservoirs, which is crucial for the exploration and pro-
duction of oil and gas. Seismic diffractions imaging can
provide high-resolution images of these shallow struc-
tures and help to identify areas with high potential for
oil and gas deposits. While this focus provides va-
luable information on shallow geological structures, it
could be beneficial to investigate deeper portions of the
Earth’s crust. Studying deeper portions of the Earth’s
crust can provide important insights into tectonic pro-
cesses, the Earth’s interior, and other geological pheno-
mena that are not observable at shallower depths. For
example, the Mohorovicic discontinuity is a boundary
of great interest to the geology and seismology commu-
nities and studying it using seismic diffractions could
provide valuable insights. Future studies could concen-
trate on addressing the technical difficulties in exploring
deeper portions of the Earth’s crust, and on exploring
new methods’ advancements that could lead to a better
understanding of the Earth’s interior using the seismic
diffractions.

Figure 5 indicates a significant surge in the num-
ber of publications since 2010, with 91.33% (n=137)
of works being published during this period. This sug-
gests a consistent presentation and improvement of new
methods in seismic imaging. However, it is noteworthy
that a limited number of articles focus on practical ap-
plications with field data. Figure 11b demonstrates that
only 16% (n=24) of the analyzed papers exclusively uti-
lize field data in their applications. Despite many stu-
dies suggesting the potential of their techniques in iden-
tifying structures related to oil and gas presence (Dec-
ker et al., 2014; Li et al., 2020c,d; Lin et al., 2021a; Yu
et al., 2017; Zhao et al., 2015), only a few papers ac-
tually provide concrete examples focused on interpreta-
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tions, e.g., Burnett et al. (2015); Klokov et al. (2017);
Montazeri et al. (2019); Ogiesoba et al. (2015); Scho-
epp et al. (2015). We noticed that this lack of practi-
cal application is further reinforced by the absence of
common themes or shared applications within the bi-
bliographic coupling networks (Figures 7 and 8). The
works within the clusters mainly present new, relevant,
and improved methods for separating and imaging seis-
mic diffractions without a specific application or theme
connecting them. These findings indicate a clear de-
mand and open horizons for new studies that focus on
the application, analysis, and interpretation of diffrac-
tion images. There is a need to bridge the gap between
theoretical advancements and practical implementation,
providing concrete examples and addressing real-world
challenges. Exploring and exploiting the potential of
diffraction images in various applications can lead to
significant advancements in the field and contribute to a
more comprehensive understanding of subsurface struc-
tures.

5 Categorization of Seismic Diffractions Pro-
cessing Methods

Authors separate the diffractions processing methods in
two (Kim et al., 2021; Li et al., 2022c; Li and Qu, 2022;
Lin et al., 2021b; Liu et al., 2022; Schwarz, 2019a;
Wang et al., 2020b; Zhou et al., 2023) or three (Li et al.,
2021a; Zhao et al., 2019a) categories based on the diffe-
rent mathematical approaches employed. In this work,
we will consider two distinct categories. It is impor-
tant to note that in addition to the works analyzed in
our previous discussions, we have included additional
papers in this section that were not initially included in
our database. This allows us to broaden the scope of
our review and incorporate other significant and rele-
vant contributions to the discussion on seismic diffrac-
tions imaging.

The first category includes methods that separate
diffractions from reflections in the data domain before
or after the migration process. This group includes the
local slant-slack separation method presented by Har-
lan et al. (1984). Several studies explore the plane-
wave destruction filter (PWD), such as Decker et al.
(2017), Fomel et al. (2007), Li et al. (2022a), Li et al.
(2022b), Lin et al. (2018c), Lowney et al. (2020), Taner
(2006), and Yuan et al. (2019). The coherent subtrac-
tion method sums the amplitudes of reflections and se-
parates them from diffractions based on wavefront fil-
ters (Delf et al., 2022; Schwarz, 2019b; Schwarz and
Gajewski, 2017). Lin et al. (2020) present the method
of multichannel singular-spectrum analysis (MSSA),
in which the reflections are suppressed in the space-

frequency domain (f-x) from the analysis of the reflecti-
ons’ linear characteristics (Lin et al., 2022a; Zhou et al.,
2023). Later, the study of Shen et al. (2020) improved
the method through the singular value decomposition
(SVD). The authors use a filter based on differences in
coherence and travel-times between the wavefields. Ji-
ang et al. (2022) proposed an improvement for the SVD
method by using a second-order difference spectrum
strategy. Another f-x domain technique is the variati-
onal mode decomposition (VMD) (Lin et al., 2021b),
which considers the sparse aspects of the event’s energy
distribution. Zhao et al. (2019a) perform the separation
of events in the shot domain through the space-varying
media filter (SVMF); the shot domain is also known as
common virtual source gather (Li et al., 2021a). Dec-
ker and Fomel (2021) apply a technique in datasets
where the reflection energy has already been suppres-
sed. This study summed the possible signals generated
by different migration velocities (path integral seismic
imaging) (Merzlikin and Fomel, 2017; Merzlikin et al.,
2019, 2020) in order to accentuate the energy generated
by subsurface heterogeneities.

The second category includes methods that se-
parate diffractions directly during the migration pro-
cess. Landa et al. (1987) create diffraction secti-
ons (D-sections) from phase correlations; Kanasewich
and Phadke (1988) build gathers of common-fault-
points from the distribution of diffraction amplitudes;
Landa and Keydar (1998) create sections of common-
diffraction-point to emphasize the amplitude of dif-
fractions and detect heterogeneities. Khaidukov et al.
(2004) modify the elementary diffractions’ travel-time
term in the migration kernel to create a domain where
it is possible to focus the energy of reflections and la-
ter mute them from the diffracted wavefield. Berko-
vitch et al. (2009) also explore minor modifications in
the migration equation to create the diffraction multifo-
cus method. Similarly to the previous method, it focu-
ses the diffraction energy based on the travel-time cor-
rections in the migration integral. Moser and Howard
(2008) developed an anti-stationary phase filter by mo-
difying the Kirchhoff integral’s weight function to sup-
press the reflections’ energy. Li et al. (2020c) modi-
fied this filter by analyzing the phases of the signals
and then reversing the polarity to reduce the residual
energy of reflections. Zhang and Zhang (2014) pro-
pose muting the energy of reflections from the Fres-
nel zone in the shot gathers and aperture angles. Li
et al. (2020d), Zhao et al. (2016), and Zhao et al. (2020)
used the Mahalanobis distance to include an exponen-
tial function in the Kirchhoff integral to suppress the
reflection amplitudes. Dell and Gajewski (2011), Rad
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et al. (2018), and Schwarz et al. (2014) proposed the
common-reflection-surface method based on the cur-
vature differences between reflections and diffractions
responses. Methods based on the Radon transform
(Klokov and Fomel, 2012, 2013; Li et al., 2018; Liu
et al., 2016; Ogiesoba and Klokov, 2017) perform the
separation of the different components of the wavefield
in the dip-angle domain after the migration; however, as
they are based on derivations of migration algorithms,
we understand that they fit better in this category. It is
important to note that events separation in the dip-angle
domain is not restricted to the traditional Kirchhoff mi-
gration (Dafni and Symes, 2017; Silvestrov et al., 2016;
Zhu and Wu, 2010).

Additionally, machine learning techniques (ML)
have also been effective in separating and imaging dif-
fractions. De Figueiredo et al. (2013) presented one of
the pioneering studies on using ML algorithms to se-
parate diffractions. The authors classified images ba-
sed on the analysis of elementary diffraction amplitu-
des. They applied the k-nearest neighbors technique
(kNN) in order to distinguish images containing dif-
fractions, reflections or noise by analyzing the distribu-
tion of amplitudes along the diffraction travel-time cur-
ves. Maciel and Biloti (2020) introduced a novel appro-
ach to characterize seismic events using statistical para-
meters. In this study, the authors developed a statisti-
cal descriptor based on the difference between dynamic
and kinematic aspects of wavefields. This method pre-
sents the correct classification of events using the ML
technique known as support vector machines (SVMs)
(Cortes and Vapnik, 1995). Shustak and Landa (2018)
employed the principle of focusing reflections on se-
condary sources to analyze the patterns generated after
data migration. They used the Gaussian classifier naive
Bayes, a supervised learning technique. Markovic et al.
(2022) applied a deep segmentation model for recog-
nizing diffraction patterns on seismic and GPR data-
sets. Tschannen et al. (2020) applied convolutional neu-
ral networks (CNNs) to differentiate images containing
diffractions and reflections. The algorithm was trained
from synthetic sections based on wave equation mode-
ling. The application of CNNs, a class of deep learning
algorithms, was also studied by Kim et al. (2021), Low-
ney et al. (2021a), Lowney et al. (2021b), Sheng and
Zhao (2022), and Sun et al. (2022).

6 Overview of Methods’ Theory

Based on our analysis, we selected six methods and
provided an overview of their theories: the anti-
stationary phase filter (Moser and Howard, 2008), the
focusing-muting-defocusing (Khaidukov et al., 2004),

the multifocusing (Berkovitch et al., 2009), the plane-
wave destruction (Fomel, 2002; Fomel et al., 2007),
the common-reflection-surface-based method (Dell and
Gajewski, 2011), and the dip-angle domain approach
(Klokov and Fomel, 2012). This section provides a
brief summary of the main methods’ theories. For a
more in-depth understanding of each method, we re-
commend consulting the original papers individually.

6.1 Anti-stationary phase filter

The Kirchhoff migration integral is defined as (Schnei-
der, 1978; Tygel et al., 1996)

V (x) =

∫
dξ

∫
dt U(ξ, t) δ (t− td(ξ, x)), (1)

where V (x) is the seismic image at position x, obtained
by integrating the seismic data U(ξ, t) over all possible
source-receiver positions ξ and times t. The travel-time
trajectory td is given by

td(s, x, r) = T (s, x) + T (x, r), (2)

where T (s, x) is the travel-time from the source to the
diffraction point, and T (x, r) is the travel-time from the
diffraction point to the receiver. It is possible to include
an isotropic weighting term in Equation 1 and rewrite
the integral as (Hubral et al., 1996)

V D(x) =

∫
w(s, x, r)U(t, s, r)δ(t−td(s, x, r))dtdsdr.

(3)
Considering the ray vectors from the source ps =

∇xT (s, x) and the receiver pr = ∇xT (r, x), and a
local unit vector normal to the reflector n, the weight
function can be defined as (Moser and Howard, 2008)

w(s, x, r) = nT
(ps + pr)

‖ps + pr‖
. (4)

The weight function, also known as the stationary
phase filter, is implemented to the diffraction stack with
the objective of emphasizing contributions in the Fres-
nel zone around the specular reflection point, which mi-
nimizes the aliasing effect (Chen, 2004), as illustrated
in Figure 13. Moser and Howard (2008) proposed mo-
difying the weight function to emphasize contributions
from outside the first Fresnel zone:

wd(s, x, r) = 1− nT (ps + pr)

‖ps + pr‖
. (5)
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The anti-stationary phase filter wd explicitly sup-
presses the reflected portion of the total wavefi-
eld and enhances the diffractions in the migra-
ted image (Li et al., 2020c; Moser and Howard,
2008). An open-source solution for performing the
anti-stationary phase filter migration is available at
github.com/GuilhermeZakarewicz/DiffraPy.

Figure 13: Principle of the weight function w(s, x, r). (a) Conventi-
onal migration only considers the specular reflections from the Fres-
nel zone. (b) The modification of w by wd(s, x, r) causes migration
to only consider non-specular information from outside the Fresnel
zone. Modified from Moser and Howard (2008).

6.2 Focusing-Muting-Defocusing

The method proposed by Khaidukov et al. (2004) in-
volves separating the diffraction component from the
reflection component of the total wavefield before ap-
plying the Kirchhoff integral to the seismic data. The
authors suggest replacing the diffraction propagation
time td with the reflection propagation time tr =
T (s, x) in Equation 1:

V R(x) =

∫
dξ

∫
dt U(ξ, t) δ (t− tr(ξ, x)). (6)

The new operation is called the reflection stack or
“reflection focusing operator”. The propagation time
of a reflection can be understood as originating from
a virtual source mirrored relative to the position of the
reflector (Figure 14), which is not valid for real diffrac-
tions. Thus, the operator focuses the energy of the re-
flections to this virtual point, which usually has a grea-
ter depth than the reflector. Since the operator only acts
for reflection propagation times, diffractions remain un-
focused. Therefore, the image of focused reflections
V R(x) has twice the depth of the diffraction stack V (x)

and transfers the seismic data to a domain where dif-
fractions and reflections are separated.

The next step of the method is to mute the regi-
ons of V R(x) with a high concentration of focused
energy, i.e., suppress the energy of the reflections and
preserve the diffractions. The new set of data is denoted
as V R0 (x). The Kirchhoff demigration integral (Santos
et al., 2000) is applied to the data:

UD(ξ, t) =

∫
dx V R0 (x) δ (t− tr(ξ, x)). (7)

UD will mainly contain diffractions, depending on
the quality of the reflection focus and the process of mu-
ting its energy. The final step of the method proposed
by Khaidukov et al. (2004) is to apply the conventional
diffractions stack (Equation 6) to the field of residual
diffracted waves UD obtained after Equation 7:

V D(x) =

∫
dξ

∫
dt UD(ξ, t) δ (t− td(ξ, x)), (8)

The resulting V D(x) will be a seismic image in
which the diffractions were intentionally preserved,
without the traditional bias in relation to reflections.

6.3 Multifocusing

The method proposed by Berkovitch et al. (2009) is a
time imaging approach based on move-out corrections
and coherent summation of diffractions. The method
is based on a normal ray and a paraxial ray to deter-
mine the location of the intersect point M. The normal
ray starts at point X0 with a specific angle relative to
the vertical β, encounters a reflecting interface at the
normal incidence point O and then returns to the point
X0 (Figure 15). On other hand, the paraxial ray emit-
ted from an arbitrary source S intersects the central ray
at point M , reflects at the interface Σ (point P ) and is
detected by receiver R.

Both the normal and paraxial rays determine imagi-
nary focused wavefronts. The intersect point M can be
considered as a source of two virtual wavefronts, one
emitted upward to the surface (Σ−), and the other emit-
ted downward to the reflecting interface Σ, which re-
flects the wavefront and emerges at X0 as Σ+. The fo-
cusing points M− and M+ are the center of curvature
for the fictitious circular wavefronts Σ− and Σ+, res-
pectively. The method involves calculating the travel-
time correction, which is the time difference between
the normal and paraxial rays. For a laterally homogene-
ous velocity model, the equation is defined as (Berko-
vitch et al., 2008):
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Figure 14: Geometric difference between reflections and diffractions in a medium with constant velocity. S and R are the positions of the
source and receivers; A is the apex of the hyperbola; S’ is the projection of the reflection on the subsurface; and D is the diffracting point. (a)
Reflection geometry for a horizontal planar interface; (b) Diffraction geometry for a diffracting point. Note that the reflection can be understood
as originating from a virtual point S’ mirrored relative to the position of the reflector. Modified from Khaidukov et al. (2004).

Figure 15: Schematic illustration for geometry of the multifocusing
method for a circular reflector Σ. S andR are the source and receiver
locations, ∆X+ and ∆X− are the offsets from the central point,X0

is the image point, Σ+ and Σ− are the virtual wavefronts emitted by
P , P is the intersection point between the normal and the paraxial
rays, R+ and R− are the radii of curvature of Σ+ and Σ−, and
β is the incident angle of the normal incident ray. Modified from
Berkovitch et al. (2009).

∆t =

√
(R+)2 − 2R+∆X+ sinβ + (∆X+)2 −R+

V0

+

√
(R−)2 − 2R−∆X− sinβ + (∆X+)2 −R−

V0
,

(9)
where

R+ =
1 + σ

1

RCEE
+

σ

RCRE

; R− =
1− σ

1

RCEE
− σ

RCRE

; (10)

and

σ =
∆X+ −∆X−

∆X+ + ∆X− + 2
∆X+∆X−

RCRE
sinβ

. (11)

In Equations 9, 10, and 11, ∆X+ and ∆X− are
the offsets of the source and receiver, respectively, for
a given specular ray with respect to the central point
X0, R+ and R− are the radii of curvature of the virtual
wavefronts Σ+ and Σ−, V0 is the near-surface velocity,
and σ is the “focusing parameter”. For a given source
and receiver (S,R) in 2D situations, the multifocusing
move-out formula (Equation 10) express the time shifts
with respect to a zero offset trace in terms of three para-
meters: the emergent angle of a normal ray β (ray per-
pendicular to a reflector) and the curvature radii (RCRE
and RCEE) of two fundamental circular wavefronts.

Considering the situation where the reflecting inter-
face defined in Figure 15 shrinks to a diffraction point
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O, the points P andM+ will coincide with the position
O. Furthermore, RCEE = R+ = RCRE = R− = Rd,
where Rd represents the radius of curvature of the dif-
fracted wavefront. Substituting it in the move-out Equa-
tion 10, we obtain the expression for multifocusing
move-out correction of diffraction wavefronts:

∆t =

√
(Rd)2 − 2Rd∆X+ sinβ + (∆X+)2 −Rd

V0

+

√
(Rd)2 − 2Rd∆X− sinβ + (∆X+)2 −Rd

V0
,

(12)
For a diffracted wave, the multifocusing move-out

expresion (Equation 12) depends on only two parame-
ters, namely Rd and β (Berkovitch et al., 2009). Howe-
ver, the generalization of the multifocusing method for
3D situations is not a trivial task (Schoepp et al., 2014),
as there are five parameters to be estimated from data
(three curvatures and two emergence angles).

6.4 Plane-wave destruction

Considering the case of a point source, as shown in Fi-
gure 14, both the reflector and the diffractor act as point
sources. However, the point source of the reflector is
projected onto a virtual point S′, which does not oc-
cur with the diffractor. This results in hyperbolic res-
ponses in the seismograms. On the other hand, when
a plane wave source is considered, the diffractor gene-
rates a hyperbolic response similar to the point source
case. However, the reflected event creates a plane wave
response (Taner, 2006), as illustrated in Figure 16.

As described by Taner (2006), a way to create a
synthetic trace that simulates the reflection data obtai-
ned if multiple sources exploded at the receiver location
and recorded the reflected data at the source position is
by summing common shot seismic traces horizontally
without any time delay. By performing this process for
more shots, we generate a record that simulates a plane
wave source.

The local plane differential equation is defined as
(Claerbout, 1992; Fomel, 2002):

∂P

∂x
+ σ

∂P

∂t
= 0, (13)

where P (t, x) is the wavefield, and σ(t, x) is the lo-
cal slope. The PWD filter uses plane wave theory to
estimate the local slope of energy in seismic data, iden-
tifying events that conform to a linear pattern and sup-
pressing them. PWD predicts and flattens strong reflec-
tions in the shot domain while retaining diffractions by

Figure 16: Illustration of a specular reflector Σ and a scatterer point
D illuminated by a plane source wave PS . (a) Depth section; (b)
Time section. The reflected wave Σ+ generates a planar response R,
while the diffracted response H is hyperbolic. Modified from Taner
(2006).

estimating the local slope of plane-wave energy and de-
termining the required vertical shift to minimize resi-
dual energy not predicted by the corresponding trace.
Therefore, events that exhibit linear patterns, or plane
waves, will be suppressed by PWD, while diffractions
are preserved.

For predicting several plane waves, we can cascade
several filters similar to A(Zx):

A(Zx) =
(

1− Zx
Z1

)
·
(

1− Zx
Z2

)(
1− Zx

Zn

)
, (14)

where Z1, Z2, . . . , Zn are the zeroes of the polynomial

A(Zx) = 1 + a1Zx + a2Z
2
x + · · ·+ anZ

n
x . (15)

Calculating the Taylor series for Equation 14, i.e.,
equalizing the coefficients of the Taylor series expan-
sion around zero frequency, generates the following:

B3(Zt) =
(1− σ)(2− σ)

12
Z−1t

+
(2 + σ)(2− σ)

6
+

(1 + σ)(2 + σ)

12
Zt,

(16)
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and

B5(Zt) =
(1− σ)(2− σ)(3− σ)(4− σ)

1680
Z−2t

+
(4− σ)(3− σ)(2− σ)(4 + σ)

420
Z−1t

+
(4− σ)(3− σ)(4 + σ)(3 + σ)

280

+
(4− σ)(4 + σ)(3 + σ)(2 + σ)

420
Zt

+
(4 + σ)(3 + σ)(2 + σ)(1 + σ)

1680
Z2
t

(17)

for a three and five-point centered filters B3(Zt) and
B5(Zt), respectively. The detailed derivation of Equa-
tions 16 and 17 can be found in Fomel (2002). It is pos-
sible to characterize several plane waves in a modified
form of Equation 14 using the filter

C(Zt, Zx) = A(Zt, Zx)B
( 1

Zt

)
=
( 1

Zt

)
−ZxB(Zt),

(18)
which avoids the requirement of a polynomial division.
In the case of a three-point centered filter (Equation
16), the 2D filter (Equation 18) presents six coeffici-
ents comprised in two columns, where each has three
coefficients and the second column is a reversed copy
of the first one.

The estimation of the slope is necessary to apply the
plane wave filters on real data. Considering C(σ) as
the convolution of the data with the 2D filter C(Zt, Zx)
(Equation 18), we determine the least-square goal (Fo-
mel, 2002):

C(σ)d ≈ 0, (19)

where d is the data. Fomel (2002) discusses that the
slope enters in the filter coefficients in an nonlinear
way, as shown in Equations 16 and 17. Nevertheless,
it is possible to apply the linear iterative optimization
methods by an analytical linearization of Equation 19.
The process of linearization involves the solution of a
linear system:

C ′(σ0)∆σd+ C(σ0)d ≈ 0, (20)

where ∆σ is the slope increment, σ0 is the initial slope
estimate, and C ′ is obtained by differentiating the filter
coefficients of C with respect to σ. The number of non-
linear iterations required to achieve acceptable conver-
gence may vary depending on the initial solution. To
eliminate problems of oscillatory local slopes estima-
tes, Fomel (2002) suggests adding a regularization goal
to Equation 20:

εD∆σ ≈ 0, (21)

where the variable ε represents a scaling coefficient,
while D denotes a suitable operator for roughening.

Estimating a single local slope σ(t, x) is a more
complicated task than estimating differential dual slo-
pes σ1 and σ2 (Fomel, 2002). Therefore, the lineariza-
tion yields

C ′(σ1)C(σ2)∆σd+ C(σ1)C ′(σ2)∆σ2d

+C(σ1)C(σ2)d ≈ 0.
(22)

The regularization condition should be considered
for both slopes:

εD∆σ1 ≈ 0,

εD∆σ2 ≈ 0.
(23)

The Madagascar software (Fomel et al., 2013) pro-
vides freely available functions for performing PWD
filtering.

6.5 Common-reflection-surface-based method

The stacking trajectory is defined as the second-order
approximation of the squared travel-time around the
normal ray (Jäger et al., 2001):

t2hyp(m,h) = (t0 + 2pmm)2

+2t0(MNm
2 +MNIPh

2),
(24)

where m is the midpoint displacement with respect
to the considered CMP position m0, h is half of
the source-receiver distance, t0 is the zero offset two
way travel-time; pm is the first-order horizontal spa-
tial travel-time derivative to the midpoint coordinate,
MN is the second-order horizontal spatial travel-time
derivative to the midpoint coordinate, and MNIP is the
second-order horizontal spatial travel-time derivative to
the half-offset coordinate (Dell and Gajewski, 2011).
pm is related to the angle β0:

pm =
sinβ0
v0

, (25)

where v0 is the near-surface velocity. MNIP relates
with the curvature of a wavefront emerging from m0

when there is a point source at the normal-incident-
point (NIP) of the reflector:

MNIP =
cos2 β0
v0

KNIP, (26)

where KNIP is the curvature of the NIP-wave. MN re-
lates to the curvature of a wavefront emerging from m0
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considering a exploding reflector element (the common
reflection surface) centered at the NIP:

MN =
cos2 β0
v0

KN, (27)

where KN is the curvature of the normal wave.
The kinematic wavefield attributes of the CRS

method are represented by the radii and emergence an-
gles of the wavefront curvatures, which can be expres-
sed as KN = 1/RN and KNIP = 1/RNIP (Figure 17).
By substituting the expressions for pm, MN, and MNIP
in terms of CRS attributes into Equation 24, we obtain
the CRS stacking operator:

t2hyp(m,h) =
(
t0 +

2 sinβ0
v0

m
)2

+
2t0 cos2 β0

v0

(m2

RN
+

h2

RNIP

)
.

(28)

Figure 17: Illustration of the CRS parameters (Hubral, 1983). (a)
RNIP is the curvature radius of a virtual wavefront emmited by a
source at NIP. (b) RN is the curvature radius of a virtual wavefront
emmited by the exploding reflector element CRS. The emergence an-
gle is denoted as β0. Modified from Rad et al. (2018).

Following the CRS theory, we consider a diffractor
as a reflector segment with a very high curvature and

undefined orientation. Therefore, the CRS shrinks to a
single point and RN = RNIP. We apply this modifica-
tion on Equation 28:

t2hyp(m,h) =
(
t0 +

2 sinβ0
v0

m
)2

+
2t0 cos2 β0
v0RN

(
m2 + h2

)
.

(29)

As explained by Rad et al. (2018), prior to applying
Equation 29 for stacking, it is necessary to separate dif-
fractions with a criterion. This can be accomplished by
comparing the values of RN and RNIP, which can be
done using a specific function as a threshold (Dell and
Gajewski, 2011):

Tf (m0, t0) = exp
(
− |RN −RNIP|
|RN +RNIP|

)
. (30)

The value of RN is equal of RNIP for diffractions in
ideal cases, but it does not occur in practice. Therefore,
the Tf (m0, t0) function can help defining a threshold. It
will guarantee a soft transition for the diffraction filter,
as the function approximates one for close values ofRN
and RNIP, and zero otherwise.

6.6 Dip-angle domain

In seismic processing, the Kirchhoff migration method
relies on reflection opening and dip-angles (Klokov and
Fomel, 2012; Xu et al., 2001). For a 2D scenario, the
summation surface is a function of the opening and the
dip-angles of the reflector, denoted by θ and α, res-
pectively (Klokov and Fomel, 2012). By integrating a
constant value of α over θ, we can generate a common-
image gather (CIG) in the dip-angle domain. The CIG
includes traces that represent partial images of a lateral
position for various reflector dips.

Considering a 2D zero-offset constant velocity time
migration, the model (x,z) and the data coordinates
(y,t) can be expressed through the spatial correlations:

y = x+ z tanα0, (31)

and

t =
2z

v cosα0
, (32)

where α0 is the dip-angle (Figure 18a) and v is the cons-
tant subsurface velocity.

In other words, time migration is the process of in-
verting these transformations, which results in:

xm = y − vmt

2
sinα, (33)
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Figure 18: Illustration of the (a) zero-offset reflection and (b) zero-offset diffraction. Modified from Klokov and Fomel (2012).

τ = t cosα, (34)

where vm is the migration constant velocity and α is
the migrated angle. Considering a plane reflector, it is
possible to define its response in the data domain:

t(y) =
2(z1 cosα0 + y sinα0)

v
, (35)

where the reflector is defined as

z(x) = z1 + x tanα0. (36)

We can also define the reflector time image (xm,τ ):

xm = −vm
v
z1 cosα0 sinα+ y

(
1− vm

v
sinα0 sinα),

(37)

τ =
2

v
cosα(z1 cosα0 + y sinα0). (38)

By removing y from Equations 37 and 38, and repla-
cing γ = vm/v, we generate the image of the reflector
in the dip-angle coordinates (Klokov and Fomel, 2012):

τ(xm, α) =
(2 cosα

v

)xm sinα0 + z1 cosα0

1− γ sinα0 sinα
. (39)

From Equation 36, we can derive

z0 cosα0 = xm sinα0 + z1 cosα0. (40)

It is possible to generate the shape of a reflector in
the dip-angle CIG for a lateral position by replacing
Equation 40 in 39:

τ(α) = τ0
cosα0 cosα

1− γ sinα0 sinα
, (41)

where the two way vertical travel-time is defined as
τ0 = 2z0/v.

Hence, for a correct migration velocity (γ = 1), the
event present a shape of a smile with a stationary point
(Klokov and Fomel, 2012).

Considering a diffraction point (coordinates xd,zd),
we parameterize the data responses by the angle β:

y = xd + zd

(
tanβ − vm

v

sinα

cosβ

)
, (42)

t = τ0
cosα

cosβ
. (43)

Substituting γ = vm/v, ξ = (xm − xd)/zd, and
removing β, we obtain:

τ(α) = τ0 cosα
ξγ sinα+

√
ξ2 + 1− γ2 sin2 α

1− γ2 sin2 α
.

(44)
Now, if the migration velocity is correct (γ = 1),

the event present a flat shape. Based on the differen-
ces between diffractions and reflections in the dip-angle
domain, Klokov and Fomel (2012) presented a method
for separating the diffracted events from the wavefi-
eld using a hybrid Radon transform (Trad et al., 2001).
They use a model for describing reflection events (mr),
and one for describing diffraction events (md), connec-
ted to data by two operators. The adjoint operators
transfer energy from the data space to the model spa-
ces, and the forward operator moves the energy back to
the data space. Once the transformation is completed,
the energy of reflection events is transferred to the re-
flection model, while diffraction events are focused in
the diffraction model (Klokov and Fomel, 2012). The
operator for the adjoint transform from the data domain
to the reflection-model domain is denoted by LTr :
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mr(γ, α0, τ0) =
∑

α

d[α, τα(γ, α0, τ0)], (45)

and forward transform operator Lr from the reflection
model domain to the reflection data domain is given by:

dr(α, τα) =
∑

γ

∑

α0

mr[γ, α0, τ0(γ, α0, τα)], (46)

where τα is the imaging time, α0 is the real reflector
dip, and γ is the velocity model accuracy. For diffrac-
tions, the operator for the adjoint transform LTd from
the data domain d to the diffraction domain md and the
forward operator Ld can be defined as (Klokov and Fo-
mel, 2012):

md(γ, ξ, τ0) =
∑

a

d[α, τα(γ, ξ, τ0)], (47)

dd(α, τα) =
∑

γ

∑

ξ

md[γ, ξ, τ0(γ, ξ, τα)]. (48)

To obtain the inverse Radon operator, we need to
minimize a defined cost or objective function (Klokov
and Fomel, 2012; Trad et al., 2001):

J(mr,md) = ||Wdata(Lrmr + Ldmd − d)||2
+εr||Wrmr||2 + εd||Wdmd||2,

(49)

where Wdata consists of a diagonal matrix of weights,
Wr and Wd are model space weights, and εr, εd are re-
flection and diffraction measures of sparseness determi-
ned heuristically. Klokov and Fomel (2012) minimize
the J function by applying a quasi-Newton L-BFGS al-
gorithm (Nocedal, 1980). The authors separate the dif-
fracted wavefield after finding the models mr and md.
Thus, the diffraction image is obtained after stacking
the diffracted component in the dip-angle direction.

7 Conclusions

This article provides a comprehensive overview of the
seismic diffraction imaging methods by conducting a
systematic literature review and quantitative analysis.
The field of seismic diffractions separation and ima-
ging has been gaining significant attention and recog-
nition within the geoscience community, as evidenced
by a notable increase in publications and citations since
2010. This growing interest indicates that the explora-
tion of new methods, applications, and interpretations
related to seismic diffractions holds great potential for

generating significant and influential research publica-
tions.

The proposed methods exhibit a diverse range of
effective applications, highlighting their versatility in
addressing various geological structures. Many rese-
archers are actively engaged in characterizing faults,
fractures, and small-scale discontinuities, which have
significant implications across various fields and ren-
der these methods highly valuable for numerous indus-
try applications. Notably, diffraction imaging has gai-
ned considerable traction within the oil and gas explo-
ration sector. By leveraging diffractions, it becomes
possible to image structures associated with hydrocar-
bon presence, migration pathways, and other pertinent
aspects relevant to oil and gas exploration. The subs-
tantial number of publications authored by researchers
from industrial institutions indicates a considerable en-
gagement level from these entities.

Recent contributions from Chinese researches
shows a growing interest in applying seismic diffrac-
tions to coal mining. The information extracted from
the diffracted wavefield holds promise for identifying
potential coal mining areas, gaining a better unders-
tanding of the underlying geological structures that en-
compass coal deposits, and mitigating the risks of wa-
ter inrush and coal outbursts. Another emerging ap-
plication is the utilization of seismic diffractions in
near-surface studies, particularly in conjunction with
ground-penetrating radar data. The electromagnetic
method has the advantage of using high-frequency wa-
ves, extending the capability of imaging using diffrac-
tions. Further research is required to assess the full po-
tential of seismic diffractions in these new and innova-
tive applications, while also comprehending the associ-
ated limitations and challenges.

We noticed that forward modeling plays a crucial
role and remains the predominant data type utilized
across the analyzed publications. This emphasizes the
significance of establishing controlled and reproducible
environments to facilitate the testing and validation of
novel methods, ensuring consistency and comparability
in research outcomes. The field examples are mostly
focused on shallower portions of the Earth’s crust, not
exceeding 20 km or 10 s in depth. We highlight the
unexplored possibility of studying deeper portions of
the subsurface and exploring new methods’ advance-
ments.

In addition, it is worth noting that while there is
a wealth of literature showcasing new and improved
methods related to seismic diffractions, practical field
examples centered around interpretations are relatively
scarce compared to synthetic applications. By prioriti-
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zing investigations that focus on field applications and
case studies, researchers can effectively enhance the ap-
plicability and impact of seismic diffraction imaging.
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Resumo. As difrações sísmicas, frequentemente negligenciadas como ruído nos métodos convencionais
de imageamento sísmico, contêm informações valiosas de alta resolução sobre estruturas e heterogenei-
dades em subsuperfície. Além disso, o componente difratado do campo de ondas é mascarado pelas
reflexões de maiores amplitudes. Existem poucas opções de alternativas de código aberto para o pro-
cessamento e imageamento de difrações sísmicas. Neste estudo, apresentamos o DiffraPy, um pacote
de código aberto em Python especificamente projetado para realizar migrações em que as difrações são
preservadas de forma proporcional e as reflexões são suprimidas. Além disso, o código oferece funci-
onalidades para modelagem sintética de dados sísmicos, o que permite testes e experimentações abran-
gentes. Demonstramos a aplicação do código usando um modelo simples e avaliamos suas capacidades
em um modelo sintético de maior complexidade, em que discutimos suas limitações e potencialidades.
Em ambos os casos, o programa suprimiu com sucesso a maior parte da energia refletida na imagem de
difrações, o que resulta em uma imagem de maior resolução em comparação com a migração convenci-
onal. A imagem final destaca de forma proeminente as respostas de pequenas estruturas espalhadoras,
descontinuidades e falhas, fornecendo maiores detalhes sobre a subsuperfície para a interpretação das
seções. Esperamos que nosso código ofereça à comunidade das geociências uma alternativa acessível e
documentada para testar, reproduzir e explorar exemplos de imageamento de difrações.

Palavras-chaves: Programa Aberto; Python; Imageamento de Difrações; Difrações Sísmicas; Modela-
gem Sintética; Descontinuidades

Abstract. Seismic diffractions, often overlooked as noise in conventional seismic imaging methods,
contain valuable high-resolution information about subsurface structures and heterogeneities. Further-
more, the diffracted component of the wavefield is masked by the stronger reflections. There are limited
options of open-source alternatives in seismic diffractions processing and imaging. In this study, we in-
troduce DiffraPy, an open-source Python package specifically designed for performing both conventional
and diffraction-oriented migrations. Additionally, the code provides functionality for forward modeling
seismic data, allowing for comprehensive testing and experimentation. We demonstrate the workflow of
the code using a toy model and evaluate its capabilities on a synthetic salt model, discussing its limi-
tations and potentialities. In both cases, the program successfully suppressed the majority of reflected
energy in the diffraction-oriented image. The final image prominently highlights the responses of small
lenses, discontinuities, and faults, providing valuable insights into the subsurface for interpretation. We
expect our code to offer the geoscience community a freely accessible and well-documented alternative
for testing, reproducing, and exploring diffraction imaging examples.

Keywords: Open-software; Python; Diffraction Imaging; Seismic Diffractions; Forward Modeling; Dis-
continuities
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1 Introduction

One of the primary objectives of the exploration ge-
ophysics is obtaining realistic images of the subsurface
and characterizing the medium through non-invasive
approaches. Using reflected seismic waves to study the
shallow portions of the Earth has become one of the
main exploration methods in the past decades, with gre-
ats advances in both techniques and applications (Fehler
and Huang, 2002). Seismic waves interacting with in-
terfaces or boundaries can produce various phenomena,
and their behaviour is typically different (Khaidukov
et al., 2004; Trorey, 1970). Specular reflection occurs
when the waves encounter a continuous and smooth
layer that is larger than the seismic wavelength. Non-
specular diffractions, on the other hand, result from
small-scale structures like faults, fractures, pinch-outs,
channels, wedges, and other discontinuities that do not
conform to the assumptions of Snell’s law (Lin et al.,
2021). Theoretically, seismic diffraction imaging can
achieve “superresolution”, allowing for the retrieval of
information of structures that are smaller than the Ray-
leigh limit, i.e., half of the seismic wavelength (Neidell,
1997; Tschannen et al., 2020; Zhang and Zhang, 2014;
Zhao et al., 2019a).

One major issue in obtaining high-resolution images
is the fact that the diffracted component of the wavefield
is typically considered as noise during the traditional
preprocessing workflow (Wang et al., 2020b). Further-
more, the energy of diffractions is significantly lower
compared to reflections, which can differ by one or two
orders of magnitude (Klem-Musatov, 1994; Reshef and
Landa, 2009). As a result, a significant portion of the
wavefield is not utilized in subsurface imaging, leading
to a loss of valuable information.

Pioneers studies on separating the diffracted energy
from the wavefield were conducted by Hagedoorn
(1954), Kanasewich and Phadke (1988), Krey (1952),
Kunz (1960), and Trorey (1970) for detecting and de-
lineating faults. Recent applications focus on fault,
fractures, and small-scale discontinuities characteriza-
tion (Bansal and Imhof, 2005; Berkovitch et al., 2009;
Khaidukov et al., 2004; Moser and Howard, 2008); ima-
ging structures related to the oil and gas industry (Dec-
ker et al., 2014; Lin et al., 2018a; Merzlikin and Fo-
mel, 2017; Tyiasning et al., 2016; Zhao et al., 2019a,
2015, 2020), near surface investigations (Keydar et al.,
2010; Liu et al., 2021; Maciel and Biloti, 2020; Pete-
rie et al., 2020; Rad and Hickey, 2021), velocity analy-
sis (Decker et al., 2017; Dell and Gajewski, 2011; Fo-
mel et al., 2007; Klokov and Fomel, 2012; Reshef and
Landa, 2009; Santos et al., 2020), and imaging small
faults and fractures related to coal mining (Li et al.,

2020; Wang et al., 2020a; Zhao et al., 2021; Zhou et al.,
2017, 2022). Machine learning techniques have also
been applied for automated separation of diffractions
from data (De Figueiredo et al., 2013; Kim et al., 2021;
Lowney et al., 2021; Maciel and Biloti, 2020; Markovic
et al., 2022; Sheng and Zhao, 2022; Shustak and Landa,
2018; Sun et al., 2022; Tschannen et al., 2020).

Recently, the number of well-documented open-
source programs for geophysical applications has signi-
ficantly increased, enabling effective collaboration and
development of new methods and techniques for pro-
cessing and interpreting various data types. Python, a
programming language known for its versatility, has be-
come a popular choice for developing non-commercial
solutions in this field. Lecocq et al. (2014) introdu-
ced MSNoise, a software that monitors seismic velo-
city variations by using ambient noise data. Krieger
and Peacock (2014) developed MTpy, an application
that processes and models magnetotellurics (MT) data.
Hector and Hinderer (2016) presented pyGrav, a solu-
tion for processing relative-gravity data. Rücker et al.
(2017) developed pyGIMLI, a framework for mode-
ling and inversion in various geophysical and hydrolo-
gical methods. Mather and Delhaye (2019) presented
PyCurious, a package for computing the Curie depth
using magnetic anomaly data. Plattner (2020) develo-
ped GPRPy, a software for processing and visualizing
ground-penetrating radar (GPR) data. Blanchy et al.
(2020) presented ResIPy, a software for electrical data
modeling and inversion. Bueno et al. (2020) develo-
ped PICOSS, an interface for analyzing and classifying
volcano-seismic signals. Guedes et al. (2022) presen-
ted Refrapy, a program for analyzing seismic refraction
data, including waveform processing, first break pic-
king, and inversion. Tschannen et al. (2022) introduced
the wtie package for automating the seismic well to tie
process. Ajithabh and Patro (2023) developed SigMT,
a package for automated processing of MT data.

This study introduces DiffraPy, the first freely avai-
lable Python-based program designed for performing
diffractions imaging. The primary objective of DiffraPy
is to provide an open and expandable software that can
reproduce geophysical simulations and imaging concer-
ning seismic diffractions. We explain the theory behind
the applied methods and outline the general workflow
of the code. Finally, we demonstrate the software’s ca-
pabilities using synthetic data and discuss its limitations
and potentialities.

2 Methods

The theory of the applied methods is described in the
section “Seismic Diffraction Imaging Methods”, and
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the software structure is explained in the following sec-
tion “Software Implementation”.

2.1 Seismic Diffractions Imaging Methods

2.1.1 Ray-Tracing

There are two main methods for ray tracing: shoo-
ting and bending (Julian and Gubbins, 1977; Sekiguchi,
2021). Shooting is an iterative method that starts at the
source position and traces the ray path to the receiver by
solving the ray tracing differential equations. It iterates
by changing the initial conditions, e.g., the ray angle at
the source, until the ray arrives at the receiver. The ben-
ding method assumes a single ray connecting the source
and receiver positions, and the ray trajectories are mo-
dified until it finds the path satisfying the Fermat’s prin-
ciple (Červeny, 2001). Both methods are simple to be
implemented, but present a major drawback as they are
computationally intensive.

Here, we apply a different technique for calculating
the seismic ray travel-time. Based on the Fermat’s prin-
ciple (Officer, 1958), the shortest path method calcu-
lates the path with the minimum corresponding travel-
time between two given points (Zhou and Greenhalgh,
2005). All ray paths are discarded except the one
corresponding to a minimum travel-time between two
points.

Considering a 2D velocity model represented as a
grid with several nodes, the approach is to iteratively
calculate several grid intervals that corresponds to a ray
path, a process named “sub-ray tracing length”. From
the source location, several line paths are traced to the
nodes. From these nodes, the program decides which
one has the minimum travel-time. Then, it uses the
chosen node as a secondary source, following the Huy-
gens’ principle, and repeat the sub-ray tracing process.
These steps are repeated until all interested nodes are
decided. Moser (1991) states that this method presents
no restrictions compared with the classical ray theory as
it can correctly find diffracted ray paths and even paths
to shadow zones, which is particularly interesting for
diffraction imaging methods.

2.1.2 Kirchhoff Modeling and Kirchhoff Migration

Both the Kirchhoff modeling and migration rely on the
Huygens’ Principle. Presented by Christiaan Huygens
in the study “Traité de la Lumière” (Treatise on Light)
(Huygens, 1690), the principle states that considering
an original wave front, every point acts as a new source
of secondary waves. In other words, we can understand
the wave front as the envelope of the secondary waves
energy; the energy interferes constructively along

the wave front and destructively elsewhere (Enders,
1996). Any reflective smooth surface can be treated
as composed by infinitesimals emitting points that
generate wave fronts called “elementary diffractions”.
The elementary diffractions can not be observed
individually in a seismogram, as they are mathematical
idealizations (Moser and Howard, 2008). However,
real diffractions are generated by the scattered energy
of small objects in the subsurface and can be observed
individually in a seismogram. The principle also
describes the reflection hyperbola as the envelope of
the elementary diffractions, named as the “classical
elementary Huygens wave” or simply “Huygens wave”
(Hubral et al., 1996b).

Kirchhoff Modeling
For a given source-receiver pair (s and r), the Kir-

chhoff modeling integral calculates the reflected wave
fronts as the envelope of all the primary wave fronts
along the considered smooth reflective interface. The
Kirchhoff modeling integral can be defined as (Santos
et al., 2000):

U(ξ, t) =
1

2π

∫∫
W (x, ξ, t) ∂zM(x, z)d2x |z=ζ(x,ξ,t),

(1)
where the stacking surface z is implicitly defined
by t = ζ(ξ, x, z); ξ is the trace coordinate, t is the
time coordinate, (x, z) represents the velocity model
coordinate, ζ is the reflective surface, M(x, z) is the
model and W (x, ξ, t) consists of an obliquity factor
and the reflection coefficient of the incident wave at the
reflector. The resulting U(ξ, t) is the numerical data
that represents the synthetic seismic section.

Kirchhoff Migration
We consider the Kirchhoff migration integral (Sch-

neider, 1978), also known as the diffraction stack, as the
following Equation (Tygel et al., 1996):

V (x) =

∫
dξ

∫
dt U(ξ, t) δ (t− td(ξ, x)), (2)

where U(ξ, t) is the seismic data parameterized by the
vector ξ, δ is the Dirac delta distribution, and td is the
time-travel curve, i.e., the propagation time of an ele-
mentary diffraction at the point x.

There are some corrections that need to be applied
to the seismic data before the migration based on the
nature of the waveform amplitude and phase: the sphe-
rical spreading, the obliquity factor, and the phase shift
(Yilmaz, 2008). The spherical spreading factor consi-
ders the fact that a farther point a from the wave front’s
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emission will present a weaker amplitude than a closer
point b. For 2D situations, the energy decays by a factor
of
√
1/cr, where c is the velocity and r is the distance

between a and the emitting point. The obliquity factor
accounts for the angle dependence of the amplitudes.
The correction is based on multiplying the amplitude
A in a given point of the diffraction hyperbola by the
cosine in relation to the vertical axis z. The third fac-
tor involves the phase and amplitude restoration of the
resulting waveform. The elementary diffractions must
respond as a wavelet along the hyperbolas with their
characteristic amplitude and phase. Under any diffe-
rent conditions, there would be no amplitude cancela-
tion from close waveform. Yilmaz (2008) defines it as
the ρ(t) filter, a 45-degree phase shift and adjustment of
the amplitude spectrum by

√
ω (ω = frequency). It can

also be understood as applying a half-derivative to the
wavefield.

Furthermore, there are migration parameters that an
analyst needs to consider. For example, as discussed
by Klokov and Fomel (2013), the migration operator
distributes the seismic energy in a large area, but not
all energy contributes constructively. If the migration
curve is entirely considered, it may result in artifacts
as migration noise, boundary noise and boundary ef-
fects (Hertweck et al., 2003). To minimize this problem
when imaging the specular energy, it is possible to li-
mit the migration aperture, i.e., the spatial extent of the
summation span, measured in terms of traces (Yilmaz,
2008). For non-specular energy, it may be beneficial to
use larger apertures (Klokov and Fomel, 2013; Li et al.,
2020).

Similarly, the window size determines the extent of
the data used for migration. A small window may lead
to truncation of useful information and incomplete ima-
ging, while a large window can introduce unnecessary
computational burden and include irrelevant data that
may degrade the image quality. Selecting an appropri-
ate window size that encompasses the relevant seismic
energy and ensures the desired level of imaging accu-
racy and efficiency is crucial.

2.1.3 Diffraction Imaging

It is possible to implement an isotropic weight factor in
Equation 2 (Hubral et al., 1996a), henceforth referred to
as stationary phase filter or imaging condition. Consi-
dering the parameterization vector ξ as the source s and
receiver r position, we can rewrite the Kirchhoff inte-
gral (Hubral et al., 1996a; Li et al., 2020; Moser and
Howard, 2008):

V D(x) =

∫
w(s, x, r)U(t, s, r)δ(t−td(s, x, r))dtdsdr,

(3)
where w(s, x, r) is the imaging condition. The travel-
time of the elementary diffractions td(s, x, r) can be
considered as

td(s, x, r) = T (s, x) + T (x, r), (4)

where T (s, x) is the travel-time trajectory between the
source and the diffractor point x, and T (r, x) is the
travel-time trajectory between the diffractor point and
the receiver. Considering the vectors from the source
and the receiver ps = ∇xT (s, x) and pr = ∇xT (r, x),
and a unit vector normal to the reflector n, the imaging
condition can be defined as

w(s, x, r) = nT
(ps + pr)

‖ps + pr‖
. (5)

The image condition defined in Equation 5 can be
analyzed as the dot product between the reflector unit
normal and the bisectrix of the vectors at location x.
This weight reaches its maximum value when the re-
flector normal and the bisectrix are parallel, indicating
a specular reflection. The Fresnel zone, where the mi-
gration aperture is limited to the vicinity of the specular
reflection point, can be defined as the set of locations
where the image condition exceeds a small frequency-
dependent value ε, given by w(x, s, r) > 1 - ε (Moser and
Howard, 2008). This definition emphasizes the con-
tributions of specular reflections in the migration pro-
cess, which attenuates diffractions coming from outside
the Fresnel zone and reduces the aliasing effects (Chen,
2004).

We can modify the Equation 5 to define a new
weight that explicitly suppresses specular reflecti-
ons and emphasizes diffractions (Moser and Howard,
2008):

wd(s, x, r) = 1− nT (ps + pr)

‖ps + pr‖
, (6)

named “anti-stationary phase filter”. The method
presented by Moser and Howard (2008) substitutes
w(s, x, r) with wd(s, x, r) in Equation 3 to attenu-
ate the reflections’ contributions to the wavefield and
emphasize the diffraction’s energy, resulting in an
image with information of small scatterers in subsur-
face.

2.1.4 Local Slant Stack

The diffraction imaging from the anti-stationary phase
filter requires the construction of a reflector dip field for

4



DiffraPy: an open-source Python software for seismic diffractions imaging

each grid point. As done by Moser and Howard (2008),
we implemented the local slant stack approach, where
there is a search for local plane segments for each grid
point with maximal semblance S.

From the initial reflectivity model, we define a plane
curve z = p(x−x0)+z0, where (x0, z0) represents the
coordinates of a given image point, and p is the ray pa-
rameter (Claerbout, 1978). We calculate the coherence
or semblance S values along the curve (Neidell, 1997),
where the value of S is expected to be closer to 1 in the
situation where the curve defined by z coincides with
the inclination of a reflector. We perform an iterative
search for a relevant range of p values. Thus, for each
image point x0, z0 of the velocity model, a window is
defined, i.e., a new grid is defined based on a clipping of
the original data; in this window, an iterative search is
performed varying values of p, i.e., different dip values,
and the code stores the p value that results in the highest
S value for each image point. For field data, where a
reflectivity model is not available, the local slant stack
calculation is done on a migrated image where w=1.
The objective of implementing the local slant stack is
to obtain the horizontal and vertical components of the
normal vector n of the Equation 5. Therefore, it calcu-
lates the reflector dip field components needed for the
anti-stationary phase filter construction.

2.2 Software Implementation

The main algorithm was written in Python (version
3.8.8). Although a graphical user interface (GUI) can
facilitate the user experience, Plattner (2020) empha-
sizes that a software controlled entirily by GUI may
provide automating several tasks and reduce efficiency
in large-scale projects. The Jupyter IDE is a solu-
tion for providing command-line implementations th-
rough an interactive interface, which reduces the ex-
perience required to effectively operate. For this re-
ason, we implemented the software using the Jupyter
IDE (https://jupyter.org/). The algorithm is dependent
of some well-documented open-source Python libra-
ries. The main libraries and modules can be installed
with Anaconda (https://www.anaconda.com/): NumPy
(Van der Walt et al., 2011) and SciPy (Jones et al.,
2007), fundamental packages for scientific computati-
ons in Python involving matrix operations and signal
analysis; MatPlotlib (Hunter, 2007), for plotting graphs
and data visualization; and ObsPy (Beyreuther et al.,
2010), for seismic data analysis.

Figure 1 shows a general flowchart outlining the
main steps of the DiffraPy implementation. The work-
flow involves pre-defined functions that perform the ne-
cessary steps to generate two images: a conventional

migration image and a diffraction image. For a gene-
ral understanding of the proposed methods, we demons-
trate them in a simplified toy model with a constant ve-
locity c = 250 m/s. The model consists on eight hori-
zontal reflectors, four small faults, five different small
lenses with lateral length of 1 m, and white noise. The
parameters used to generate it are listed in Table 1.

Figure 1: General flow chart diagram showing the main steps for
generating the diffraction image.

2.2.1 Diffractions Forward Modeling

Our program handles operations with field and synthe-
tic data. However, when working with synthetic data,
there are several important factors to consider. While
reflections are generated by smooth and continuous in-
terfaces, diffractions are the result of the interaction of
the wave with small structures and do not satisfy the
general validation conditions of the ray theory presen-
ted by Červeny (2001). Thus, not all forward mode-
lers are capable of accurate modeling the non-specular
responses of diffractions, e.g., simple ray-tracing mo-
deling. For forward modeling diffractions responses,
DiffraPy includes the kirchhoffModeling function built-
in, but certain parameters must be set first. The func-
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Table 1: Parameters applied in the toy model simulation.

Parameter Value

Constant velocity c 250 m/s
Horizontal grid size nx 240
Vertical grid size nz 120
Horizontal discretization dx 1 m
Vertical discretization dz 1 m
Source frequency fr 40 Hz
Length of the wavelet (points) npts 200
Time increment dt 4 ms
Conventional mig. aperture (traces) 20
Diffraction mig. aperture (traces) 80
Migration window (samples) 20

tion requires a smoothly-varying velocity model, i.e., a
background model suitable for ray-tracing. Users can
either import a smooth velocity model or generate a
simple one using DiffraPy, such as a constant velocity
or smooth gradient model. Based on the velocity model,
travel-times must be calculated. This can be done using
various approaches (Moser, 2012), including wavefront
construction (Lee and Gibson, 2006; Vinje et al., 1993),
eikonal equation solvers (Popovici and Sethian, 2002;
Qin et al., 1992), and shortest path techniques (Moser,
1991). The MRay function generates a seismic wave
travel-time grid for a single source sx using the shor-
test path method based on the velocity model (Figure
2). The raymodel function uses MRay to create nx time
tables, i.e., one file for each source position sx, resul-
ting in a 3D cube of dimensions [nx,nz,nx]. As our mi-
gration kernel is dependent on the velocity model, we
emphasize that the travel-times calculation with raymo-
del is necessary for both synthetic and field data before
generating the final images.

Before modeling the gather shots, it is necessary to
create a wavelet that represents the inherent characte-
ristics of the receivers. To create the wavelet, the user
inputs the central frequency (fr), number of points or
length of the wavelet (nps), and the time increment (dt).
The ricker function generates a Ricker wavelet r(t), de-
fined as (Yilmaz, 2008)

r(t) = (1− 2π2f2r t
2)e−π

2f2
r t

2

. (7)

2.2.2 Diffractions Imaging

For synthetic data applications, the user can either im-
port or generate the velocity model file. If choosing to
generate, the input parameter is the constant velocity c,
and the user has to define a simplistic reflectivity model

Figure 2: Travel-time field for shot position sx = 120 m resulting
from the MRay and raymodel functions for the toy model.

based on the geometry of the desired reflectors (Figure
3).

Figure 3: Reflectivity of the simple toy model.

Following the procedure presented by Moser and
Howard (2008), it is necessary to generate a reflector
dip field for each image point of the model grid. This
is done with the slant local function, which applies the
local slant stack approach. For each image point of the
model and a relevant range of dips, the function calcu-
lates the dip semblances over local plane segments. The
dip value with the maximal semblance for each image
point is then stored in the resulting file. A separated file
is stored with the maximum semblance values for each
image point (Figure 4a). The dip field file can be de-
composed into the vertical (dipY) and horizontal (dipX)
components of reflector normal (Figure 4b). Differen-
tiating the travel-time table generated by the raymodel
function results in the ray vectors pr and ps (Equation
5). With the components of the reflector normal field
(dipY and dipX), and the ray vectors (pr and ps), it is
possible to calculate the image condition w.

6



DiffraPy: an open-source Python software for seismic diffractions imaging

Figure 4: Semblance and dip field obtained by the slant local func-
tion for the toy model. (a) Maximum semblance values for each
image point; (b) vertical component of reflector normal (dipY).

The kirchhoffModeling function is used to generate
synthetic common-shot gathers based on the previously
created travel-time table and wavelet. The input para-
meters are nz (vertical grid size), nx (horizontal grid
size), dx (x-axis discretization), dz (z-axis discretiza-
tion), and dsx (shots spacing). Thereby, the program
can use the necessary files to generate the synthetic
common-shot gathers (Figure 5).

Figure 5: Synthetic common-shot gather resulting from the kirchhoff-
Modeling function for the toy model (source position sx = 75 m).

Following, the user inputs the migration parame-
ters: appref (aperture size for the conventional migra-
tion), appdif (aperture size for diffraction migration),
and win (window length). The kirchhoffMigration func-
tion generates two migrated images simultaneously: the
conventional prestack-depth Kirchhoff migration with
the imaging condition, which preserves specular reflec-
tions from the Fresnel zone (Figure 6a), and the dif-
fraction prestack-depth Kirchhoff migration with the
diffraction-oriented weight (wd = 1−w), which enhan-
ces diffractions and suppresses specular reflections (Fi-
gure 6b). Both conventional and diffraction migration
images can be exported in high-resolution files.

It is possible to combine both results into a single
image (Figure 7) that contains the structures present in
the conventional and the diffracted-oriented migrations.

3 Results and Discussion

In order to evaluate the performance of our code, we
conducted an analysis of a realistic synthetic example
obtained from a portion of the SEG/EAGE salt model
(Aminzadeh et al., 1997). The model includes com-
plex reflectors and discontinuities, which pose challen-
ges for seismic imaging techniques. To further test the
capability of our code to image small-scale scatterers,
we added several point diffractors with a lateral length
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Figure 6: Comparison of conventional and diffraction-oriented
prestack-depth Kirchhoff migration images generated by the kir-
chhoffMigration function for the toy model. (a) Migrated image using
the conventional weighted Kirchhoff migration. The specular reflec-
tions are not suppressed, but the position of the scatterers is not well
defined. (b) Migrated image using the diffraction-oriented weight
(wd = 1 − w), where diffractions are enhanced and specular re-
flections are suppressed, resulting in better resolution of scatterer po-
sitions.

Figure 7: Combined image of the conventional and diffraction-
oriented prestack-depth Kirchhoff migrations. The image was gene-
rated by summing the conventional migration image with the diffrac-
tion migration image. The resulting image highlights both the spe-
cular reflections and non-specular diffractions, allowing for a more
comprehensive interpretation of the subsurface structures.

of 30 m to the model, simulating the response of point
scatterers in the data. As shown in Figure 8a, the velo-
city model of our synthetic example is heterogeneous,
reflecting the geological complexity of the subsurface.
This complexity is further highlighted by the reflecti-
vity model in Figure 8b, which shows the presence of
five small lenses and white noise in addition to the main
reflectors. Table 2 lists the other key parameters used to
create the model, including the grid size and discretiza-
tion parameters.

When generating synthetic data, having the ability
to specify and control the velocity model is a key ad-
vantage, as it allows for better control over the resulting
data and easier comparison with field data. In our soft-
ware, the user can either import a pre-existing velocity
model or generate one by specifying a constant velocity
value. This flexibility allows for the creation of custom
models that fit specific geological scenarios. One po-
tential limitation of using simplistic models is that they
may not accurately capture the complexity and hetero-
geneity of real-world geological structures. However,
by generating synthetic data with controlled models, it
is possible to test and optimize processing algorithms,
which can later be applied to field data.

Figure 8: (a) Velocity model of the synthetic example. (b) Reflecti-
vity model with five small lenses and white noise.

Figure 9a shows the maximum semblance values
8
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Table 2: Parameters applied in the realistic synthetic example.

Parameter Value

Horizontal grid size nx 120
Vertical grid size nz 100
Horizontal discretization dx 10 m
Vertical discretization dz 10 m
Source frequency fr 40 Hz
Length of the wavelet (points) npts 200
Time increment dt 5 ms
Conventional mig. aperture (traces) 20
Diffraction mig. aperture (traces) 50
Migration window (samples) 10

obtained using the slant local function, while Figure 9b
shows the horizontal component of the reflector normal
field (dipX). The horizontal component of the reflec-
tor normal is closer to zero near the horizontally ori-
ented reflectors, while it is closer to one near the fault.
Given that the normals are more irregular at the faults
junctions and reflectors discontinuities, the maximum
semblance values are lower at those positions. It is
noteworthy that the scattering lenses do not appear to
cause any disturbances in either of the images.

The kirchhoffModeling function was used to gene-
rate synthetic common-shot gathers after creating the
time-travel table and wavelet. Figure 10 shows the re-
sulting file for a source at 600 m. Note that the dif-
fraction hyperbolas of the small lenses are not visible
individually in the data because their amplitudes were
masked by the reflection’s energy. Forward modeling
of seismic data is a powerful tool that offers several ad-
vantages for seismic imaging and interpretation (Mo-
ser, 2012). It allows us to generate synthetic seismic
data under controlled conditions, which can be used to
validate seismic processing workflows and to study the
impact of different acquisition and processing parame-
ters on the final image. Forward modeling can also be
used to test the sensitivity of the data to changes in the
velocity and reflectivity models, allowing us to assess
the robustness of our interpretations and identify areas
of uncertainty. In addition, it can be used to investigate
the illumination of a subsurface target and designing fi-
eld surveys. Furthermore, synthetic data can provide
insights into the seismic wave propagation and scatte-
ring mechanisms, allowing us to better understand the
subsurface characteristics and to refine our imaging te-
chniques.

The availability of the travel-time grid file is an es-
sential aspect of seismic diffractions imaging using Dif-
fraPy. As discussed, the raymodel function generates

Figure 9: Semblance and dip field obtained by the slant local func-
tion for the synthetic example. (a) Maximum semblance values
for each image point; (b) horizontal component of reflector normal
(dipX).

Figure 10: Synthetic common-shot gather resulting from the kir-
chhoffModeling function for the synthetic example (source position
sx = 600 m).
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this file, which is crucial for performing the migration.
For synthetic data modeled with the code, this file is
already available. Nonetheless, for field data, the user
must run the raymodel function before migration.

The final products of the program are shown in Fi-
gure 11. The diffraction image (Figure 11b) shows
the scattering lenses positions, although residual energy
from the reflections is still present contaminating the
image. Improving the accuracy of the calculated dip
field is crucial for effectively suppressing reflections
energy. Therefore, we expect to improve the method ap-
plied to generate the reflector normal and the dip field.
By refining these aspects, we aim to enhance the sup-
pression of the reflected component of the wavefield.
Nevertheless, the code successfully suppressed most of
the reflector energy, making the responses from small
diffractors, fault junctions, and discontinuities more vi-
sible. Additionally, the fault is more prominent in the
diffraction image, providing better insight into the sub-
surface structure for the interpreter.

Figure 11: Comparison of conventional and diffraction-oriented
prestack-depth Kirchhoff migration images generated by the kir-
chhoffMigration function for the synthetic example. (a) Migrated
image using the conventional weighted Kirchhoff migration. (b) Mi-
grated image using the diffraction-oriented weight (wd = 1 − w),
where diffractions are enhanced. The arrows indicate the main dif-
fractions positions.

Figure 12 shows the sum of the two migration ima-

ges. By overlaying the two images, it is possible to
identify the locations of the diffractions and their rela-
tionships with the larger-scale structures. This can help
in the interpretation of the geological features of the
subsurface, such as identifying areas of potential hy-
drocarbon presence, structures related to coals seams,
or locations of structural complexity. The diffraction
migration image may highlight features that are not ap-
parent in the conventional migration image, while the
conventional migration image may provide context and
a more complete picture of the subsurface. Thus, the
combination of both images can lead to a more accu-
rate and comprehensive interpretation of the subsurface
structure.

Figure 12: Combined image of the conventional and diffraction-
oriented prestack-depth Kirchhoff migrations for the synthetic model.

The proposed method has a potential limitation due
to its high dependence on a correct velocity model. As
pointed out by Lin et al. (2018b), the stationary phase
point determination in the method is highly sensitive to
the velocity model and local slopes. Any significant er-
rors in the velocity model used for migrations can result
in artifacts and potentially misleading migrated ima-
ges. To assess the impact of erroneous velocity models
on our diffractions-oriented migration, we conducted a
comparative analysis using three different velocity mo-
dels for the toy model: the correct model (Figure 13a),
a model with a 5% higher velocity (Figure 13b), and a
model with a 5% lower velocity (Figure 13c). Obser-
ving the migration results, we found that the inaccurate
velocity models leads to the expected effects on the po-
sitioning and shape of reflectors and diffractions. In the
case of the too high velocity model, the reflectors ap-
pear shifted downward, and the diffractions exhibit va-
riations in their shapes. Conversely, with the too low
velocity model, the reflectors are shifted upward, and
the diffractions also display shapes alterations. Despite
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these deviations, the diffractions remain discernible in
both erroneous velocity models. A potential avenue for
future research could be to investigate the threshold at
which errors in the velocity model start to produce mi-
gration artifacts. This would help to identify the level
of accuracy required for the velocity model to ensure
reliable and accurate migrated images.

Figure 13: Comparative analysis of diffractions-oriented migration
using different velocity models. (a) Migration image with the correct
velocity model. (b) Migration image with a velocity model 5% higher
than the correct velocity. (c) Migration image with a velocity model
5% lower than the correct velocity.

A critical point of the anti-stationary phase filter mi-

gration is determining the dip field for calculating the
components of the reflector normal field (Figures 4b
and 9b). For each image point of the reflectivity mo-
del, the function slant local calculates several dip va-
lues and dip semblances over local plane segments. For
field data, where the reflectivity model is not availa-
ble, the slant local function is applied on a migrated
image where w=1. The dip value with the maximum
semblance value is stored for each image point. It is
important to note that not all dip values correspond to
actual reflector dips, as some may be randomly determi-
ned from relatively low semblance values. To address
this, we incorporate the semblance values (Figures 4a
and 9a) as weights during the conventional migration
process. This weighting strategy ensures that we prio-
ritize coherent dips, enhancing the reliability and accu-
racy of the migration results. However, the conventio-
nal and the diffraction-oriented migration differ in their
treatment of semblance as a weight. For the diffraction-
oriented migration, the irregular nature of the normal at
fault junctions, reflector discontinuities, and other irre-
gularities results in lower semblance values. Therefore,
incorporating the semblance as a weight in the diffrac-
tion migration would potentially obscure the precise lo-
cations of the diffractions. To ensure the accurate ima-
ging of diffractions, we refrain from using semblance as
a weight, allowing us to preserve the visibility and inte-
grity of the diffraction events in the migrated image.

While DiffraPy represents an important contribu-
tion as an open-access software dedicated to diffracti-
ons imaging, it is important to acknowledge its limitati-
ons. One of the critical aspects that require further im-
provement is the calculation of the dip field and reflec-
tor normal. Currently, our implemented solution over-
looks artifacts that may arise in the shallower portions
of the migrated images, resulting in a perceived blurring
effect. To address this limitation, our future work will
focus on enhancing and fine-tuning the code responsi-
ble for calculating the reflector normal. By refining this
component, we aim to minimize artifacts and improve
the overall image quality, thereby providing more accu-
rate and detailed representations of subsurface structu-
res in diffractions imaging.

The ground-penetrating radar (GPR) is a non-
destructive geophysics method based on the reflection
of electromagnetic waves. The method present simi-
lar kinematics behaviour to seismic reflection common-
offset acquisition, despite the differences in the fre-
quencies magnitude and the reached depths. Diffrac-
tion events are frequently observed in GPR profiles as a
result of the short wavelength in comparison to the di-
mensions of the targets and the signal’s heightened sus-
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ceptibility to rough interfaces (Economou et al., 2020;
Markovic et al., 2022). Recent publications focus on se-
parating and imaging diffractions obtained in GPR data
for identifying steep fractures, karsts, small-scale ob-
jects, near surface utilities, and velocity analysis (De Fi-
gueiredo et al., 2013; Delf et al., 2022; Economou et al.,
2020; Grasmueck et al., 2015, 2013; Liu et al., 2023;
Liu and Shi, 2022; Maciel and Biloti, 2020; Schwarz
and Krawczyk, 2020; Yuan et al., 2019; Zhao et al.,
2019b). Furthermore, the utilization of GPR diffrac-
tions has extended to mapping the internal structure of
glaciers (Delf et al., 2022). Given the similarity in the
processing workflow, we expect that DiffraPy might be
adapted with minor modifications in the input files re-
ading step for handling GPR diffractions imaging as
well. Currently, DiffraPy assumes a common-shot geo-
metry for data, but by incorporating considerations for
common-offset geometry, it can be tailored to accom-
modate GPR data. Further research and development
could expand the software’s capabilities to handle a wi-
der range of geophysical data types, allowing for more
efficient and accurate subsurface imaging.

4 Conclusions

DiffraPy is the first open-source freely distributed
Python-based software designed for imaging seismic
diffractions. The program rely on pre-built functions
that perform the necessary steps for generating a dif-
fraction image: calculating the travel-time field, the dip
field, and performing the conventional Kirchhoff migra-
tion and the diffraction-oriented Kirchhoff migration.
Furthermore, DiffraPy offers support for forward mo-
deling of synthetic seismic data, facilitating new testing
and experimentation. The diffraction migration is based
on the anti-stationary phase filter presented by Moser
and Howard (2008), where a modified isotropic weight
factor wd = 1 − w(s, x, r) is incorporated in the mi-
gration integral. A key advantage of this approach is
that both conventional and diffraction images are gene-
rated simultaneously, avoiding additional computatio-
nal time.

Through the application of DiffraPy on a synthe-
tic example derived from the SEG/EAGE salt model,
we have demonstrated its efficacy in locating diffrac-
tors and enhancing a fault structure, with the diffraction
migration effectively suppressing the majority of reflec-
tion energy. However, it is important to acknowledge
the current limitations of our implementation, such as
artifacts resulting from the reflector normal calculation,
which is an area we are actively addressing and refining.
Additionally, the accuracy and reliability of the method
are contingent upon the availability of an accurate velo-

city model, as emphasized in our analysis.
DiffraPy can contribute to the geophysical commu-

nity with a solution for testing and reproducing diffrac-
tions imaging examples. We expect to integrate GPR
data applications with minor modifications in our pro-
gram.

Code availability section
Name of the code: DiffraPy.
Contact: Guilherme Zakarewicz,
guilherme.zakarewicz.97@gmail.com
License: permissive MIT license.
Program language: Python 3.8.8.
Software required: No external software. Python

dependencies are listed in the project, as the libraries
NumPy, SciPy, MatPlotlib, and ObsPy. We tested the
software on Ubuntu 20.04 and Windows 10.

More details about DiffraPy, access to the code, and
documentation can be found in the project’s repository:
https://github.com/GuilhermeZakarewicz/DiffraPy.
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5 Conclusões e Considerações Finais

Imagens que preservam proporcionalmente as difrações sísmicas fornecem informações valio-
sas sobre estruturas como falhas, quinas, fraturas, cunhas e outras descontinuidades, com implica-
ções significativas em diversas áreas e aplicações industriais. A partir de uma revisão sistemática
de literatura e análise quantitativa sobre o imageamento de difrações sísmicas, identificamos um
interesse crescente neste tema, com um aumento significativo no número de publicações a partir
de 2010. Os métodos propostos apresentam notável diversidade de aplicações, o que permite apli-
car o processamento de difrações em diferentes contextos geológicos. A maior parte dos estudos
se concentra na caracterização de falhas, fraturas e outras descontinuidades em subsuperfície. As
difrações não especulares têm recebido destaque em publicações voltadas para a indústria de óleo
e gás, o que possibilita a identificação de estruturas associadas à presença de hidrocarbonetos.
Contribuições recentes destacam o uso de difrações para a mineração de carvão, uma vez que é
possível imagear estruturas relacionadas com a presença de depósitos e mitigar riscos de inunda-
ções e explosões. Além disso, notamos que outra aplicação emergente consiste no processamento
de difrações para investigações rasas a partir do uso de dados de GPR. Este método geofísico utiliza
ondas eletromagnéticas que superam em várias ordens de magnitude as frequências das investiga-
ções sísmicas (1 MHz a 1 GHz) (Annan, 2002), o que aumenta a capacidade de obter imagens de
alta resolução.

A maioria das publicações analisadas aborda avanços nos métodos de imageamento de difra-
ções. No entanto, há uma escassez de publicações focadas exclusivamente na interpretação de
imagens obtidas a partir de dados de campo. Priorizar estudos que apliquem o processamento de
difrações em estudos de caso pode aprimorar significativamente a aplicabilidade e o impacto dos
métodos de separação e imageamento de difrações. Apesar do considerável potencial mineral e
petrolífero do Brasil, a aplicação de técnicas de processamento de difrações ainda é minimamente
explorada no país. Dentre os artigos analisados, notamos somente três estudos que aplicaram o
imageamento de difrações para conjuntos de dados obtidos em bacias brasileiras (Asgedom et al.,
2013; Coimbra et al., 2018; Gelius et al., 2013). De forma geral, há uma demanda por novos
estudos com o objetivo de compreender e avaliar o potencial, os fatores limitantes e os desafios
relacionados aos métodos apresentados.

Neste trabalho, apresentamos o primeiro código aberto desenvolvido em Python dedicado es-
pecificamente ao processamento e imageamento de difrações sísmicas. O código oferece funções
essenciais para gerar imagens de difrações, além de possibilitar a modelagem de seções sinté-
ticas para testes e experimentações. A migração de difrações é baseada na técnica apresentada
por Moser e Howard (2008) que considera contribuições de difrações não especulares proveni-
entes de fora da zona de Fresnel. Para isso, incorporamos um peso isotrópico anti-estacionário
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wd = 1−w(s,x,r) na equação da migração Kirchhoff.
Aplicamos o imageamento de difrações em um modelo sintético e notamos que o programa

foi capaz de localizar pequenas estruturas espalhadoras inseridas no modelo, além de suprimir
a maior parte da energia refletida. A imagem de difrações resultante também ressaltou a falha
presente no modelo, o que facilita a interpretação e compreensão da subsuperfície. No entanto,
reconhecemos que nossa implementação inicial apresenta limitações. Entre elas, há a presença de
artefatos decorrentes do cálculo da normal do refletor. Além disso, a precisão do método depende
da disponibilidade de um modelo de velocidades preciso, embora permita variações de velocidade.
No caso da presença de hipérboles de difrações na seção sísmica, é possível empregá-las para uma
análise de velocidades por meio do ajuste da curvatura hiperbólica. Adicionamos ruído branco em
todas as seções modeladas, fato que não alterou a precisão do código em localizar as estruturas
espalhadoras.

Dessa forma, o programa oferece uma solução aberta e documentada para a comunidade ge-
ofísica. Esperamos que o código apresentado possa contribuir com as atividades de pesquisado-
res, estudantes e profissionais da área interessados em testar e reproduzir exemplos de proces-
samento de difrações. Estamos atualmente implementando pequenas modificações para que o
código seja capaz de processar dados de GPR. Para estudos futuros, destacamos aplicar o pro-
grama em dados coletados em campo, incluindo tanto sísmica como GPR, e a realização de análi-
ses mais profundas sobre a capacidade do método em recuperar informações abaixo do limite de
Rayleigh. Mais detalhes, acesso e documentação do código podem ser acessados no repositório
github.com/GuilhermeZakarewicz/DiffraPy.
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A Principais Funções do Código DiffraPy

d e f r i c k e r ( nps , f r , d t ) :
" " "
G e n e r a t e a R i c k e r w a v e l e t s i g n a l ( Mexican Hat ) .

P a r a m e t e r s :
−−−−−−−−−−−
nps : i n t

The number o f sample s i n t h e o u t p u t s i g n a l .
f r : f l o a t

The c e n t r a l f r e q u e n c y of t h e w a v e l e t i n Hz .
d t : f l o a t

The t ime s t e p o f t h e o u t p u t s i g n a l i n s e c o n d s .

R e t u r n s :
−−−−−−−−
numpy . n d a r r a y

The R i c k e r w a v e l e t s i g n a l a s a 1−D numpy a r r a y .

" " "
n p t = nps * d t
t = np . a r a n g e ( − n p t / 2 , n p t / 2 , d t )
r i c k 1 =(1 − t * t * f r **2 *np . p i **2 ) * np . exp ( − t **2 * np . p i **2 * f r **2 )
r i c k = r i c k 1 [ i n t ( np . round ( nps / 2 ) ) −( i n t ( np . round ( 1 / f r / d t ) ) ) +1 : nps ]
l = l e n ( r i c k )
i f l <nps :

r i c k 2 =np . append ( r i c k , np . z e r o s ( [ 1 , nps − 1 ] ) )
l =nps
r i c k = r i c k 2
r e t u r n np . a r r a y ( r i c k )

d e f k i r c h h o f f M o d e l i n g ( nsx , ngx , dsx , nx , nt , d t , TTh , R ,W, f i l e n a m e ) :
" " "
Computes s y n t h e t i c s e i s m i c common− s h o t g a t h e r s by K i r c h h o f f model ing .

The method c o n s i s t s o f comput ing t h e t r a v e l t i m e s o f s e i s m i c waves from
a s o u r c e p o i n t t o a l l t h e g r i d p o i n t s i n t h e model u s i n g a r a y t r a c i n g
a l g o r i t h m , and t h e n c a l c u l a t i n g t h e s e i s m i c a m p l i t u d e s a t each r e c e i v e r
l o c a t i o n by summing t h e c o n t r i b u t i o n s o f a l l t h e r a y s t h a t r e a c h t h a t p o i n t .

The a m p l i t u d e s o f t h e s e i s m i c waves a r e c a l c u l a t e d u s i n g t h e K i r c h h o f f
i n t e g r a l , which i s an i n t e g r a l e q u a t i o n t h a t r e l a t e s t h e i n c i d e n t wave
f i e l d t o t h e s c a t t e r e d wave f i e l d a t a g i v e n r e c e i v e r l o c a t i o n .

P a r a m e t e r s :
−−−−−−−−−−−
nsx : i n t

Number o f s o u r c e s ( s h o t s ) .
ngx : i n t

Number o f r e c e i v e r s ( t r a c e s ) .
dsx : i n t

S t ep s i z e f o r s o u r c e s a l o n g t h e x− a x i s .
nx : i n t

Number o f g r i d p o i n t s a l o n g t h e x− a x i s .
n t : i n t

Number o f t ime sample s .
d t : f l o a t

Time s t e p .
TTh : numpy . n d a r r a y

A 3D a r r a y o f shape [ nsx , nz , nx ] c o n t a i n i n g t h e t r a v e l t i m e s o f
a l l t h e s e i s m i c waves from a l l t h e s o u r c e p o i n t s t o a l l t h e g r i d p o i n t s
i n t h e model . I t i s c a l c u l a t e d b e f o r e by t h e ‘ raymodel3 ‘ f u n c t i o n .

R : numpy . n d a r r a y
A 2D a r r a y o f shape [ nz , nx ] r e p r e s e n t i n g t h e r e f l e c t i v i t y c o e f f i c i e n t s
o f t h e s u b s u r f a c e model .

W : numpy . n d a r r a y
A 1D a r r a y o f l e n g t h n t r e p r e s e n t i n g t h e t e m p o r a l s o u r c e waveform .
I t i s a R i c k e r w a v e l e t c a l c u l a t e d by t h e ‘ r i c k e r ‘ f u n c t i o n .
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f i l e n a m e : s t r
Base name of t h e f i l e s t o save t h e computed common− s h o t g a t h e r s . One
f i l e w i l l be saved f o r each s o u r c e p o i n t , w i th a s u f f i x i n d i c a t i n g
t h e s o u r c e i n d e x .

R e t u r n s :
−−−−−−−−
f i l e s : l i s t o f numpy . n d a r r a y

A l i s t o f l e n g t h nsx c o n t a i n i n g t h e common− s h o t g a t h e r s computed f o r
each s o u r c e p o i n t . Each e l e m e n t i n t h e l i s t i s a 2D a r r a y o f shape
[ nt −2 , ngx ] , r e p r e s e n t i n g t h e s e i s m i c t r a c e d a t a f o r a g i v e n s o u r c e
( sx ) .

" " "

nsx=nx
ngx=nx

#Loop ove r s h o t s
f o r i s x i n tqdm ( r a n g e ( 0 , nsx , dsx ) ) :

D = np . z e r o s ( [ nt , ngx ] )
TSX = ( TTh [ i s x , : , : ] / d t +1) . a s t y p e ( i n t ) # T r a v e l t i m e ( i n d e x e s )

# Loop Over T r a c e s
f o r gx i n r a n g e ( 0 , ngx ) :

TXG=(TTh [ gx , : , : ] / d t +1) . a s t y p e ( i n t ) # T r a v e l t i m e i n h e t e r o g e n e o u s medium ( i n d e x e s )

#Loop ove r t ime sample i n a t r a c e
f o r t i n r a n g e ( 0 , n t ) :

M=W[ t −(TSX+TXG) + n t +1]*R
#D[ t , gx ]= np . sum (M. f l a t t e n ( ’ F ’ ) ) ;
D[ t , gx ]= np . sum (M. f l a t t e n ( ) )

g a t h e r 1 =np . d i f f (D [ : , : ] , n =2 , a x i s =0)

f i l e = s t r ( f i l e n a m e ) +" _ {} " . f o r m a t ( i s x )
wi th open ( f i l e , "wb" ) a s f :

np . s ave ( f , g a t h e r 1 )

f i l e s = [ ]

f o r i i n r a n g e ( 0 , nsx , dsx ) :
f i l e = s t r ( f i l e n a m e ) +" _ {} " . f o r m a t ( i s x )
wi th open ( f i l e , ’ rb ’ ) a s f i l e :

( g a t h e r ) = np . l o a d ( f i l e )
f i l e s . append ( g a t h e r )

r e t u r n f i l e s

d e f peso ( TTh , dt , X, Y, igx , i s x ) :
" " "
Computes t h e K i r c h h o f f w e i g h t i n g f u n c t i o n w( s , r , x ) f o r a g i v e n sou rce −
r e c e i v e r p a i r i n a 2D s u b s u r f a c e model , a l s o c a l l e d imaging c o n d i t i o n
o r a n t i − s t a t i o n a r y phase f i l t e r .

P a r a m e t e r s :
−−−−−−−−−−−
TTh : numpy . n d a r r a y

A 3D a r r a y o f shape [ nsx , nz , nx ] c o n t a i n i n g t h e t r a v e l t i m e s o f
a l l t h e s e i s m i c waves from a l l t h e s o u r c e p o i n t s t o a l l t h e g r i d p o i n t s
i n t h e model . I t i s c a l c u l a t e d by t h e ‘ raymodel3 ‘ f u n c t i o n .

d t : f l o a t
The t ime s am p l i n g i n t e r v a l i n s e c o n d s .

X : numpy . n d a r r a y
A 2D a r r a y o f shape [ nz , n t r ] r e p r e s e n t i n g t h e x component o f t h e d i p
f l o c a l _ w i n d o w i e l d o b t a i n e d by a l o c a l s l a n t − s t a c k a p p r o a c h wi th t h e f u n c t i o n
‘ ‘ .

Y : numpy . n d a r r a y
A 2D a r r a y o f shape [ nz , n t r ] r e p r e s e n t i n g t h e y component o f t h e d i p
f i e l d o b t a i n e d by a l o c a l s l a n t − s t a c k a p p r o a c h wi th t h e f u n c t i o n
‘ loca l_window ‘ .

i g x : i n t
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The i n d e x of t h e r e c e i v e r p o i n t where t h e K i r c h h o f f i n t e g r a l i s b e i n g
computed .

i s x : i n t
The i n d e x of t h e s o u r c e p o i n t where t h e K i r c h h o f f i n t e g r a l i s b e i n g
computed .

R e t u r n s :
−−−−−−−−
w : numpy . n d a r r a y

A 2D a r r a y o f shape [ nz , n t r ] r e p r e s e n t i n g t h e K i r c h h o f f w e i g h t i n g
f u n c t i o n f o r t h e g i v e n sou rce − r e c e i v e r p a i r .

R e f e r e n c e s :
−−−−−−−−−−−
[ 1 ] Moser , T . j . and Howard , C . B . ( 2 0 0 8 ) . D i f f r a c t i o n imaging i n d e p t h .
G e o p h y s i c a l P r o s p e c t i n g .

" " "

gH = np . g r a d i e n t ( TTh , a x i s =2) # g r a d i e n t e h o r i z o n t a l # d i f e r e n a e n t r e c o l u n a s ( do modelo de v e l o c i d a d e )
gV = np . g r a d i e n t ( TTh , a x i s =1) # g r a d i e n t e v e r t i c a l # d i f e r e n a e n t r e l i n h a s

prV = gV [ igx , : , : ]
prH = gH [ igx , : , : ]

psV = gV [ i s x , : , : ]
psH = gH [ i s x , : , : ]

pH = psH + prH
pV = psV + prV

norma = np . s q r t ( pH**2 + pV**2)

f o r idx , x i n np . ndenumera te ( norma ) :
i f x ==0:

norma [ i d x ]=1 e −16 # a v o i d nan ’ s

w = ( pH / norma * X) + ( pV / norma * Y)

r e t u r n w

d e f k i r c h h o f f M i g r a t i o n ( g a t h e r , i s x , dx , dz , d t , win , dwin , a p p _ r e f , a p p _ d i f , TTh , X, Y, sm ) :
" " "
Per fo rm K i r c h h o f f M i g r a t i o n on s e i s m i c d a t a t o c r e a t e c o n v e n t i o n a l
r e f l e c t i o n and d i f f r a c t i o n m i g r a t i o n images . I t i n c l u d e s t h e
o b l i q u i t y f a c t o r , phase s h i f t , a p e r t u r e , window , and w e i g h t i n g
f u n c t i o n w( s , x , r ) .

P a r a m e t e r s :
−−−−−−−−−−−
g a t h e r : a r r a y − l i k e

A s i n g l e g a t h e r o r an a r r a y o f g a t h e r s t o be m i g r a t e d .
i s x : i n t

The i n d e x of t h e s o u r c e t r a c e i n t h e g a t h e r , c o n s i d e r e d f o r
t h e s i n g l e g a t h e r c a s e .

dx : f l o a t
The s p a c i n g between t r a c e s i n t h e x d i r e c t i o n .

dz : f l o a t
The s p a c i n g between sample s i n t h e z d i r e c t i o n .

d t : f l o a t
The s am p l i n g i n t e r v a l i n s e c o n d s .

win : i n t
The h a l f − l e n g t h o f t h e m i g r a t i o n window i n sample s .

dwin : f l o a t
The s t e p s i z e between m i g r a t i o n windows i n s e c o n d s .

a p p _ r e f : i n t
The a p e r t u r e s i z e i n number o f t r a c e s f o r t h e c o n v e n t i o n a l m i g r a t i o n .

a p p _ d i f f : i n t
The a p e r t u r e s i z e i n number o f t r a c e s f o r t h e d i f f r a c t i o n − o r i e n t e d m i g r a t i o n .

TTh : a r r a y − l i k e
The t r a v e l t i m e t a b l e c a l c u l a t e d by t h e raymodel3 f u n c t i o n .

X : a r r a y − l i k e
The X component o f t h e d i p f i e l d . Should be c a l c u l a t e d wi th np . s i n ( m_the t a ) .
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I t i s o b t a i n e d wi th a l o c a l s l a n t − s t a c k a p p r o a c h by t h e f u n c t i o n
‘ loca l_window ‘ .

Y : a r r a y − l i k e
The Y component o f t h e d i p f i e l d . Should be c a l c u l a t e d wi th np . cos ( m_the t a ) .
I t i s o b t a i n e d wi th a l o c a l s l a n t − s t a c k a p p r o a c h by t h e f u n c t i o n
‘ loca l_window ‘

sm : a r r a y − l i k e
Maximum c o r r e l a t i o n c o e f f i c i e n t s computed from l o c a l windowed s l a n t s t a c k s c a l c u l a t e d from t h e loca l_window f u n c t i o n .

R e t u r n s :
−−−−−−−−
r e f l _ m i g : a r r a y − l i k e

The c o n v e n t i o n a l r e f l e c t i o n m i g r a t i o n image where w = w( s , x , r ) .
d i f f _ m i g : a r r a y − l i k e

The d i f f r a c t i o n m i g r a t i o n image where w = (1 − w( s , x , r ) ) .

Notes :
−−−−−−
− The f u n c t i o n f i r s t ch ec k s whe the r t h e i n p u t d a t a i s f o r a s i n g l e s h o t o r m u l t i p l e
s h o t s , t h e n p r o c e s s e s t h e s e i s m i c d a t a by phase s h i f t i n g and a p p l y i n g t h e o b l i q u i t y
f a c t o r . I t t h e n a p p l i e s a window t o t h e da t a , t a p e r s t h e t r a c e s , and c a l c u l a t e s t h e
m i g r a t i o n f o r each window p o s i t i o n . F i n a l l y , i f t h e i n p u t d a t a i s composed by m u l t i p l e
s h o t s , i t s t a c k s t h e m i g r a t i o n images f o r each window p o s i t i o n t o p roduce t h e f i n a l m i g r a t i o n
image . Both c o n v e n t i o n a l and d i f f r a c t i o n m i g r a t i o n images a r e g e n e r a t e d s i m u l t a n e o u s l y .

− An i m p o r t a n t s t e p o f t h e m i g r a t i o n p r o c e s s i s f i n d i n g t h e o p t i m a l p a r a m e t e r s o f window
and a p e r t u r e . A s m a l l window may o v e r l o o k t h e e v e n t ’ s energy , w h i l e a l a r g e one may i n c l u d e
n o i s e and u n r e l a t e d en e r gy . S i m i l a r l y , a s m a l l a p e r t u r e may d i s r e g a r d d i f f r a c t i o n energy ,
w h i l e a l a r g e one may c o n s i d e r u n r e l a t e d n o i s e and e ne r gy . G e n e r a t i n g an m i g r a t e d image w i t h o u t
c o n s i d e r i n g t h e e f f e c t s o f t h e s e p a r a m e t e r s may l e a d t o s p u r i o u s r e s u l t s .
" " "

g a t h e r = np . a r r a y ( g a t h e r )

# ############
# s i n g l e s h o t #
# ############
i f g a t h e r . ndim == 2 :

g a t h e r = p h a s e _ s h i f t ( g a t h e r ) # Phase S h i f t

t i m e r =np . round ( TTh / d t ) +1

window = np . a r a n g e ( − win , win , dwin )
[ nt , n t r ]= g a t h e r . shape
[ n t r 2 , nz , nx ]= t i m e r . shape
i f n t r != n t r 2 :

p r i n t ( ’ G a th e r and t r a v e l t i m e t a b l e have d i f f e r e n t t r a c e numbers ’ )

r e f l _ m i g = np . z e r o s ( [ nz , nx ] )
d i f f _ m i g = np . z e r o s ( [ nz , nx ] )

IX = np . a r a n g e ( 0 , nx*dx , dx )
IZ = np . a r a n g e ( 0 , nz *dz , dz )
[ IIX , I I Z ] = np . meshgr id ( IX , IZ )

# Loop ove r each t r a c e o f t h e s h o t g a t h e r a t s r c i s x
f o r i g x i n tqdm ( r a n g e ( 0 , n t r ) ) :

w = peso ( TTh , dt , X, Y, igx , i s x )
w = np . abs (w)

# ######## S i n g l e Shot
# ########
# ########
w _ r e f f = (w**4) * ( np . s q r t ( sm ) )
w _ d i f f = (1 −w**4)
# ########
# ########
# ########

t r a c e _ r e f l w i n = np . z e r o s ( [ nz , nx ] )
t r a c e _ d i f f w i n = np . z e r o s ( [ nz , nx ] )
R = np . s q r t ( I I Z **2 + ( IIX −( i g x + i s x ) / 2 * dx ) **2)
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r_mask = (R==0)
R[ r_mask ]= dx /1000
o b l i = I I Z / R # O b l i q u i t y F a c t o r
t r a c e _ a p p r e f = t a p e r ( n t r , nz , a p p _ r e f , i s x , i g x ) # T a p e r i n g
t r a c e _ a p p d i f = t a p e r ( n t r , nz , a p p _ d i f , i s x , i g x ) # T a p e r i n g
s f = s s f ( nz , nx , dx , R ,SW) # S p h e r i c a l S p r e a d i n g F a c t o r

f o r j i n r a n g e ( l e n ( window ) ) : # somar a m p l i t u d e s da c u r v a de d i f r a o com uma j a n e l a
t = t i m e r [ i s x , 0 : nz , 0 : nx ] + t i m e r [ igx , 0 : nz , 0 : nx ] # t _ {d}
tw in = t + window [ j ]
t 2 = ( twin < n t ) * tw in
t r a c e 1 = g a t h e r . T [ np . i x _ ( [ i g x ] , t 2 . f l a t t e n ( ) . a s t y p e ( np . i n t 3 2 ) ) ]
t r a c e _ r e f l 1 = t r a c e 1 . r e s h a p e ( [ nz , nx ] ) * ( w _ r e f f )
t r a c e _ d i f f 1 = t r a c e 1 . r e s h a p e ( [ nz , nx ] ) * ( w _ d i f f )
t r a c e _ r e f l = t r a c e _ r e f l 1 * t r a c e _ a p p r e f
t r a c e _ d i f f = t r a c e _ d i f f 1 * t r a c e _ a p p d i f
t r a c e _ r e f l w i n = t r a c e _ r e f l w i n + t r a c e _ r e f l
t r a c e _ d i f f w i n = t r a c e _ d i f f w i n + t r a c e _ d i f f

r e f l _ m i g [ 0 : nz , 0 : nx ] = r e f l _ m i g [ 0 : nz , 0 : nx ] + t r a c e _ r e f l w i n * o b l i * s f
d i f f _ m i g [ 0 : nz , 0 : nx ] = d i f f _ m i g [ 0 : nz , 0 : nx ] + t r a c e _ d i f f w i n * o b l i * s f

# ######################
# m u l t i p l e s h o t s , s t a c k #
# ######################
e l i f g a t h e r . ndim == 3 :

g a t h e r s _ s h i f t e d = [ ]

f o r i i n g a t h e r :
g a t h e r _ s h i f t e d = p h a s e _ s h i f t ( i )
g a t h e r s _ s h i f t e d . append ( g a t h e r _ s h i f t e d )

f i l e s = g a t h e r s _ s h i f t e d
t i m e r =np . round ( TTh / d t ) +1

n _ i s x = np . shape ( f i l e s [ 0 ] ) [ 1 ] # n t r
d _ i s x = l e n ( f i l e s ) # number o f s h o t s
i s x s = np . l i n s p a c e ( 0 , n_ i sx , d_ i sx , e n d p o i n t = F a l s e ) # a r r a y wi th t h e i s x i n d e x e s

r e f l _ m i g s = [ ]
d i f f _ m i g s = [ ]

f o r count , g a t h e r i n tqdm ( enumera t e ( f i l e s ) ) :
i s x = i n t ( np . round ( i s x s [ c o u n t ] ) ) # a c e s s i n g t h e c o r r e c t i n d e x f o r s o u r c e p o s i t i o n i s x
window = np . a r a n g e ( − win , win , dwin )
[ nt , n t r ] = g a t h e r . shape
[ n t r 2 , nz , nx ] = t i m e r . shape
i f n t r != n t r 2 :

p r i n t ( ’ G a th e r and t r a v e l t i m e t a b l e have d i f f e r e n t t r a c e numbers ’ )

r e f l _ m i g _ i s x = np . z e r o s ( [ nz , nx ] )
d i f f _ m i g _ i s x = np . z e r o s ( [ nz , nx ] )

IX = np . a r a n g e ( 0 , nx*dx , dx )
IZ = np . a r a n g e ( 0 , nz *dz , dz )
[ IIX , I I Z ] = np . meshgr id ( IX , IZ )

f o r i g x i n r a n g e ( 0 , n t r ) :
w = peso ( TTh , dt , X, Y, igx , i s x )

# ######## # S t a c k
# ########
# ########
w _ r e f f = ( np . abs (w) **4) * ( np . s q r t ( sm ) )
w _ d i f f = (1 − np . abs (w) **4)
# ########
# ########
# ########

t r a c e _ r e f l w i n = np . z e r o s ( [ nz , nx ] )
t r a c e _ d i f f w i n = np . z e r o s ( [ nz , nx ] )
R = np . s q r t ( I I Z **2 + ( IIX −( i g x + i s x ) / 2 * dx ) **2)
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r_mask = (R==0)
R[ r_mask ]= dx /1000
o b l i = I I Z / R
t r a c e _ a p p r e f = t a p e r ( n t r , nz , a p p _ r e f , i s x , i g x )
t r a c e _ a p p d i f = t a p e r ( n t r , nz , a p p _ d i f , i s x , i g x )
s f = s s f ( nz , nx , dx , R ,SW) # S p h e r i c a l S p r e a d i n g F a c t o r

f o r j i n r a n g e ( l e n ( window ) ) :
t = t i m e r [ i s x , 0 : nz , 0 : nx ] + t i m e r [ igx , 0 : nz , 0 : nx ]
tw in = t + window [ j ]
t 2 = ( twin < n t ) * tw in
t r a c e 1 = g a t h e r . T [ np . i x _ ( [ i g x ] , t 2 . f l a t t e n ( ) . a s t y p e ( np . i n t 3 2 ) ) ]
t r a c e _ r e f l 1 = t r a c e 1 . r e s h a p e ( [ nz , nx ] ) * ( w _ r e f f )
t r a c e _ d i f f 1 = t r a c e 1 . r e s h a p e ( [ nz , nx ] ) * ( w _ d i f f )
t r a c e _ r e f l = t r a c e _ r e f l 1 * t r a c e _ a p p r e f
t r a c e _ d i f f = t r a c e _ d i f f 1 * t r a c e _ a p p d i f
t r a c e _ r e f l w i n = t r a c e _ r e f l w i n + t r a c e _ r e f l
t r a c e _ d i f f w i n = t r a c e _ d i f f w i n + t r a c e _ d i f f

r e f l _ m i g _ i s x [ 0 : nz , 0 : nx ] = r e f l _ m i g _ i s x [ 0 : nz , 0 : nx ] + t r a c e _ r e f l w i n * o b l i * s f
d i f f _ m i g _ i s x [ 0 : nz , 0 : nx ] = d i f f _ m i g _ i s x [ 0 : nz , 0 : nx ] + t r a c e _ d i f f w i n * o b l i * s f

r e f l _ m i g s . append ( r e f l _ m i g _ i s x )
d i f f _ m i g s . append ( d i f f _ m i g _ i s x )

r e f l _ m i g = np . add . r e d u c e ( r e f l _ m i g s )
d i f f _ m i g = np . add . r e d u c e ( d i f f _ m i g s )

r e t u r n r e f l _ m i g , d i f f _ m i g

d e f p l o t ( g r i d , f i l e n a m e , nx , dx , nz , dz , x l a b e l =" " , y l a b e l =" " , cmp=" v i r i d i s " , i t =None , c o l o r _ b a r = F a l s e ) :
" " "
P l o t s a 2D g r i d u s i n g m a t p l o t l i b .

P a r a m e t e r s
−−−−−−−−−−
g r i d : numpy . n d a r r a y

2D a r r a y o f d a t a t o p l o t .
f i l e n a m e : s t r

Name of t h e o u t p u t f i l e t o save t h e p l o t .
nx : i n t

Number o f g r i d p o i n t s i n t h e x− d i r e c t i o n .
dx : i n t

Gr id s p a c i n g i n t h e x− d i r e c t i o n .
nz : i n t

Number o f g r i d p o i n t s i n t h e z− d i r e c t i o n .
dz : i n t

Gr id s p a c i n g i n t h e z− d i r e c t i o n .
x l a b e l : s t r , o p t i o n a l

Labe l f o r t h e x− a x i s , by d e f a u l t " " .
y l a b e l : s t r , o p t i o n a l

Labe l f o r t h e y− a x i s , by d e f a u l t " " .
cmp : s t r , o p t i o n a l

M a t p l o t l i b co lormap t o use , by d e f a u l t " v i r i d i s " . Try o t h e r co lo rmaps : " Greys " ,
" h o t " , " s e i s m i c " , " p lasma " . . .
h t t p s : / / m a t p l o t l i b . o rg / s t a b l e / t u t o r i a l s / c o l o r s / co lo rmaps . h tml

i t : s t r , o p t i o n a l
I n t e r p o l a t i o n method t o use , by d e f a u l t None . Try o t h e r s : " b i c u b i c " , " g a u s s i a n " ,
" n e a r e s t " , " s i n c " . . .
h t t p s : / / m a t p l o t l i b . o rg / s t a b l e / g a l l e r y / i m a g e s _ c o n t o u r s _ a n d _ f i e l d s / i n t e r p o l a t i o n _ m e t h o d s . h tml

c o l o r _ b a r : boo lean , o p t i o n a l
S e t c o l o r _ b a r = True f o r v i s u a l i z i n g t h e c o l o r b a r .

R e t u r n s
−−−−−−−
None

Notes
−−−−−
Saves t h e p l o t a s a PNG image i n t h e " Data " d i r e c t o r y (300 d p i ) .
" " "
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c s f o n t = { ’ fon tname ’ : ’ Times New Roman ’ }

f i g , ( ax1 ) = p l t . s u b p l o t s ( 1 , 1 , f i g s i z e = ( 8 , 6 ) )

im1 = ax1 . imshow ( g r i d , e x t e n t = [ 0 , nx*dx , nz *dz , 0 ] , a s p e c t = ’ a u t o ’ , cmap=cmp , i n t e r p o l a t i o n = i t )

ax1 . s e t _ x l a b e l ( x l a b e l , ** c s f o n t , f o n t s i z e =17)
ax1 . s e t _ y l a b e l ( y l a b e l , ** c s f o n t , f o n t s i z e =17)

ax1 . x a x i s . t i c k _ t o p ( )
ax1 . x a x i s . s e t _ l a b e l _ p o s i t i o n ( ’ t o p ’ )
ax1 . t i c k _ p a r a m s ( a x i s = ’ x ’ , which= ’ major ’ , pad =0 , l a b e l s i z e =15)
ax1 . t i c k _ p a r a m s ( a x i s = ’ y ’ , which= ’ major ’ , pad =1 , l a b e l s i z e =15)

f o r t i c k i n ax1 . g e t _ x t i c k l a b e l s ( ) :
t i c k . s e t _ f o n t n a m e ( " Times New Roman" )

f o r t i c k i n ax1 . g e t _ y t i c k l a b e l s ( ) :
t i c k . s e t _ f o n t n a m e ( " Times New Roman" )

i f c o l o r _ b a r :
d i v i d e r 1 = m a k e _ a x e s _ l o c a t a b l e ( ax1 )

cax1 = d i v i d e r 1 . append_axes ( " r i g h t " , s i z e ="5%" , pad = 0 . 3 )
c b a r 1 = p l t . c o l o r b a r ( im1 , cax=cax1 )
c b a r 1 . ax . t i c k _ p a r a m s ( l a b e l s i z e =12)
f o r l i n c b a r 1 . ax . y a x i s . g e t _ t i c k l a b e l s ( ) :

l . s e t _ f a m i l y ( " Times New Roman" )

p l t . s a v e f i g ( " Data / { } . png " . f o r m a t ( s t r ( f i l e n a m e ) ) , d p i =300)
p l t . show ( )
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