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The refraction method is a highly efficient and accurate tool for determining the condition of subsurface
layers and is therefore of great importance. The more accurately the first-arrival times are picked in data
acquired by this method, the more complete the interpretation will be, and consequently, better
information can be obtained. In general, the quality of first arrivals depends on near-surface structure,
source type, and the signal-to-noise ratio. Therefore, if the near-surface layering is complex or the signal-
to-noise ratio is low, automatic picking of first-arrival times becomes a challenging task. In this study,
automatic algorithms and techniques are used to pick first-arrival times in both minimum-phase and zero-
phase data. The algorithms developed for minimum-phase data are based on the fact that the transition
between noise and signal-contaminated noise can be automatically detected by identifying sudden changes
in any of the proposed attributes, including energy ratio, entropy, or fractal dimension. These techniques
perform calculations using moving windows along the seismic trace. In addition, the use of a suitable
edge-preserving smoothing (EPS) indicator enhances the clarity of these sudden changes, leading to more
accurate detection of the onset of first-arrival times. The techniques applied to zero-phase data
(considering the difference in the onset of first arrivals compared to minimum-phase data) are based on
the application of three attributes: trace energy, entropy, and fractal dimension. If the noise level in the
data is very high such that the algorithm fails to detect the first-arrival time, an incorrect pick may occur.
In such cases, the picked times are corrected using interpolation from the neighboring preceding and
following traces. It should be noted that these attributes were applied to both synthetic and real data,
yielding accurate and reliable results for both minimum-phase and zero-phase datasets.

Introduction

noise ratios. In complex geological settings, the transition

Accurate first-arrival picking is one of the most
fundamental and time-consuming steps in seismic data
processing and plays a critical role in near-surface
velocity modeling, static corrections, refraction analysis,
and seismic tomography. First arrivals are generally
associated with direct or refracted waves propagating
through shallow subsurface layers, and their accurate
identification directly affects the reliability of subsequent
processing stages.

In practice, automatic first-arrival picking is strongly
influenced by near-surface heterogeneities, acquisition
geometry, source type, wavelet phase, and low signal-to-

from noise to signal is often gradual or obscured, making
reliable picking difficult. These challenges are
particularly pronounced when dealing with different
source types. Dynamite sources typically generate
minimum-phase wavelets, whereas vibratory sources
produce zero-phase signals, which require fundamentally
different picking strategies.

Conventional first-arrival picking methods are
commonly based on energy thresholds, amplitude
criteria, correlation techniques, or statistical hypothesis
testing. Although these approaches may perform
adequately under favorable conditions, their robustness
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deteriorates significantly in noisy environments or when
seismic signals exhibit complex phase characteristics.
Moreover, many traditional methods are primarily
designed for minimum-phase data and fail or produce
unreliable results when applied to zero-phase records. As
a result, extensive manual intervention is still required in
practical workflows, increasing processing time and
reducing consistency.

The objective of this study is to develop a unified and
reliable framework for automatic first-arrival picking
that is applicable to both minimum-phase and zero-phase
seismic data. By integrating multiple complementary
attributes and incorporating stabilization and correction
strategies, the proposed approach aims to improve
picking accuracy, reduce manual effort, and enhance the
overall efficiency of seismic data processing.

Materials and Methods

The proposed methodology is based on an attribute-
driven framework that evaluates seismic traces using
three complementary attributes: energy ratio, entropy,
and fractal dimension. Each attribute captures a different
aspect of seismic signal behavior and is computed along
individual traces using moving time windows.

The energy ratio attribute compares the energy
content of nested time windows to emphasize the contrast
between background noise and signal-dominated
regions. This attribute is effective in highlighting the
onset of seismic energy; however, its output may exhibit
rapid fluctuations due to noise. To address this issue, an
EPS smoothing operator is applied to stabilize the
attribute while preserving meaningful transitions.

Entropy is employed to quantify changes in the
statistical structure of seismic traces. A sudden change in
entropy indicates a transition from random noise to
coherent seismic signal. Entropy is computed within
moving windows whose length is selected based on the
dominant period of the seismic signal to balance noise
sensitivity and temporal resolution. EPS smoothing
further enhances the reliability of entropy-based picking.

The fractal dimension attribute exploits the difference
in complexity between random noise and coherent
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seismic signals. Noise typically exhibits higher fractal
dimensions, while seismic arrivals show lower values
due to their correlated structure. In this study, the fractal
dimension is estimated using a variogram-based
approach that relates signal variance to time lag through
a power-law relationship. The transition from noise to
signal is marked by a decrease in the estimated fractal
dimension, which is clarified through EPS smoothing.

To address phase-dependent behavior, different
picking strategies are adopted. For minimum-phase data,
the first arrival is identified by locating the maximum
derivative of the smoothed attribute curves. For zero-
phase data, derivative-based approaches are ineffective
because the first arrival coincides with the signal peak.
To overcome this limitation, attribute values are assigned
to the center of the moving window rather than its
endpoint, allowing the first arrival to be detected through
the maximum value of the modified attribute.

To ensure physical consistency and correct erroneous
picks, a multi-stage correction procedure based on least-
squares regression is implemented. This procedure fits
linear models to the picked arrivals, removes outliers
exceeding statistical thresholds, and re-evaluates rejected
traces within tolerance windows. The final output is a
coherent and physically consistent set of first-arrival
picks.

Results and Discussion

The proposed framework is evaluated using both
synthetic and real seismic data. Synthetic datasets are
generated by convolving reflectivity models with Ricker
wavelets exhibiting minimum-phase and zero-phase
characteristics and contaminating them with band-
limited random noise. These datasets allow controlled
assessment of picking accuracy under different phase
conditions.

The results show that all three attributes successfully
identify the transition from noise to signal. However, raw
attribute outputs often exhibit fluctuations that can lead
to ambiguous picks. The application of the EPS operator
significantly improves stability by suppressing spurious
oscillations and enhancing physically meaningful
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changes. In minimum-phase data, the maximum
derivative of the smoothed attributes aligns closely with
the true first-arrival time. In zero-phase data, the
modified attribute strategy reliably identifies the first
arrival through attribute maxima.

Application to real seismic data acquired with
dynamite sources further demonstrates the robustness of
the method under realistic noise conditions. Although
individual attributes may occasionally produce uncertain
picks, their combined use within the proposed framework
yields more stable and consistent results. The correction
procedure effectively removes outliers, compensates for
missing or ambiguous picks, and enforces physically
meaningful trends across traces.

The results indicate that integrating multiple attributes
and incorporating phase-aware picking strategies
significantly enhances the reliability of automatic first-
arrival detection, particularly in noisy and complex
environments.

CRediT authorship contribution statement

Conclusions

This study presents a unified and robust framework
for automatic first-arrival picking in seismic data that is
applicable to both minimum-phase and zero-phase
records. By integrating energy ratio, entropy, and fractal
dimension attributes with EPS smoothing and a multi-
stage correction strategy, the proposed method
significantly improves picking accuracy and stability.

The framework reduces reliance on manual
intervention, enforces physical consistency across
seismic sections, and performs reliably under challenging
noise conditions. These characteristics make the
approach well suited for large-scale seismic surveys and
near-surface investigations. The results demonstrate
strong potential for improving seismic data processing
workflows and provide a solid foundation for future
developments in automated seismic analysis.
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Fig. 1 a) Synthetic trace generated from a minimum-phase Ricker wavelet. b) Application of the energy ratio attribute (blue curve)
to the synthetic seismogram and EPS (red curve) to the output of the energy ratio attribute. c) Differentiation of the energy ratio
attribute. d) Differentiation of EPS.
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Fig.13. a) Selected tremor from real data with minimum phase. b) Application of the fractal dimension attribute on the selected
tremor from real data. c) Derivative of the fractal dimension attribute output. d) Zoomed-in view of panel (b) for better clarity of the
fractal dimensions
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Fig.14. a) The blue curve represents one of the fractal dimensions obtained from panel b of Figure 13, and the red curve shows the
result of applying the EPS attribute on the output of that fractal dimension. b) Derivative of the fractal dimension output mentioned
in panel (a). c) Derivative of the EPS attribute.
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Fig.15. Selection of the first arrival times by applying the fractal dimension algorithm on a portion of the common source record.
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Fig.16. a) Results of the energy ratio attribute, where the first arrival time is marked with a red. b) Incorrect selections have been

corrected.

Hay



con S sl eolatwl b oy sl lej S0 e5 Sl

S5

188 el cnl Uigy ol albie 5 ailboe Jod B bns s
Ulss Jgl dl> 0 o g, ol aib YU Lo ools 4y o ddgi aials
e, as o jo 0l |y bass, (dol loj B8 Lanseis
oanreis Sloy alold 5 W aseis ailel |y 330 by ouds &l
Syge 0308, 3l w5 JB 0300, Wiz 4 a5 (o8 LS 5l ead ool
labais g 03,5 Bax 1 0500, ol a8 bl ol 09 (b3l ks

A5 50y rdgl ley 1) Sl yge 05 sy joeads 3l a3 (g,

=

2y s
s Gl e oo S Al 58,5 s
b oS el o 4158 L5 e ol (sl et b 4,
Bi b zmesral s yob glaoBal opl gl oz ganl )

Ngs o0

Sloyud
855 5 SDisel Soslee siae 5 Jbo Cole> b allie ()l
1 ot plonil a8ty 6 )5lid 5 inio oS5 S5 oSl

Refrences

Alali, A., Kazei, V., Kalita, M., Alkhalifah, T., 2022. Deep
learning unflooding for robust subsalt waveform inversion.
Geophysical Prospecting. https://doi.org/10.1111/1365-
2478.13193.

Azwin, |., Saad, R., Nordiana, M., 2013. Applying the seismic
refraction tomography for site characterization. APCBEE
Procedia 5, 227-231.

Coppens, F., 1985. First arrival picking on common-offset
trace collections for automatic estimation of static
corrections. Geophysical Prospecting 33(8), 1212-1231.

Denis, A., Crémoux, F., 2002. Using the entropy of curves to
segment a time or spatial series. Mathematical Geology 34,
899-914.

Dip, A.C., Giroux, B., Gloaguen, E., 2021. Microseismic
monitoring of rockbursts with the ensemble Kalman filter.
Near Surface Geophysics 19, 429-445.

dR¥

ol Cawd 4y s sl (8 Slonsgy 4y axgi b guiow ol o

ol il i Slidsd gly Slolgiing w9 0085 &)
doiz g aazgi b U5k 5 550 CenSl Gloj ) slaosls jo el
Bl w4 basia Sl plaS ja &S g)glmy 5 (Seslus
s ooliul conlie (gl SLis j Az sl o yio 5 ateeS
o, Sles Jlosl 51 oy 3bj adgi b axeaS 56 (il ols (s

Sl 45 b Jolo ylogas d JESTE a5 9,50 sl o
i el EPS JSLis alaS o (55, vy odsl (yle; bl sguge
GyS iz a4 bl cpl 8o bayloged cpl 5l (605 Eie b

olyo (Gl b o, Slis ol adgi b yam 58 (sl)ls ools sl

SG 0 dnwlos Uy 5l e aS cll Ghge 4 Ol ol 0l

Sladie a0y 31,0 (60518 sla ol Caws 4 ladie o

e 0nds ol gl logai aneti oo sy oo Lolazs o oo

S e s YU 285 L |y ey ]

g S 8 gS.?}oLg@Lmalo Slp oS el ool Gogy cpl Cae

shls oad Jol> a9 3)ls (295 2L ho S L S>ge oo

Ervin, C.P., Mc Ginnis, I.D., Otis, R.M., Hall, M.L., 1983.
Automated analysis of marine refraction data: A computer
algorithm. Geophysics 48, 582-589.

Fabien-Ouellet, G., Fortier, R., 2014. Using all seismic arrivals
in shallow seismic investigations. Journal of Applied
Geophysics 103, 31-42.

Fabien-Ouellet, G., Sarkar, R., 2020. Seismic velocity
estimation: A deep recurrent neural-network approach.
Geophysics 85, 21-29.

Feder, J., 1988. Fractals. Plenum Press.

Gelchinsky, B., Shtivelman, V., 1983. Automatic picking of
first arrivals and parameterization of traveltime curves.
Geophysical Prospecting 31, 915-928.

Hatherly, P.J., 1982. A computer method for determining
seismic first arrival times. Geophysics 47, 1431-1436.

Hu, L., Zheng, X., Duan, Y., Yan, X., Hu, Y., Zhang, X., 2019.
First-arrival picking with a U-net convolutional network.
Geophysics 84(5), 45-57.



con S sl eolatwl b oy sl lej S0 e5 Sl

S5

Korvin, G., 1992. Fractal models in the earth sciences.
Elsevier.

Leite, E.P., Vidal, A.C., 2011. 3D porosity prediction from
seismic inversion and neural networks. Computers &
Geosciences 37(9), 1174-1180.

Lim, J.-S., 2005. Reservoir properties determination using
fuzzy logic and neural networks from well data in offshore
Korea. Journal of Petroleum Science and Engineering
49(3), 182-192.

Mandelbort, B., 1983. The fractal geometry of nature: W. H.
Freeman and company. Science 156, 636-638.

Mardan, A., Javaherian, A., Mirzakhanian, M., 2017. Channel
characterization using support vector machine. In 79th
EAGE Conference and Exhibition Workshops, (cp—519).

Mardan, A., Giroux, B., Fabien-Ouellet, G., (2023). Weighted-
average time-lapse seismic full-waveform inversion.
Geophysics 88, 25-38.

Mansouri Siah Goli, H., Riahi, M., 2020. Determinarion of
geochemical paramiters of Savak formation using seismic
and Well-Log data. Kharazmi Journal of Earth Sciences
6(2), 425-444. (in Persian)

Marsden, D., 1993. Static corrections—a review The Leading
Edge 12, 115-120. doi: 10.1190/1.1436912.

Nasr, M., Giroux, B., Dupuis, J.C., 2022. Python package for
3D joint hypocenter-velocity inversion on tetrahedral
meshes:  Parallel  implementation and  practical
considerations. Computational Geosciences, 1-25.

Peitgen, H.O., Jlrgens, H., Saupe, D., 1992. Fractals for the
classroom: Introduction to fractals and chaos. Springer.

Peraldi, R., Clément, A., 1972. Digital processing of refraction
data: Study of first arrivals. Geophysical Prospecting 20,
529-548.

Rahimi, M., Riahi, M., 2021. Integration of permiability
estimation methodes using geosattistics and artificial
neural network. Kharazmi Journal of Earth Sciences 7(2),
251-269. (in Persian)

Roéth, G., Tarantola, A., 1994. Neural networks and inversion
of seismic data. Journal of Geophysical Research: Solid
Earth 99(10), 6753-6768.

Sabbione, J.I., Velis, D.R., 2010. Automatic first-breaks
picking: New strategies and algorithms. Geophysics 75,
67-76.

Sharifi, N., Sheikh zakaria, J., Heydari, R., Mirzakhanian, M.,
J., 2020. Prosity estimation using post-stack seismic
inversion method in part of Qom Formation in the Aran
Anticline Central Iran Kharazmi Journal of Earth Sciences
6(2), 359-374. (in Persian)

IARYA

Spagnolini, U., 1991. Adaptive picking of refracted first
arrivals. Geophysical Prospecting 39, 293-312.

Turcotte, D.L., 1997. Fractals and chaos in geology and
geophysics. Cambridge University Press.

Veezhinathan, J., Wagner, D., 1990. A neural network
approach to first break picking. In International Joint
Conference on Neural Networks, pp. 235-240.

Walia, R., Hannay, D., 1999. Source and receiver geometry
corrections for deep towed multichannel seismic data.
Geophysical Research Letters 26(14), 1993-1996.

Wu, H., Zhang, B., Li, F., Liu, N., 2019. Semi automatic
first-arrival picking of microseismic events using pixel-
wise convolutional image segmentation. Geophysics 84(6),
143-155.

Yilmaz, O., 2001. Seismic data analysis: Processing, inversion,
and interpretation of seismic data. SEG.

Yuan, S., Liu, J., Wang, S., Wang, T., Shi, P., 2018. Seismic
waveform classification and first-break picking using
convolution neural networks. IEEE Geoscience and
Remote Sensing Letters 15(2), 272-276.

Zhao, X., Mendel, JM. 1988. Minimum-variance
deconvolution using artificial neural networks. In SEG
Technical Program Expanded Abstracts 1988, pp. 738—
741.



