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Abstract: Under downhole microseismic monitoring conditions, uneven data quality or large velocity-model errors may cause the
inversion to misinterpret noise and local waveform-fitting residuals as spurious non-double-couple components such as ISO and CLVD
components, thereby affecting the interpretation of microseismic rupture types. To address this problem, on the basis of integrating P-
wave and S-wave waveforms, P-wave first-motion polarity, and S/P amplitude ratio information, this paper proposes a more effective
microseismic moment tensor inversion method. At the observation level, weights are assigned according to receiver-recording quality
and effective signal quality in different frequency bands. At the source-model level, an adaptive DC skeleton constraint is introduced to
first identify a relatively stable dominant shear mechanism and then regulate non-double-couple components such as ISO and CLVD. In
synthetic-data tests, representative source-type events and a multistage synthetic microseismic event set are separately designed to verify
the effectiveness and stability of the proposed method. The results show that the proposed method can effectively suppress the formation
of spurious non-double-couple components and can better preserve the DC, ISO, and CLVD component proportions in mixed-type
events. Compared with the waveform-matching method and the fixed-weight joint-constrained method, the proposed method maintains
physically acceptable solution proportions ranging from 0.77 to 0.86 under noise interference and from 0.66 to 0.86 under velocity
perturbation, while also achieving better performance in terms of moment tensor deviation angle and source-type proportion recovery.
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1. INTRODUCTION

Hydraulic fracturing is a key reservoir-stimulation technology
for unconventional oil and gas reservoirs and enhanced
geothermal systems [1]. Fluid injection changes pore pressure
and the local stress state, inducing rock failure, fracture slip,
stress release, and microseismicity [2]. Microseismic monitoring
uses event location, magnitude, and focal-mechanism analysis to
characterize fracture extension, stimulated reservoir volume, and
local stress response [3 - 4]. Event distributions mainly delineate
the affected range and fracture-cloud geometry, whereas focal
mechanisms provide rupture type, slip direction, volumetric
change, and stress information needed to distinguish shear slip,
tensile failure, and compound rupture [5]. However, under
downhole monitoring conditions, limited aperture, receiver
geometry, and variations in phase-recording quality can reduce
the stability of focal-mechanism inversion [6].

In downhole observations, receivers deployed in monitoring
wells are close to the source and usually acquire three-component
records with high signal-to-noise ratios and clear P/S phases,
making them suitable for focal-mechanism and moment tensor
inversion [5]. Jointly incorporating three-component waveforms,
P-wave first-motion polarity, and S/P amplitude ratios
strengthens constraints on waveform phase and amplitude,
radiation quadrants, and P/S energy partitioning [7—10]. Recent
studies have extended downhole inversion toward multi-source-
model comparison, distributed acoustic sensing, and reliability
assessment of non-DC components [11-13]. Although a full
moment tensor model represents source types more completely,
its stability remains sensitive to observation geometry and data
quality. Limited receiver numbers, insufficient azimuthal
coverage, velocity-model errors, coupling differences, and
uncertain  phase-window picking can degrade waveform,
polarity, and amplitude-ratio constraints, leading to non-
uniqueness and instability [6].

Therefore, downhole full moment tensor inversion must address
two related issues: strengthening mechanism constraints under
limited-aperture conditions and preventing low-SNR records,
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weak effective frequency bands, velocity-model errors, and local
residuals from being interpreted as true non-double-couple
components. This paper proposes the Quality-Guided Adaptive
DC-Constrained Microseismic Moment Tensor Inversion
method (QG-ADCC-MTI). At the observation level, receiver-
recording quality weights are combined with frequency-band
quality modulation to form integrated receiver-band weights, so
that three-component waveforms, P-wave first-motion polarity,
and S/P amplitude ratios enter the joint objective according to
their reliability. During the source-parameter search, a group of
high-ranking pure-DC candidates is first extracted to construct
the DC core set, which serves as the adaptive skeleton reference.
The ISO and CLVD contributions are then regulated according
to the explanatory capability of that skeleton. Two groups of
synthetic data are used to evaluate source-type recovery and
stability. The results show that QG-ADCC-MTI suppresses
spurious non-double-couple components in DC-dominated
events, preserves reasonable source-type proportions in mixed
events, and is more stable than waveform matching and fixed-
weight joint inversion under noise and velocity-model
perturbations.

2. METHODOLOGY

Full moment tensor inversion estimates the source tensor, from
which the DC component can be converted into strike, dip, and
rake, while the DC/ISO/CLVD decomposition characterizes the
source type. The full moment tensor can be decomposed into DC,
ISO, and CLVD components [14-16]. The DC component is
converted into nodal-plane parameters and describes shear slip;
ISO and CLVD components assist in identifying volumetric
change and shear-tensile compound rupture. Compared with
pure-DC inversion, the full model can therefore represent shear,
tensile, and compound failure, but its additional degrees of
freedom require effective control. The framework proposed here
extracts waveform, polarity, and amplitude-ratio information
from P- and S-wave windows, combines receiver-recording and
frequency-band quality into integrated weights, and introduces
an adaptive DC skeleton to regulate ISO/CLVD contributions.
As shown in Figure 1, the method comprises feature extraction,
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quality-guided objective construction, adaptive DC-constrained
inversion, and solution evaluation.
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Figure 1. Framework of quality-guided and adaptive DC-constrained microseismic moment tensor inversion.

(1) Feature construction. Three-component records, event and
receiver geometry, the velocity model, and P/S arrivals are used
to extract P- and S-wave windows in three bands (20-40, 40-60,
and 60-80 Hz). Waveforms, P-wave first-motion polarity, and
S/P amplitude ratios form the observation constraints.

(2) Quality-guided weighting. Receiver quality and band-
dependent signal quality determine the effective weights.
Waveform, polarity, amplitude-ratio, and DC-skeleton terms are
normalized and balanced by median-scale matching.

(3) Adaptive DC constraint. A search is first performed in the
pure-DC subspace to identify a dominant shear mechanism. Its
explanatory capability controls the search range and the release
of ISO/CLVD components: reliable DC support strengthens the
constraint, whereas insufficient support permits controlled non-
DC expression.

(4) Output and evaluation. The optimal moment tensor, nodal-
plane parameters, source-type proportions, waveform fit,
deviation angle, and stability indicators are reported.

2.1 Moment Tensor Source Representation
and Mechanism-Sensitive Observation

Construction

To transform the above inversion framework into a computable
objective function, the response relationship between moment
tensor source parameters and observed three-component records
is first established [17-19]:

u’y, (t)=B, Lﬁ M, (G (t:7)* s(t))} Nipe(t), ce{Z,RT}(1)

where i, b, and c denote receiver, frequency band, and
component; B, is the band-pass operator; M, is the
independent component of the moment tensor, G, . (t; ) is the
Green's function corresponding to the k-th independent moment
tensor component, S(t) is the source time function; and n
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represents observation and modeling errors. Records are rotated
to Z/R/T so that P, SV, and SH radiation is jointly constrained.
The full moment tensor is parameterized as:

M(H)ZMO[MDC(S’d’r)+77iSOI+770IvdMCLVD] (2)
where M, is the scalar moment; MDC(s,d,r) is the normalized

DC tensor defined by strike, dip, and rake; | and M., are the

ISO and CLVD bases; and 77, and 7, control their relative

contributions. The velocity-scale parameter gamma compensates
for small propagation-velocity deviations.

The inversion uses three complementary observations: three-
component P/S waveforms, P-wave first-motion polarity, and the
logarithmic S/P amplitude ratio. Together they constrain
waveform shape, radiation quadrant, and P/S energy partitioning.

2.2 Quality-Guided Weights and Joint

Objective Function
Based on the multiple observation constraints, the quality-guided
joint objective function is defined as follows:

®(0)=2,9,(0)+2,2,(0)+4,2,(0)+2,3,(0) (3

where @, (0) , ®,(0) , and ®,(6) are the three-component

waveform misfit term, the P-wave first-motion polarity misfit
term, and the S/P amplitude-ratio misfit term, respectively;

J, () is the adaptive DC-skeleton constraint term; and 4, , 4, ,

A, ,and ﬂg are the normalized effective weights.
The three misfit terms are defined as follows:
Z a)bqlwc (eir:’b,c + eis,b,c)
q)W (0) = e w

Z a)bqi,c + 5

i,b,c

, ¢={Z,R,T}

4)
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where qu,Ncr g, and g are waveform, polarity, and amplitude-

@, (0)= ©)

@,(6) (6)

ratio quality weights, respectively; «, is the effective weight of
the b-th frequency band; €, and €}, are the normalized

residuals in the P- and S-wave windows, respectively; & is a
small constant used to prevent zero denominators; I[] is the

indicator function; and p() is a robust penalty function. The

use of logarithmic amplitude ratios can reduce the influence of
amplitude-scale differences and local extreme values, enabling
amplitude-ratio information to participate in the inversion in a
more stable form [20].

To account for variations in effective signal quality across
frequency bands, the basic frequency-band weights are
modulated as follows:

__ % _ 0 Q
%—m, M=, 0.70+0.30m
O]
where @, is the basic frequency-band weight, ~, is the
frequency-band prior factor, and Q, is the frequency-band

quality factor estimated from the P- and S-window signal-to-
noise ratio or effective-energy ratio. This design adjusts the
contribution of each frequency band according to its observed
signal quality instead of combining the bands with fixed weights.

To prevent different misfit terms from dominating the joint
objective function because of dimensional and numerical scale
differences, the inter-term effective weights are determined by
the median scale of the candidate-solution set:

Sp= medianGEQ[GJm(e)] +9, m=w,p,ag (8)

The original inter-term weights are then obtained from the basic
scale factors and median-scale matching, and are further
normalized as follows:

A0S
P 1%
jefwpagr T T T

where A° is the basic scale factor used to specify the prior
strength of each constraint term; the normalized 4 satisfies

m=w,p,ag (9)

Zmﬂm =1. This weighting mechanism combines the ideas of

robust penalty and inter-term scale matching in inversion [20—
23]. It simultaneously considers receiver-recording quality,
frequency-band signal quality, and scale differences among
objective-function terms, thereby limiting the undue influence of
low-quality records, contaminated frequency bands, or any single
misfit term on the full moment tensor solution.

2.3 Adaptive DC-Constrained Staged

Moment Tensor Inversion

The full moment tensor model has high degrees of freedom and
can easily amplify non-uniqueness under downhole observation
conditions. If the degrees of freedom related to source type are
not controlled, 1ISO and CLVD components may overfit noise or

propagation-model errors [19, 24-26]. Therefore, the dominant
shear mechanism constrained by the observations is first
extracted in the pure-DC subspace. The pure-DC subspace is
defined as:
Doc ={0pc =(s.d, 1,77, =0,77,,4 =0,7)} (10)
The top K candidate models with smaller objective-function
values are then selected from this space to form the DC core set:
Epc = TopK{® (6 ) | O € Dpc} (11)

The DC core set is not an externally specified prior; rather, it
comprises a group of low-degree-of-freedom reference solutions
jointly constrained by three-component waveforms, first-motion
polarity, and amplitude ratios. To illustrate how the skeleton

constraint is calculated, let HJ-DC denote the j-th core solution.

The normalized guidance distance of a candidate solution &
relative to the DC skeleton is defined as:

2 2 2 2 272
osog-min (2] (22T (2] (2] (2] a2
where As; , Ad;,

distances in strike, dip, and rake relative to the j-th DC elite
solution, respectively; Az; and Ay; denote the deviations in

and Ar; denote the minimum angular

source depth and the velocity-scale correction parameter; and
c..04,0,,0,,and o, are normalization scales specified by

the parameter search ranges or perturbation scales. If the event
location is fixed, the depth term can be omitted.

On the basis of this distance, the adaptive DC-skeleton constraint
term is written as:

Jg 0)= MDé (0,Epc) + 16R 4 (0) + 11.Ci(0)  (13)
where R (9) represents the expression strength of the

ISO/CLVD components and can be characterized by 72, + 17’
or by its normalized form; C_, (9) represents the mechanism-

stability penalty of the candidate solution under local
perturbation; and & is the explanatory capability of the DC
skeleton for multiple types of observations. It can be determined
by the integrated fitting level of the best-performing solution in
the DC core set under waveform, polarity, and amplitude-ratio
constraints:

K= clip[l—l D q)m(e;C),o,l] (14)

me{wp.a}  Om

A larger x indicates that the low-degree-of-freedom DC
skeleton already explains the observations well; in this case, a
stronger restriction is imposed on non-DC component
expression. A smaller &~ indicates that a pure shear mechanism
provides an insufficient explanation, and controlled
contributions from the ISO/CLVD components are permitted.

3. METHOD VALIDATION

3.1 Synthetic Observation System and Test

Data Construction

A downhole microseismic observation system is constructed
with reference to the public Utah FORGE downhole monitoring
scenario and related microseismic data [13], as shown in Figure
2. This observation system includes two vertical wells as
monitoring wells and one horizontal well as the fracturing well.
Under the observation-system and velocity-model conditions,
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four representative source-type microseismic events are set (see
Figure 2(c)) to verify the effectiveness of the proposed method.
Meanwhile, under noise interference and velocity perturbation,
three fracturing stages with a total of 96 microseismic events are

designed (see Figure 2(d)), and the moment tensor deviation
angle and physically acceptable solution proportion are
compared to evaluate the stability of the proposed method.
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Figure 2. Downhole observation system, source locations, and velocity model: (a) three-dimensional spatial layout of the
fracturing well, monitoring wells, and three fracturing stages; (b) Utah FORGE P-wave and S-wave velocity model; (c) planar
distribution of representative source-type events; (d) planar distribution of 96 statistical events.

3.2 Parameter Settings and Comparison
Methods

To ensure the repeatability of the numerical tests and clarify the
distinction between fixed and adaptive parameters, the synthetic
tests use three frequency bands of 20-40, 40-60, and 60-80 Hz,
with basic frequency-band weights of (0.50, 0.30, 0.20) and a
frequency-band prior factor of 1.0. The inter-term basic scale
factors for the waveform, polarity, amplitude-ratio, and non-DC
regularization terms are set to (1.00, 0.16, 0.035, 0.0020),
respectively, and the DC core-set size is k& = 6. These values are
fixed baseline settings for the synthetic tests; the frequency-band
quality factors and inter-term effective weights are still
adaptively calculated from the observation quality of each event
and the candidate-solution set.

The waveform-matching method and the fixed-weight joint-
constrained method are used as comparison methods. The
waveform-matching method searches for the focal mechanism
mainly according to waveform similarity in effective P- and S-
wave windows [9-10]. The fixed-weight joint-constrained
method further introduces P-wave first-motion polarity and S/P
amplitude-ratio constraints on the basis of waveform matching
[7—10], but it adopts fixed weights for different receiver records,
frequency bands, and mechanism-sensitive features.

3.3 Effectiveness Test

Four microseismic sources (E1-E4) are set near the fracturing
well, and their true source-mechanism parameters are specified
(Table 1). E1 and E2 are used to examine the ability to control
apparent non-DC components in DC-dominated events, whereas
E3 and E4 are used to examine whether ISO/CLVD components
in mixed-type events are excessively suppressed. Each event is
first forward modeled using Eqgs. (1) and (2) to generate three-
component waveforms. P- and S-wave windows are extracted
within the three frequency bands. The waveform, first-motion
polarity, and S/P amplitude-ratio misfit terms are calculated
using Eqgs. (4)—(6), respectively. The frequency-band weights are
updated using Eq. (7) according to the effective-signal quality of
each band, and inter-term scale matching is completed using Egs.
(8)—(9). During inversion, the dominant shear mechanism is first
searched in the pure-DC subspace shown in Eq. (10), and the top
K DC candidate solutions are retained according to Eq. (11) to
form the skeleton set. Eqgs. (12)—(14) are then used to calculate
the guidance distance and constraint strength of each candidate
full moment tensor relative to the DC skeleton. Finally, the
optimal moment tensor solution is determined by minimizing the
joint objective function in Eq. (3). The waveform-fitting result
for representative event E2 is shown in Figure 3.

Table 1. True source-mechanism parameters of the four representative source-type events.

Event ID Type Strike (°) Dip (°) Rake (°) DC (%) 1ISO CLVD (%)
(%0)
El DC-dominated event 4.0 85.0 180.0 100.0 0.0 0.0
E2 DC-dominated event 99.3 80.0 -29.6 95.4 45 0.1
E3 Mixed-type event 264.6 63.1 49.8 48.3 24.8 26.9
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Event ID Type Strike (°) Dip (°) Rake (°) DC (%) ISO CLVD (%)
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E4 Mixed-type event 68.4 61.2 57.6 44.3 31.8 23.9
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Figure 3. Representative three-component waveform-fitting result for event E2.

To further quantitatively compare the mechanism-recovery source-type events, Table 2 lists the inversion results of the four
differences among the three methods for the representative events under the three methods.

Table 2. Comparison of inversion results of the three methods for four representative source-type events.
DC 1SO CLVD

Event ID Method Strike (°) Dip(°) Rake (°) (%) (%) (%) ©)
Waveform matching 90.6 76.8 -139.5 69.48  28.16 2.35 44.46

El Fixed-weight 2.0 74.5 176.9 90.34  6.32 334 12.74
QG-ADCC-MTI 2.3 75.2 177.7 96.39  0.29 3.32 10.94

Waveform matching 85.8 88.6 -44.0 8453 14.42 1.06 26.39

E2 Fixed-weight 102.8 86.0 -17.2 8235 11.92 5.72 25.27
QG-ADCC-MTI 98.0 80.8 -30.2 94.26 3.07 2.67 2.68

Waveform matching 212.6 58.3 -64.6 7726  12.86 9.88 44.94

E3 Fixed-weight 262.0 56.7 51.0 5232 2011 27.57 14.06
QG-ADCC-MTI 264.3 62.3 49.3 4794 2745 24.61 3.29

Waveform matching 67.0 63.6 19.9 70.10 9.80 20.10 51.43

E4 Fixed-weight 81.3 46.6 25.4 5730 2255 20.15 18.93
QG-ADCC-MTI 70.4 62.1 56.7 48.06  27.65 24.29 7.29

Note: Strike, dip, and rake are all expressed using nodal plane I. @ is the deviation angle between the inverted and true moment tensors. The method
names correspond to the waveform-matching method, the fixed-weight joint-constrained method, and the QG-ADCC-MTI method.
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For DC-dominated events, the proposed method more effectively
suppresses apparent non-double-couple components caused by
noise and local waveform errors. For E1, the waveform-matching
method and the fixed-weight joint-constrained method obtain
DC components of 69.48% and 90.34%, respectively, whereas
the proposed method increases the DC component to 96.39%,
controls the 1ISO component at 0.29%, and obtains a moment
tensor deviation angle of 10.94°. For E2, the deviation angle of
the proposed method is only 2.68°, which is markedly lower than
those of the waveform-matching method (26.39°) and the fixed-
weight joint-constrained method (25.27°). Its DC/ISO/CLVD
proportions are 94.26%/3.07%/2.67%, in close agreement with
the prescribed DC-dominated source type.

For mixed-type events, the proposed method does not
indiscriminately force mixed-type events toward high-DC
solutions; instead, it preserves the DC/ISO/CLVD source-type
proportions. For E3, the waveform-matching method clearly
overestimates the DC component to 77.26%. Although the fixed-
weight joint-constrained method improves the result, its
deviation angle is still 14.06°. The proposed method obtains
DC/ISO/CLVD proportions of 47.94%/27.45%/24.61% with a
deviation angle of 3.29°, which is closest to the true proportions.
For E4, the proposed method obtains DC/ISO/CLVD proportions
of 48.06%/27.65%/24.29% and a deviation angle of 7.29°, also
outperforming the two comparison methods. These results
indicate that QG-ADCC-MTI can suppress apparent non-DC
leakage in DC-dominated events while retaining reasonable
ISO/CLVD components in mixed-type events.

3.4 Stability Test

In Figure 2(d), three fracturing stages are set, and each stage
contains 32 events. The horizontal position, depth, strike, dip,
rake, and 1ISO/CLVD components of each event are randomly
perturbed within the preset ranges corresponding to each source
type, thereby forming a synthetic event set that spans variations
in both source type and spatial coverage.

The stability tests include two groups: noise interference and
velocity perturbation. In the noise-interference test, independent
zero-mean Gaussian noise is added to each receiver trace, with
the noise standard deviation set to 10%, 25%, or 40% of the
standard deviation of the corresponding clean synthetic trace.
This scaling is applied under the same velocity model to examine
stability when first-motion polarity, local waveform
morphology, and S/P amplitude ratios are affected by noise. In
the velocity-perturbation test, £3%, +8%, and +15% layered
velocity perturbations are introduced into the inversion velocity
model to examine the influence of P- and S-window phase shifts,
amplitude responses, and frequency-band energy variations on
the inversion results. Each perturbation condition is repeated
three times, and every perturbed sample is processed using the
same inversion workflow as in the effectiveness tests.

The moment tensor deviation angle, moment tensor similarity,
waveform correlation coefficient, and physically acceptable
solution proportion are used to evaluate inversion stability. The
moment tensor deviation angle, ®, measures the overall angular

difference between the inverted and true moment tensors and is
expressed as:

a)=COSil <Minv’Mtrue> @ (15)
MMl 7

inv ‘ true H

where M, and M, denote the true and inverted moment

tensors, respectively; <,> denotes their Frobenius inner

product; and |||| denotes the Frobenius norm. A smaller moment

tensor deviation angle indicates a mechanism closer to the true
mechanism. Angular differences between focal mechanisms are
also widely used to assess mechanism consistency [27]. To
support the criterion for physically acceptable solutions, the
moment tensor similarity is further defined as:

H l <MinV’erue>:|
sim==| 1+ ———L (16)
2{ My M

inv true H

where SIM ranges from 0 to 1, with values closer to 1 indicating
that the inverted moment tensor is more similar to the true
moment tensor. To quantify the agreement between synthetic and
observed waveforms, this paper further introduces the waveform
correlation coefficient CC , calculated from the normalized
cross-correlation between observed and synthetic waveforms
within effective P- and S-wave windows. Values closer to 1
indicate higher waveform-fitting consistency. To prevent failed
samples from being obscured by mean-value statistics, a binary
criterion is adopted to evaluate the inversion results. Solutions
satisfying @<35% , sim>0.80, CC>0.75 are classified as
physically acceptable solutions, whereas all other solutions are
classified as unacceptable. The similarity and waveform-
correlation thresholds are empirical screening limits applied
consistently to all three methods.

For the descriptive comparison in Figure 4, this study treats
deviation angles below 30°, from 30° to 45°, and above 45° as
low-, intermediate-, and high-deviation ranges, respectively.
These empirical ranges are wused only for qualitative
interpretation. The physically acceptable-solution statistics in
Figure 5 are defined independently by the joint criterion of @ <
35° ,sim = 0.80, and CC = 0.75.

Under noise interference, the median deviation angle is
approximately 65°—70° for the waveform-matching method and
30°-40° for the fixed-weight joint-constrained method, whereas
it remains at 18°-22° for the proposed method, whose
distribution is also more concentrated. Under velocity
perturbation, the median angle remains approximately 68°-72°
for the waveform-matching method, increases to approximately
50° for the fixed-weight joint-constrained method at +15%
perturbation, and remains at approximately 18°-25° for the
proposed method across all perturbation levels. These results
indicate that the proposed method reduces mechanism deviation
and improves the stability of full moment tensor inversion under
both noise and velocity-model errors.
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Figure 4. Variations in moment tensor deviation angle under different conditions: (a) noise interference; (b) velocity
perturbation.

Figure 5 shows the proportions of physically acceptable
mechanism solutions obtained by the three methods under
different perturbation conditions. Under noise interference, the
waveform-matching and fixed-weight joint-constrained methods
yield proportions ranging from 0.12 to 0.14 and from 0.39 to
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0.57, respectively, whereas QG-ADCC-MTI maintains
proportions ranging from 0.77 to 0.86. Under velocity
perturbation, the corresponding proportions range from 0.08 to
0.09, from 0.21 to 0.51, and from 0.66 to 0.86, respectively.
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Figure 5. Proportions of physically acceptable mechanism solutions under different perturbation conditions: (a) noise
interference; (b) velocity perturbation.

4. CONCLUSIONS

To address the susceptibility of downhole full moment tensor
inversion to receiver-recording quality variations, velocity-
model errors, and local waveform residuals, this paper proposes
a quality-guided and adaptive DC-constrained microseismic
moment tensor inversion method. The method combines
receiver-recording quality weights and frequency-band quality
modulation with an adaptive DC skeleton constraint. It regulates
ISO/CLVD contributions according to the observational support
for a stable dominant shear mechanism, thereby reducing the risk
that noise and modeling errors are misinterpreted as non-double-
couple components. The effectiveness tests show that the
proposed method suppresses spurious ISO/CLVD contributions
in pure-DC and DC-dominated events while preserving
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