
1. Introduction
The analysis of volcanic seismicity is a key tool for eruption forecasting (Cameron et al., 2018). However, although 
well-monitored volcanoes show changes in seismic activity before eruptions, in practice these changes are gener-
ally only useful for forecasting eruption likelihood (and perhaps eruption timing). Thus, new insights into how 
precursory seismicity indicates other critical aspects of a complete forecast, including eruption volume, remain 
a grand challenge in volcanology (NASEM, 2017). Several recent studies have attempted to link the cumulative 
seismic moment of volcano-tectonic (VT) seismic sequences (Roman & Cashman, 2006) to intruded magma 
volume based on long-standing work focused on fluid injection volumes and anthropogenic injection-induced 
seismicity (e.g., McGarr, 1976). White and McCausland (2016) posited a link between the cumulative magnitude 
of so-called “distal VT seismicity” and intruded magma volumes.

In a re-examination of this proposed link using higher-quality data sets, Meyer et al. (2021) argued that cumula-
tive seismic moment in VT sequences underpredicts intruded volume, especially for low-cumulative-moment VT 
sequences. However, Meyer et al. (2021) did not discriminate between proximal and distal VT seismicity, and 
both studies assumed equivalence between commonly reported local magnitudes (ML) and moment-magnitude 
(MW). We hypothesize that, due to spatial proximity of proximal VT seismicity to the intruded volume, and the 
greater accuracy in general of magnitude catalogs of proximally recorded earthquakes, proximal VT seismicity 

Abstract Estimates of intruded magma volume are critical for forecasting volcanic unrest. Geodetic 
modeling can provide such estimates but is of limited use in submarine and highly vegetated settings. A 
complementary approach could be to use estimates of seismic moment release. In this study, we examine 
the moment-volume scaling of several proximal volcanic earthquake sequences and compare it to that of 
injection-induced seismicity. We find a notable similarity in scaling between the volcanic sequences, which 
contrasts with the broad range of responses exhibited by anthropogenic injection-induced sequences. This may 
imply an underlying similarity in the geologic conditions for volcanoes that is distinct from induced seismicity 
settings. It could also allow for estimates of intruded volume to be made without geodetic information. 
This provides further insight into the factors controlling seismogenesis in these different settings and has 
implications for volcano seismology and injection-induced seismicity hazard estimation.

Plain Language Summary Knowing how much magma is beneath a volcano before or during 
an eruption can help forecast its behavior and aid evacuation or relief efforts. Currently, satellite images or 
sensitive measurements of the ground inflation are used to model the amount of magma, but this isn't always 
possible if the volcano is underwater or shrouded by tree cover. A proposed alternative to this is to use the 
size and number of earthquakes as a gauge on the amount of volume change occurring underground. The 
relationship between the total amount of energy released by earthquakes and volume change has been a 
key research area of earthquakes triggered in the injection of fluids by industries like geothermal energy or 
hydraulic fracturing (i.e., fracking). We study several well-recorded volcanoes and see that there is a similarity 
in the observed volume change and the amount of energy released from associated earthquakes. This is very 
different from the many examples of anthropogenic injection-induced seismicity, which show a very broad 
spread. This implies that the similar conditions under volcanoes lead to similar responses to volume changes. 
This helps us better understand and thus potentially mitigate the hazards of both volcanoes and industrial fluid 
injection.
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should better reflect intrusion volume. We test this hypothesis by accounting for magnitudes of proximal VT 
earthquakes in recent and well-characterized sequences with geodetically constrained intrusion volumes.

McGarr  (1976) first hypothesized that there is a scaling between a volume change in the subsurface and the 
maximum seismic moment release. The recent increase in the rate of induced seismicity led McGarr (2014) to 
reformulate the relation as:

Σ𝑀𝑀o = 2𝐺𝐺Δ𝑉𝑉 (1)

with total seismic moment Mo, shear modulus G, and volume change ∆V. Whilst some case studies (e.g., 
Atkinson et al., 2016; Kim et al., 2018), have exceeded this hypothetical maximum, most induced seismicity 
cases are consistent with the reformulated McGarr relationship (e.g., Galis et al., 2017). Hereafter we will refer 
to anthropogenically triggered seismicity, stimulated by the injection of fluids during industrial processes, as 
“injection-induced” or simply “induced.”

In induced seismicity hazard assessments, the earthquake response of a reservoir is naturally of utmost impor-
tance. The measure of scaling between the seismic response and injected volume has been primarily quanti-
fied in two ways. Shapiro et  al.  (2010) developed the “seismogenic index,” SI, which relates the number of 
events N above a given magnitude M to the volume injected ΔV, using the Gutenberg-Richter b-value of the 
frequency-magnitude distribution:

�� = log10

(

�(�)
Δ�

)

+ �� (2)

This has been used in the development of volume scaling relationships for injection-induced seismicity (van der 
Elst et al., 2016), and in the real time forecasting of induced seismicity (as in Clarke et al. (2019) and Kettlety 
et al. (2021)).

Another measure has also been used, termed the “seismic efficiency,” Seff. Hallo et al.  (2014) introduced the 
parameter as an alteration to the McGarr (2014) relation, as a means of accounting for aseismic moment release. 
This takes the form:

Σ𝑀𝑀𝑜𝑜 = 𝑆𝑆eff𝐺𝐺Δ𝑉𝑉 (3)

and thus, Seff is, more simply, the ratio of the total observed seismic moment release Mo to the hypothetical maxi-
mum, ∼G∆V, of McGarr (1976, 2014). It should be noted this “seismic efficiency” is not referring to the term 
used to describe the ratio of radiated to released energy, and in the following will only be used in the manner 
shown in Equation 3.

In published examples of injection-induced sequences, these parameters can vary over many orders of magnitude: 
−9 < SI < 1 (e.g., Dinske & Shapiro, 2013; van der Elst et al., 2016); −6 < log10(Seff) < 3 (e.g., Hallo et al., 2014; 
Maxwell, 2013; Verdon & Budge, 2018; Woo et al., 2019). Although typically Seff < 1, it should be noted that the 
release of pre-existing tectonic strain energy during fault activation by injection could result in Mo being larger 
than 2G∆V (the McGarr “limit”), as is evidenced, for example, by the 2017 Pohang seismicity (Kim et al., 2018).

Both Seff and SI encompass the structural, tectonic, lithological, and petrophysical conditions in the reservoir, 
convolving them together into a measure of how “seismogenic” the injection or intrusion is. They do not, 
however, allow one to state which of these controls is dominant, with further characterization of the seismicity 
and reservoir being required to do so. The broad range of both Seff and SI for induced sequences is reflective of 
the range of responses to injection of reservoirs. Several geologic factors could lead to this disparity, for example, 
the in situ stress anisotropy (e.g., Clarke et al., 2019; Kettlety et al., 2021; Lund Snee & Zoback, 2018); over- or 
under-pressure in the reservoir (Eaton & Schultz, 2018; Schultz et al., 2018); the prevalence of nearby faults 
(e.g., Schoenball et al., 2018); the alignment of faults relative to present day stresses or fractures (e.g., Kettlety & 
Verdon, 2021; Kettlety et al., 2020; Walsh & Zoback, 2015); or the friction behavior of the rocks (e.g., Faulkner 
et al., 2010; Zielke et al., 2017). It follows that regions with relatively similar geologic and tectonic conditions 
would be thought to exhibit broadly similar Seff or SI.
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1.1. Structure of This Study

Following the works of White and McCausland (2016) and Meyer et al. (2021), we examine the scaling between 
seismic moment and volume change for several VT sequences, comparing them against many injection-induced 
examples. In this work, we take a rigorous approach to seismic magnitudes, accounting for the above complex-
ities, and use relatively well-constrained examples of VT sequences, isolating events that are strictly associated 
with the inferred volume changes. We also take a much larger collection of injection-induced sequences, repre-
sentative of the large observed variability, and compare those to the moment-volume scaling of the VT sequences. 
We then discuss the similarity in behavior (or lack there-of) and discuss its relevance to volcanic hazard assess-
ment, the geologic controls on fluid-induced seismicity, and implications this may have for estimating volume 
changes in the crust using seismicity data.

2. Data and Methods
We have collected published examples of both volcanic and induced seismicity. Many are also used in Meyer 
et al. (2021), however we use a subset of high quality measurements of VT sequences, and a much larger collection 
of injection-induced examples. These are shown in the Table S1 in Supporting Information S1 for the 18 partial or 
complete volcanic sequences, and Table S2 in Supporting Information S1 for the 171 induced sequences.

2.1. Seismicity Selection

Care must be taken to correctly attribute seismic events in VT catalogs to the deformation signatures from which 
intruded volumes are modeled. Generally, one can retrieve seismicity catalogs during an intrusion episode for a 
volcano that also cover a large area around a volcanic edifice or span an entire volcanically active region. Most 
of the VT sequences analyzed in this study are examples of this, though the Bárðarbunga dyke intrusion demon-
strates a particularly well-resolved case.

Whilst several deformation signatures are simultaneously occurring during the Askja-Bárðarbunga volcanism in 
2014, the volume of the dyke growth is well constrained by geodetic and InSAR data (Sigmundsson et al., 2015) 
and seismicity was recorded throughout. Thus, it is a good target for study into the scaling between the moment 
and volume scaling. The available seismicity data (Ágústsdóttir et  al.,  2016; Green et  al.,  2015; Greenfield 
et al., 2020; Gudmundsson et al., 2016; Sigmundsson et al., 2015) contains many events which are not directly 
associated with the dyke intrusion alone but are VT events under and surrounding Bárðarbunga and Askja. State-
ments on total seismic moment release in the original publications include all these events, the largest of which 
are located under Bárðarbunga and associated with the caldera collapse (Gudmundsson et al., 2016). Thus, it is 
necessary to isolate the events strictly associated with the dyke growth (i.e., Figure 3 of Sigmundsson et al., 2015; 
Figure 2 of Gudmundsson et al., 2016). We take the seismicity catalogs themselves, and then calculate total seis-
mic moment release and its associated uncertainty using the method below, rather than using the total seismic 
moment releases for the catalogs that are quoted in the original publications (e.g., Gudmundsson et al., 2016). 
Figure S1 in Supporting Information S1 shows the selection of the seismicity associated purely with the Bárðar-
bunga dyke intrusion from the surrounding VT events.

We isolate the events that are strictly associated with the deformation volume reported to get the most proximal 
seismicity. We take only events that occur adjacent to or within the deformation signatures and inferred sources of 
volume change, and only those that occur after the time the deformation started. This is what we term the “prox-
imal” seismicity. We acknowledge that this is a functional definition rather than a more formal, procedural one. 
The proximal seismicity that took place after the volume change ceases is included in our moment release total, 
as it could still be the result of, and thus associated with, the deformation source. The exact spatiotemporal filters 
used in each of the VT case studies is given the supplementary materials (Text S3 in Supporting Information S1).

This should provide a greater control over the attributable seismicity (i.e., moment release) for a given volume 
change. In the Bárðarbunga case shown Figure S1 in Supporting Information S1, this means we do not include 
the diffuse clusters of seismicity to the northwest and southeast of the dyke, which is mostly seismicity that 
was associated with the caldera collapse and eruption of the nearby volcanoes. Though there is the possibility 
that some distal seismicity was triggered by longer length scale changes during the intrusion, they could be just 
associated with the other volcanic activity or other stress changes in the vicinity. Thus, we limit the scope of 
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seismicity to that which is undoubtedly attributable to the intrusion. The Bárðarbunga seismicity catalog, with its 
high-resolution, clustered event locations, enables this more detailed selection process.

Other VT sequences used in this work have more diffusive ellipsoidal clusters of seismicity. Precise event selec-
tion is naturally more limited for these cases, but we still include only events which are temporally and spatially 
associated with the deformation signatures used to invert for the volume changes. This generally means using 
only events directly beneath the edifice. Plots like Figure S1 in Supporting Information S1 for each of the VT 
sequences are also shown in the supplementary materials (Figures S2–S5 in Supporting Information S1).

2.2. Event Magnitudes and Total Seismic Moment

We use an informed series of approximations to estimate the total seismic moment, and its uncertainty, during 
each of the reported volcanic sequences from the seismicity catalogs. As discussed in an introduction to earth-
quake magnitudes in Text S1 in Supporting Information S1, catalogs rarely report moment magnitude. Uncer-
tainties on the magnitude estimates are also very rarely given. Thus, we have developed a reasonable method to 
approximate the total seismic moment and estimate its uncertainty, which is detailed in Text S2 in Supporting 
Information S1.

Instead of accepting the simplification that local magnitude ML can be assumed to equal moment magnitude 
Mw, we introduce a general Mw−ML relationship for small (ML < 3) event: Mw = 2/3 ML + 1. This applies to all 
events with ML < 3. This attempts to account for the widely observed (e.g., Butcher et al., 2020; Goertz-Allmann 
et al., 2011; Munafo et al., 2016) breakdown between Mw and ML for small magnitude events. Deichmann (2017) 
showed this is due to the dispersive behavior of an attenuating medium and the scaling of amplitude and duration 
of the moment-rate function verses seismic moment. This is combined with a bias introduced by the form of the 
Wood-Anderson filter that is applied when calculating ML. Whilst the exact form of the Mw−ML relationship used 
in this study is a generalization—ignoring the variations introduced by varying seismic instruments and network 
configurations (see Shelly et al., 2022)—it is still more robust than ignoring the Mw−ML discrepancy entirely. The 
slope value used here (2/3) is that which is theoretically expected (Deichmann, 2017). The remaining constant can 
be shown through simple algebra to set the magnitude where Mw and ML become equal. Using this intercept value 
of 1 sets this “cross-over” magnitude at M 3, which is the magnitude below which this phenomenon is routinely 
observed to occur (e.g., Ross et al., 2016).

For injection-induced sequences, we use published values of total seismic moment from Dinske and Shapiro (2013), 
Maxwell (2013), Hallo et al. (2014), McGarr (2014), Buijze et al. (2015), Atkinson et al. (2016), McGarr and 
Barbour (2018), Clarke et al. (2019), Woo et al. (2019), and Kettlety et al. (2021).

2.3. Injected or Intruded Volume

We take the same approach as Meyer et al. (2021) and take published values of intruded volume from their orig-
inal publications. These are given in Table S1 in Supporting Information S1. The volume changes are primarily 
compiled in Ebmeier et al. (2018), however, some recent and well constrained VT sequences are also included. 
Some sequences, such as the 2014 Bárðarbunga sequence, have been considered in total but also subdivided, 
as the intrusion was composed of several periods of activity, each with an estimate of the intruded volume. 
This allows us to construct a more detailed assessment of the scaling between volume change and moment 
release during each period of the sequence. Naturally, the volume and total seismic moment for each period build 
cumulatively.

The uncertainty in intruded volume is either taken directly from the original references themselves or is inferred 
from the ranges of values given from the modeled value (as in Meyer et al. (2021)). The fact that some estimates 
are given within a range is reflective of the uncertainty inherent in modeling deformation signals with simple 
models, such as Mogi (1958), Okada (1985), or Yang et al. (1988) sources. In these cases, we use the midpoint of 
the range as the ∆V value, and ∆V uncertainty is the extent of the range of the modeled volume changes. This is 
most likely an underestimation of the true error, and naturally does not account for the fact that Mogi, Okada, or 
Yang sources are simplifying spatially complex regions of deformation.

Injected volumes for injection-induced sequences are collected from the same sources as for the total seismic 
moment in the above. As injection data are collected to a high degree of precision (σ∆V < 1 m 3), the error in ∆V 
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for the injection sequence is assumed to be negligible. The compiled table of 
the 171 reported injection induced sequences is given in the supplementary 
materials (Table S2 in Supporting Information S1). The types of injection 
activity are given in Table S2 in Supporting Information  S1 and are also 
shown in Figure 1.

2.4. Seismic Efficiency and Seismogenic Index

To calculate the seismic efficiency Seff and seismogenic index SI for each VT 
data set, we use Equations 2 and 3, the calculated ΣMo, and the published 
ΔV. Uncertainty in both parameters is propagated through, using the stand-
ard formulations. A Gutenberg-Richter b-value is calculated using the maxi-
mum likelihood approach of Aki (1965), with updated uncertainty estimates 
of Tinti and Mulargia (1987) (see Marzocchi & Sandri, 2003). We find the 
magnitude of completeness Mmin using the b-value stability method of Cao 
and Gao (2002), following the procedure of Roberts et al. (2015). This gives 
a b-value, its uncertainty σb, and Mmin, which are all used in the calculation 
of SI and its uncertainty.

3. Results
Figure 1 shows the compiled total seismic moment release values and intruded 
or injected volumes, comparing the injection-induced sequences and the VT 
sequences. The results for the volcanic sequences are also detailed in Table 
S1 in Supporting Information  S1. We observe a clear distinction between 
the range of seismic efficiencies exhibited between the two populations. 
Induced sequences show a very broad range (particularly for volume changes 
of ∼10 4 m 3 or less), from Seff > 1 to log10(Seff) < −6. In contrast, the VT 

sequences fall in a notably narrower range of −4 < log10(Seff) < −2. These VT sequences also broadly follow the 
linear trend expected from the McGarr (2014) relationship.

This clustering of volcanic sequences is noteworthy at it suggests a similarity in the physical processes underlying 
the activation of faults (e.g., stress conditions, rock types, frictional behavior, etc.) in volcanic sequences that is 
dissimilar to injection-induced sequences. Geologic factors like these have been shown to control the dynamics of 
seismicity in volcanic intrusions, such as stress conditions and rock friction in the modeling study of Heimisson 
and Segall (2020), or stressing rate in Pedersen et al. (2007).

With Pohang (Kim et  al., 2018) and several hydraulic fracturing examples from the Western Canadian Sedi-
mentary Basin (Atkinson et al., 2016) cases being clear exceptions, most of the largest induced cases appear 
to conform to the hypothetical maximum moment release of the McGarr (2014). The volcanic sequences also 
conform to the trend of McGarr (2014)—that is, more volume change leads to more seismic moment release—
except with a seismic moment release around four orders of magnitude lower. As discussed above, this offset 
can be attributed to the geologic conditions increasing the proportion of aseismic deformation, systematically 
lowering Seff for volcanic systems relative to the largest induced seismicity cases. Whilst the shear modulus G is 
a parameter in the McGarr relationship, and could be systematically lower in volcanic settings, the four orders 
of magnitude difference naturally cannot purely be the result of a reduction in G. It is more likely that a greater 
proportion of aseismic moment release is occurring in volcanic settings when compared to the induced settings 
that were used to evidence the McGarr “limit.”

Figure 2 examines the VT sequences in closer detail, comparing the volume estimated using a fitted, constant 
Seff, assuming a linear relationship between ΣMo and ∆V. We note that the residual between the geodetically 
derived-∆V and the constant Seff-derived ∆V is less than half an order of magnitude, similar in scale to the uncer-
tainty assumed in Meyer et al. (2021), and most likely less than that which could be expected when inverting 
volume change based on a simplified source.

Figure 1. The relationship between total seismic moment (ΣMo) release and 
volume change (∆V) for injection-induced seismicity (blue triangles), and 
volcanic sequences (red circles). The hypothetical maximum moment release 
given by the McGarr (2014) relation is shown as a solid black line, with 
shear modulus G = 30 GPa. The dashed lines show the McGarr relationship 
modified by a seismic efficiency (Seff) term, after Hallo et al. (2014), to 
account for aseismic moment release. Each line represents an order of 
magnitude decrease in the scaling between ΣMo and ∆V, that is, Seff = 0.1, 
0.01, 0.001, etc.
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4. Discussion
4.1. Lower ∆V Scatter and Selection Effects

There does appear to be a discontinuity in the ΣMo−∆V behavior around 10 4 m 3, with induced sequences above 
this volume broadly exhibiting a similar, larger Seff, and the variability in Seff increasing markedly below this ∆V. 
It is challenging to assess the underlying cause for this behavior.

Likely factors affecting the patterns seen in the injection-induced sequences will be band-limited recordings and 
reporting biases. For the former, downhole observations of induced seismicity, most commonly made during 
hydraulic fracturing operations, may underestimate seismic moment systematically due to the short period instru-
ments used. As moment magnitude is calculated using the magnitude of the low frequency plateau of the ampli-
tude spectrum (e.g., see Butcher et al., 2020), and short period instruments are less sensitive to lower frequencies, 
this can lead to biases. However, these effects are generally underestimate magnitude by less than a magnitude 
unit (Kettlety et al., 2021; Stork et al., 2014), and so would not account for the entirety of the scatter seen at 
∆V < 10 4 m 3.

As for reporting biases, the cases causing the largest seismicity are more widely studied and published, giving the 
appearance of more high-volume, high-moment release sequences. The data from these more seismically active 
cases are more widely available as the events will be recorded by regional networks operated by agencies which 
release data publicly. McGarr (2014) compiled many of these cases to base arguments concerning the hypothet-
ical maximum possible moment release.

The seismicity data acquired during targeted, local monitoring of injection operations required to detect lower 
magnitude (M < 1) seismicity are generally proprietary, as is its accompanying injected data, and so only a small 
subset of operations are ever published or compiled (such as in Maxwell, 2013). For example, there are uncon-
ventional hydrocarbon fields, such as parts of the Western Canadian Sedimentary Basin, which are relatively 
seismically quiescent, with only ∼1% of wells being associated with significant (M > 3) seismicity (Atkinson 
et al., 2016). This is despite the presence of a very large hydraulic fracturing and wastewater disposal industry, 
with volumes per pad far greater than 10 4 m 3. This large number of “quiet” operations do not produce widely felt 
(M > 3) seismicity, and thus are not detected by regional networks, and not represented in the literature. Some 
studies (e.g., Skoumal et  al.,  2020) have linked field-scale injection to regional seismicity in a more distrib-
uted fashion, where it is unfeasible to directly attribute specific operations (i.e., a specific ∆V) to some result-
ing seismicity (i.e., a single ΣMo). Our study compiles the available, published examples, and naturally would 
be improved by more extensive reporting of seismic and operational data. With many high volume wells not 

Figure 2. (a) The ΣMo−∆V relationship for the studied volcanic sequences. A Seff is calculated through a least-squares inversion of the data, using Equation 3, with 
G = 30 GPa. Red triangles and circles show the published data, whilst yellow squares show the ∆V if the fitted Seff is used to calculate a value from the measured 
total seismic moment release. Semispochnoi and Bárðarbunga have been plotted as triangles, as many data points shown here are different phases of their respective 
intrusions. (b) The residual log10(∆V) between the published ∆V values and that found when a constant Seff is assumed. For most VT sequences, the difference would be 
less than ±0.5 orders of magnitude.
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stimulating regionally detectable events, it is likely that adding more higher ∆V induced sequences would simply 
fill out the broad range of Seff exhibited at ∆V < 10 4 m 3 to higher volumes of injection.

Selection bias effects are also naturally present in the studied VT sequences. For example, the 2008 eruption of 
Okmok in the Alaskan Aleutian Islands displays a markedly different behavior to the sequences shown in Figure 1. 
A long-term-inter-eruptive inflationary period was generally aseismic (Larsen et  al.,  2015; Lu et  al.,  2010), 
however, this period immediately followed a previous eruption in 2007, and thus the overall connection between 
an episode of intrusion and the resulting seismicity are quite different. This makes it less comparable to the cases 
of proximal VT seismicity studied here, where there is an intrusion or deformation signal associated with prox-
imal seismicity. During the pre-eruptive period of Hekla in 2000 (Hoskuldsson et al., 2007) there was a steady, 
low rate of inflation (Sturkell et al., 2006), however local seismic monitoring of the volcano was not sensitive to 
much of the activity during this time (Einarsson, 2018).

There are not many volcanic examples of a precursory deformation signal with a sufficiently dense, local seismic 
network, and this lack of monitoring is a limitation for this kind of analysis. Also, for volcanic sequences, there 
is a minimum observable (or more precisely modellable) ∆V, in-part controlled by the minimum volume that can 
be routinely inverted from deformation signals measurable by InSAR or geodetic methods. However, this study 
attempts to just take the best possible data, carefully treat the event selection and magnitudes, and examine the 
trends therein. It should be noted that more evidence from high-quality seismicity and deformation data could 
change the interpretation and results we have found here.

4.2. Data Aggregation and Treatment

In compiling the estimates of total seismic moment release and intruded volume, several assumptions must be 
made. We rely on the accuracy of the published model inversions for volume change, which assume simplified 
deformation sources. For the seismic catalogs, each uncertainty will act to affect the total Mo. These include using 
magnitude scales inappropriate for the region, only reporting ML, poor location quality, and the common assump-
tion that different magnitudes can be simply equated. These each act to highlight problems with data quality that 
are common across the seismological literature. This is particularly true for data associated with volcanoes, where 
the monitoring environment is incredibly challenging.

Calculating total Mo necessitates the use of Mw, and thus the conversion of reported magnitudes to this scale. The 
assumption of a single Mw−ML relationship for small events will impact the magnitude of the moment releases 
calculated here, but not significantly so. The error will be of a similar size (from 0.1 to 0.5 magnitude units), 
to the underlying magnitudes themselves (Shelly et al., 2022; Stork et al., 2014). The inappropriate inclusion of 
large events not directly associated with the volume change would impact the total Mo far more, increasing it by 
many orders of magnitude (as in the Bárðarbunga case described above). By examining each sequence in more 
detail, we have attempted to account for this inaccuracy. Even with these uncertainties in mind, these results still 
provide a promising means of understanding the seismic response to volume changes (Figure 2).

5. Conclusions
In this study, we examine the scaling between total seismic moment release and volume change for several 
volcanic and many injection-induced earthquake sequences. We carefully select relevant VT seismicity from 
publicly available catalogs, and derive moment release from mostly local magnitude estimates, accounting for 
the divergence between that and moment magnitude. We then compare the moment-volume scaling behavior to 
many published injection-induced sequences and find that volcanic sequences have a significantly more similar 
relationship between moment release and volume change, and one that appears to mirror the McGarr (2014) rela-
tionship, albeit at a lower seismic efficiency. This is evidenced by a relatively small range of seismic efficiencies, 
Seff, for the volcanic sequences: −4 < log10(Seff) < −2, with an average Seff ∼ 5e−4.

This finding means an independent estimate of intruded volume could be made for volcanic sequences in regions 
with limited geodetic data. In such circumstances, where the inversion of volume changes at depth cannot be 
constrained by, for example, InSAR, measurements of seismicity could be used to make a preliminary volume 
estimate, using: ∆V = ΣMo/(SeffG). Figure 2 supports that the uncertainty on such an estimate would not be unrea-
sonably large—around half an order of magnitude.

 19448007, 2022, 23, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
099369 by T

est, W
iley O

nline L
ibrary on [11/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

KETTLETY ET AL.

10.1029/2022GL099369

8 of 10

Given the nature of Seff and its encapsulation of an area's seismic response to volume changes, we posit that this 
result also implies that the volcanic settings compared here may have more similar “seismogenetic” conditions, 
than for the induced sequences. The broad range of geologic and tectonic conditions that are exhibited for induced 
sequences, which span relatively shallow sedimentary basins to deep geothermal operations in igneous provinces, 
may underpin this observation. The stark difference in the behavior of the moment-volume scaling we observe 
may confirm the finding that similar geologic conditions result in similar seismic responses, which has been 
difficult to constrain (e.g., Galis et al., 2017).

This study has several ramifications for our understanding of the geologic controls underlying induced seismicity, 
as well as a method of estimating intruded volumes. In combining data from the two settings, we can improve 
understanding of both injection-induced and volcano seismicity, and aid in hazard analysis through the quantifi-
cation of volume change in areas where that may not have been possible. By examining the volcanic settings with 
similar controls on seismicity, this study can help in better understanding the likelihood of felt earthquakes for 
induced seismicity. This is particularly relevant to several industries—for example, hydraulic fracturing, waste-
water disposal, geothermal energy, CO2 storage—each of which plays a crucial role in the coming decades.
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