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Abstract

Glacial unloading is known to promote faulting over isostatic time scales and to modulate
seismicity seasonally. Whether present-day ice loss already makes seismicity in glaciated regions
measurably more sensitive is open. We test this with public catalogues (USGS ComCat and
five national networks, 1990-2025), GRACE/GRACE-FO mascons, GNSS and simple physical
scenarios, and we report upper bounds wherever we find nothing. Globally, the declustered
M > 6 rate shows no increase since 1990 (—0.31 %/yr, 95 % CI —0.62 to 0.00), and declustered
M > 5 rates in six glaciated boxes did not rise relative to five tectonic controls (pooled
ratio 0.95, 0.65-1.39). Southeast Alaska has a robust seasonal modulation (amplitude 0.11,
sensitivity 4.0 + 1.1 %/kPa), but its growth since 1990 (+0.035 + 0.023 per decade) is not
significant after permutation and multiplicity correction; no group contrast between glaciated
and control regions survives (smallest ¢ = 0.76). A preregistered test of the time-varying ETAS
background (H2.1) was formally positive (difference +0.405 4 0.138 per decade, p = 0.0017),
but the effect disappears when the analysis starts in 2003 and is partly explained by network
covariates; we read it as a catalogue artefact rather than evidence. No region shows the
predefined “masked background rise” and no tidal-phase test is significant. A viscoelastic
lag model and tipping scenarios place detectable rate changes decades ahead (earliest about
2046 in the steepest mountain-glacier scenario) and predict a shallow (4-16 %) “deceptive
quiet” before acceleration. We therefore treat glacially driven sensitisation as an early-stage
hypothesis: not supported, not excluded, with quantified limits. Two confirmatory tests (C1
from November 2026, C2 from January 2027; looks in 2029 and 2036) were frozen and archived
before any of their data exist.

Keywords: glacial isostatic adjustment; seasonal seismicity; ETAS; preregistration; tidal trigger-
ing; deceptive quiescence; negative results.

Status labels used throughout: [PREREG] = analysis rule fixed in a timestamped, hashed file
before the analysis was run; [EXPL] = exploratory, chosen after seeing data. Retrospective tests
on 1990-2025 data are pre-specified but data-touched; only C1 and C2 are prospective (Section 4).
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1 Introduction

Glacial unloading and faulting. Large ice sheets suppress earthquakes while they stand and
promote faulting when they melt (Johnston 1987; Hampel et al. 2010). The clearest examples are
the end-glacial faults of northern Fennoscandia, which ruptured in large earthquakes shortly after
deglaciation (Lagerbédck and Sundh 2008) and still host microseismicity today, for example on the
Pérvie fault (Lindblom et al. 2015). On these time scales the controlling process is glacial isostatic
adjustment (GIA): unloading changes the Coulomb stress on faults directly through the elastic
response and with a delay through viscous mantle flow (Turcotte and Schubert 2002; Hampel
et al. 2010).

Present-day ice loss. Today’s ice loss is much smaller than the Pleistocene deglaciation but
very fast. Southeast Alaska is rising rapidly in response to post-Little-Ice-Age and recent ice loss
(Larsen et al. 2004; Larsen et al. 2005), and Rollins et al. (2021) showed that GIA together with
inter-earthquake stress transfer promoted the 1958 M, ~ 7.8 Fairweather earthquake and other
events in the region. Comparable rapid uplift is documented in Patagonia (Lange et al. 2014), the
Amundsen Sea Embayment (Barletta et al. 2018), Greenland (Khan et al. 2016), Iceland (Pagli



et al. 2007) and the European Alps (Mey et al. 2016); low-viscosity models for Alaska and Iceland
have recently been updated by Sasgen et al. (2026).

Seasonal loading as a natural experiment. Seasonal changes of snow, ice and water load
modulate seismicity in many settings: in the Himalaya (Bettinelli et al. 2008), in California
(Johnson et al. 2017; Sirorattanakul and Avouac 2026), in northeastern Japan (Ueda et al. 2024)
and in southern Alaska, where Johnson et al. (2020) found a hydrospheric stress sensitivity of a
few per cent per kPa with a lag of about three months. At the Grandes Jorasses in the Mont
Blanc massif, Simon et al. (2025) documented a recent onset of seasonal microseismicity that they
relate to climate change, and for which a hydraulic mechanism (meltwater infiltration and pore
pressure) is a natural candidate (cf. Talwani et al. 2007). Seasonal modulation is therefore an
observable that responds to load changes on human time scales.

Volcanism. In Iceland, post-glacial unloading increased eruption rates strongly after the last
deglaciation (Maclennan et al. 2002), and mid-Holocene climate and ice changes left a detectable
imprint on eruption frequency (Swindles et al. 2018). Present-day retreat of Vatnajokull is
modelled to increase mantle melt production (Pagli and Sigmundsson 2008; Schmidt et al. 2013).
Whether this translates into measurable changes of eruption frequency within decades is unknown.

Motivation and framing. The question addressed here is narrower than “does ice loss cause
earthquakes?”: Is the sensitivity of seismicity in glaciated regions to (un)loading changing now,
and can that be detected with existing catalogues? Two framing choices follow from the physics
and from the data.

1. Distribution, not mean. A change in loading need not raise the average rate. It can change
the seasonal modulation, the background (non-triggered) rate, the response to tides or the
share of promoted versus shadowed faults (Harris 1998). A shift of the rate distribution may
even appear as a temporary quiet. We therefore test several aspects of the rate distribution,
not only the mean.

2. Absence of evidence, with upper bounds. Catalogues in glaciated regions are short, sparse
and affected by network changes. A non-significant result means little unless the effect size
that could have been detected is stated. We report minimum detectable effects (MDE) or
confidence intervals for every null result.

By sensitivity we mean the seismic response per unit change of load or stress, for example the
rate change per kPa of seasonal unloading (9 in F2). A larger response caused only by a larger
forcing at unchanged sensitivity is a different statement. F2 normalises by the GRACE load and
therefore addresses sensitivity; the seasonal amplitude in F1 and C1 can also grow because the
seasonal load itself grows, so F1 and C1 alone cannot separate the two.

Because many tests are run on data that have already been examined, the work also includes
two preregistered prospective tests (C1, C2) whose rules were frozen and archived before their
data exist. This paper describes the state of the project at release v0.2.0 (Rémer 2026a) plus an
exploratory global baseline added afterwards; it is intended to accompany release v0.2.1.

2 Data

All raw data are public and were retrieved on 2026-10-10; analyses end on 2025-12-31. Raw
downloads are not part of the repository but can be regenerated with glacial-sensitivity
fetch; archived snapshots are included for the global baseline.

Earthquake catalogues. USGS ComCat (U.S. Geological Survey 2026) for global analyses
and for boxes without a national catalogue (“ComCat tier”); the Alaska Earthquake Center



Table 1: National-tier regions (results/regions_meta.csv). M 90 % quantile of yearly M, 1990-2025.
N>, 0 events > Mgef 1990-2025; Ngecl: background events after nearest-neighbour declustering.

Region Role Catalogue M! f N > M, Ngecl
SE Alaska (SE_Alaska_AK) glaciated, primary AEC 2.1 11513 5314
Alps (Alps_SED) glaciated SED 2.1 2163 1335
NZ Southern Alps glaciated GeoNet 2.8 12486 4405
Iceland, Vatnajokull glaciated IMO 2.5 5866 1344
Greenland ice sheet GEUS 2.7 898 531
Interior Alaska control (primary) AEC 21 14023 7234
N Switzerland control SED 2.3 488 316
NZ Wellington control GeoNet 2.7 15415 10693

contribution to ComCat (catalog=ak; Alaska Earthquake Center 2026); the Swiss Seismological
Service (Swiss Seismological Service (SED) 2026); GeoNet New Zealand (GeoNet 2026); the
Icelandic Meteorological Office SIL catalogue for Vatnajokull (Icelandic Meteorological Office
(Vedurstofa Islands) 2026); and the GEUS Greenland catalogue (Geological Survey of Denmark
and Greenland (GEUS) 2026). The relocated Chilean catalogue of Potin et al. (2025) (data: Potin
et al. 2024) serves as an additional control. Table 1 lists the national-tier regions used in the main
tests. Depth and polygon filters per catalogue are documented in docs/DATA.md. Only events
typed as earthquakes are kept; icequakes, landslides or tremor that a network did not flag remain
in the data (Section 8).

Loads and geodesy. GRACE/GRACE-FO GSFC mascons RL06 v2.0, monthly 2002-04 to
2026-03 (NASA Goddard Space Flight Center 2026; Loomis et al. 2019), converted to surface load
(1 cm water equivalent = 0.0981 kPa); ERAD precipitation, rain and snowfall via the Open-Meteo
archive (Open-Meteo 2026; Hersbach et al. 2020); GNSS daily positions (IGS20) and step files of
the Nevada Geodetic Laboratory (Nevada Geodetic Laboratory 2026; Blewitt et al. 2018); FDSN
station metadata from EarthScope for network histories (EarthScope Consortium 2026).

Volcanism and tides. Smithsonian GVP eruption starts (Global Volcanism Program 2026);
body tides from the degree-2 potential with Meeus (1998) ephemerides; ocean loading with SPOTL
(Agnew 1997; Agnew 2012) and TPXO 7.2 (Egbert and Erofeeva 2002).

3 Methods

Table 2 gives the status of every analysis. All code is in the open-source Python package of the
project (Romer 2026¢; Romer 2026d).

3.1 Catalogue handling, completeness and declustering

Yearly completeness M, is estimated with the maximum-curvature method plus 0.2; the reference
Mt is the 90% quantile of the yearly values 1990-2025, so that most years are complete.
Robustness checks use the entire-magnitude-range (EMR) estimator and Mc bootstraps [EXPL].
The main declustering is the nearest-neighbour method of Zaliapin and Ben-Zion (2013) (fractal
dimension 1.6, b = 1, threshold 7y from a two-component Gaussian mixture of logn). Gardner—
Knopoff windows (Gardner and Knopoff 1974) in the form of van Stiphout et al. (2012) serve
as an alternative [EXPL] and for the global baseline, with ties in magnitude processed in time
order. Because detection in glaciated regions may vary seasonally, M. was also estimated by
calendar month (all years pooled; seasonal_mc_by_month.csv): it stays at or below Ml in
every national-tier region except SE Alaska in December (2.2 versus 2.1). A probabilistic detection
model (Ogata and Katsura 1993) was not fitted.



Table 2: Analyses and their status. Retrospective tests use 1990-2025 data that had been looked at in
part before the rules were fixed.

Code Analysis Data Status

F1, F2, F3 Growth of seasonal modulation; 1990/2002-2025 pre-specified, retrospective (v0.1)
load sensitivity; rain vs load

Crit. Criticality battery (trend, CSD, 1990-2025 pre-specified, retrospective
group tests)

F5, A B Lag model; tipping scenarios; de- scenarios model calculations, no test
ceptive quiet

M1-M5 Monitoring indicators (GRACE, 2002-2026 frozen thresholds; flags, not tests
GNSS, modulation, b, quiet)

H2.1, H2.2 ETAS background trend (DiD); 1995-2025 [PREREG] retrospective (v0.2)
masked-rise classification

H3.1, H3.2 Body-tide phase (Schuster), b by 1995-2025 [PREREG] retrospective (v0.2)
tidal phase

C1 Seasonal modulation, new vs frozen from 2026-11-01 [PREREG] prospective
baseline

C2 ETAS background, glaciated minus  from 2027-01-01 [PREREG] prospective
control

— Global baseline, ice vs control 1975-2026 [EXPL]

— Robustness variants, network co- various [EXPL]
variates, ocean loading, M4 lag sen-
sitivity

3.2 Seasonal modulation and load sensitivity (F1-F3)

Seasonality is first tested with the Schuster test (Ader and Avouac 2013). F1 fits a Poisson GLM
to monthly declustered counts with year fixed effects,

108 fym = 0y + (Bo + B17) cos(zw [m;§-5 - D , 7= (t—2008)/10, (1)

so that (3 is the change of the modulation amplitude per decade. Standard errors are quasi-Poisson;
one-sided p-values come from 2000 permutations of the year blocks; Benjamini—-Hochberg (BH)
control (Benjamini and Hochberg 1995) is applied over regions; BH assumes independent or
positively dependent p-values, which is plausible for regions in different networks, and the more
conservative correction for arbitrary dependence would only raise the g-values. F2 replaces the
harmonic by the GRACE unloading U (lagged by three months): log 1 = ay, + (70 + 71 7)U, with
7o in %/kPa. F3 compares rain and load as predictors with QAIC.

3.3 Criticality indicators

For two-year bins we computed rate, b-value (Schorlemmer et al. 2005), clustering and critical-
slowing-down (CSD) indicators (variance, AR(1), skewness, kurtosis, recovery rate). Trends were
tested with Kendall’s 7 against 10000 block permutations, CSD indicators against 2000 TAAFT
surrogates (Schreiber and Schmitz 1996), and glaciated-versus-control contrasts by group; all
families are BH-corrected.

3.4 Two-stage ETAS with a time-varying background (H2)

A temporal ETAS model (Ogata 1988) with an Omori kernel truncated at tmax = 1yr is first fitted
with a stationary background (stage 1; K, «, ¢, p). With these triggering parameters fixed, stage 2
estimates one background rate p, per year (inspired by, but not a re-implementation of, Kumazawa
and Ogata (2013)). puy is the ETAS residual background: everything the stationary temporal
model does not explain as triggering, including catalogue changes, swarms and slow transients. It



is not an identified forcing rate. H2.1 is a difference-in-differences test of the log-linear trend of
fy 19952025 between a glaciated region and its in-network control (primary pair SE Alaska /
Interior Alaska; one-sided, BH over three pairs), with standard errors inflated by a frozen factor
1.25 from a null calibration. H2.2 classifies the ratio of p in 2020-2025 versus 2008-2019 together
with the total-rate ratio into “masked background rise” (the deceptive-quiet pattern), “background
rise (not masked)”, “background decrease (genuine quiet)” or “no resolvable change”.

3.5 Tidal phase tests (H3)

For each declustered event the phase of the degree-2 body-tide areal strain is computed following
Tanaka et al. (2002) (Love numbers h = 0.6114, | = 0.0832 as frozen; extremum search £14h).
H3.1 is a Schuster test of the phase distribution with amplitude a = 2R/N; H3.2 compares the
b-value in the tensile and compressive half-cycles (cf. Tan et al. 2019). MDEs at 80 % power
are reported. Exploratory: ocean-load strain with SPOTL/TPXO 7.2 (Agnew 1997; Egbert and
Erofeeva 2002), eight constituents, at 0.5° cell centroids, following the argument of Tsuruoka
et al. (1995) that ocean loading changes the local phase. Because the total-strain waveform is
time-asymmetric, the Tanaka phase is not uniform at random times; with ocean loading the test
is therefore made against the empirical phase distribution at 3N random times per cell.

3.6 Viscoelastic lag model (F5)

Surface unloading of wavelength A on an elastic plate (effective thickness T, rigidity D) over a
viscous half-space (viscosity 7) relaxes with

47 C— 1
=1+ Dk (pmg)’

k=2m/X, (2)

T o
where C is the flexurally compensated (delayed) share and 1 — C responds instantly (Turcotte and
Schubert 2002). Viscosities are taken from regional studies (Larsen et al. 2004; Larsen et al. 2005;
Lange et al. 2014; Pagli et al. 2007; Khan et al. 2016; Barletta et al. 2018; Mey et al. 2016); M4
[EXPL] adds a sensitivity run informed by Sasgen et al. (2026). Seismicity responds by Dieterich
rate-and-state (Dieterich 1994). For 126 scenarios (regions X viscosity x wavelength x coupling x
X background stressing rate Sg) we computed rate ratios and the first year in which a log-linear
trend from November 2026 would exceed the detection threshold (2.487xSE; one-sided 5 %, power

80 %).

3.7 Tipping scenarios and deceptive-quiet model (A, B)

Load-rate trajectories L(t) are expressed as multipliers of today’s GRACE rate: continuation;
continued GRACE acceleration; exponential paths whose 20152100 integral matches the SSP5-8.5
median and 95th percentile of Greenland and the global-glacier median of Edwards et al. (2021)
(derived by us, using Hugonnet et al. 2021); and a tenfold acceleration of Amundsen Sea loss after
2060 (or 2040) after DeConto et al. (2021). The GIA stressing rate is

. . sy
smﬁw:nwfmnuw+c/¢@y—7—f®L (3)

with unconstrained coupling £ € {0.3,1} and Sy € {10,30} kPa/yr. Promoted faults follow
R/R3025 = (50 + SGIA)/(SO + SG1A72025). In model B, a fraction f = 0.6 of faults lies in a
stress shadow (Harris 1998; Hampel et al. 2010) and follows the exact Dieterich equation with
Ao = 1.5kPa; the catalogue sees the mixture. A net quiet requires f > 0.5; this is an assumption.
In the same framework the seasonal modulation of promoted faults scales as 1/(So + Sqra) for
periods much longer than the aftershock time.



3.8 Quiescence and monitoring indicators

Present-day quiescence is assessed with a temporal ETAS fit 1995-2014.5 extrapolated to 2016-2025
(Ogata 1992) and with Habermann’s z for declustered yearly counts 2020-2025 versus 2008-2019
(Wyss and Habermann 1988; Habermann 1991). Monitoring indicators were frozen before any new
data: M1 (GRACE normalised acceleration of loss £ = —A/|v| > 0.02/yr with lower 95 % bound
> 0), M2 (GNSS uplift acceleration z > 3 with the sign of M1), M3 (drop of seasonal modulation),
M4 (b-value change), M5 (quiet: Habermann z < —2); in v0.2, M6 (single-region background rise,
z > 2) and M7 (tidal Schuster p < 0.01, N > 200).

3.9 Global baseline [EXPL]

ComCat M > 6 and M > 7 counts 1975 to 10 October 2026, all and Gardner—-Knopoff declustered,
with Poisson GLM trends (quasi-Poisson intervals where overdispersed) (cf. Shearer and Stark 2012);
declustered M > 5 rate ratios 2010-2024 versus 1995-2009 in six glaciated and five tectonically
active control boxes with exact conditional intervals and an MDE of exp{(1.96 + 0.84)/2/n};
GVP confirmed eruption starts by decade. Boxes, periods and thresholds were chosen in a first
pass and are not preregistered.

4 Preregistration and confirmatory design

Why only C1 and C2 are confirmatory. F1-F3 and H2/H3 were fixed before they were
run, but on data that had partly been examined (rates, seasonality). They are pre-specified but
data-touched and cannot serve as independent confirmation. C1 and C2 test data that did not
exist when they were frozen.

C1 (frozen with v0.1.0). For the primary region SE Alaska, the seasonal modulation bpey of
background events from 2026-11-01 is compared with the frozen baseline b..f = Sy = 0.104 £+ 0.024

(1990-2025) by z = (bnew — brer)/ 1/ S€2ew + s€%;, one-sided. Looks: data to 2029-10-31 (o = 0.01)
and 2036-10-31 (o = 0.04). Mec, declustering threshold, phase, baseline and look dates are
frozen. With about 535 and 1784 expected background events the MDE is 0.24 and 0.12; if the
retrospective point estimate $; = 0.035/decade were true, the power would be only about 8 % and
53 % (confirmatory_power.csv). A null result in 2036 would therefore not be strong evidence

against an early-stage effect; this was stated before any data.

C2 (frozen with v0.2). D = [l0g tinew — 10 iref|SE Alaska — [10g finew — 10g firef]mterior, One-sided
D > 0, with pipew the window ML estimate from 2027-01-01 under frozen triggering parameters.
Baselines (data to 2025-12-31): SE Alaska log piyef = 4.05, 0, = 0.36; Interior Alaska 4.51, 0.16.
Windows [2027.0,2030.0) with a = 0.01 and [2027.0,2037.0) with o = 0.04. The large year-to-
year scatter in SE Alaska means that the first look can only detect roughly a doubling of the
background.

Addendum (2026-10-10). After the review round (Section 6) a dated addendum A1-A7 was
frozen: Al C2 uses its JSON formula without the H2 factor 1.25; A2 the baseline functional
stays; A3 look dates as above; A4 operating rules (archived catalogue snapshots with SHA-256,
Mec homogeneity report, network histories, code pinned to v0.2.0); A5 erratum E1, factor 1.25
retained; A6 M7 uses IERS 2010 Love numbers (Petit and Luzum 2010) and a £20h search; A7
reading notes.

Integrity. Table 3 lists the frozen files. The v0.2 preregistration commit (fa4a077, 2026-10-10
14:50:44 CEST) precedes the v0.2 results commit (250457c¢); commit order shows the sequence in



Table 3: Frozen files and their SHA-256.

File (results/) and SHA-256 Content

frozen_confirmatory_parameters.json C1 (v0.1.0)
5bccd4cab0ba2d0143c4736c44355b24b6eb6356ca82ba0419ff£22c71b4b3cb
frozen_monitoring_indicators.json M1-M5 (v0.1.0)
8aeb7131325eda3ffb855f0437a649eb5adb0a32ae4e2fd0ec35£515cb87fb0f
frozen_v02_preregistration. json H2, H3, C2, M6, M7 (v0.2)
af7a5d02b6d81e37ba989058968£913e5e821876£98926dcca924560d3d927d3
frozen_v02_baselines. json C2 baselines
e2fcb568c93622c97607c122c210ed5fcccace0d2440b8cd420£ddd931be9f401
frozen_v02_addendum_2026-10-10.json Addendum A1-A7
bc2d2af32192ae5£31312c0609ee850223£23470637350df9795ee18f6e7££49

the repository but cannot by itself prove that no analysis ran earlier. Releases are archived on
Zenodo: v0.1.0 (Romer 2026b), v0.2.0 (Roémer 2026a); concept DOI 10.5281 /zenodo.23281090.

5 Results

5.1 Global baseline [EXPL)|

Global M > 6 counts rose from 1975 to the mid-1980s and have not risen since (Fig. 1a). The
early rise (+0.49 %/yr from 1975) coincides with the transition to moment magnitudes before
about 1983 and is a catalogue effect. From 1990 the trends are —0.46 %/yr (95 % CI —0.70 to
—0.21; quasi-Poisson —0.90 to —0.01) for all M > 6, —0.31 %/yr (—0.62 to 0.00; quasi —0.65 to
+0.03) declustered, and —0.21 %/yr (—0.99 to +0.57) for M > 7. Allowing for overdispersion, a
rise of the declustered M > 6 rate of more than about 0.03 %/yr since 1990 is incompatible with
these data, in line with Shearer and Stark (2012). GVP confirmed eruption starts per year by
decade show no upward trend (1950s 35.7; 2000s 39.2; 2010s 36.7; 2020-2025 30.3).

In the glaciated boxes, declustered M > 5 counts went from 60 to 57 (ratio 0.95, 0.65-1.39;
MDE 1.68), in the controls from 2679 to 2814 (1.05, 1.00-1.11) (Table 4, Fig. 1b). Without
declustering the glaciated boxes rose from 83 to 151 events (1.82), almost entirely due to swarms
and sequences, above all the 2014-2015 Baroarbunga rifting (Sigmundsson et al. 2015). Single
glaciated boxes can only detect ratios of about 2.4-3.5.

5.2 Seasonal modulation in Southeast Alaska (F1, F2)

SE Alaska has a strong and robust seasonal modulation: Schuster amplitude 0.112 (p < 1076,
n = 5164), peak in mid-November, about one to two months after the maximum of GRACE
unloading (load maximum in April) (Fig. 2a). The load sensitivity is 79 = 4.04 £ 1.09 % /kPa
(p = 107%), close to the 3.5 %/kPa reported by Johnson et al. (2020). The in-network control
Interior Alaska shows no seasonality (amplitude 0.023, p = 0.39). Rain and load are correlated in
SE Alaska (r = 0.68) and cannot be separated (F3).

The amplitude is not growing significantly (Fig. 2b, Fig. 3): 1 = +0.035 &+ 0.023 per decade
(95% CI —0.010 to +0.080; one-sided Wald p = 0.064, permutation p = 0.10, BH ¢ = 0.38), and
the load sensitivity declines insignificantly (71 = —1.30 &+ 1.13 %/kPa per decade, permutation
p = 0.94). Greenland has the largest growth estimate (8; = +0.146 4+ 0.088, permutation
p = 0.0055, ¢ = 0.083) on a catalogue that densified strongly after 2008; Iceland is negative
(—0.096 £0.063). Among the controls, Japan’s 1 is nominally significant (pperm = 0.021, ¢ = 0.29).
The inverse-variance mean of 1 over the four national mountain regions is 0.033+0.015 (z = 2.25),
but no glaciated-minus-control contrast in the criticality family is significant (Section 5.3). With
GK declustering the SE Alaska estimate is +0.050 & 0.023 (permutation p = 0.01, uncorrected)
[EXPL].
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Figure 1: Exploratory global baseline. (a) ComCat global counts per year; shading marks the period
with few moment magnitudes. (b) Declustered M > 5 rate ratio 2010-2024 versus 1995-2009 with
exact 95 % intervals; diamonds are pooled groups. West Antarctica (0 and 1 events) is omitted. Data:
results/global/.

Table 4: Exploratory global and regional baseline. Data: results/global/global_trends.csv and
ice_vs_control _rate_ratios.csv.

Quantity Estimate 95 % interval Note

Trend M > 6 all, 1990-2026 (%/yr) —0.46 —0.70 to —0.21 quasi: —0.90 to —0.01
Trend M > 6 declustered (%/yr) —0.31 —0.62 to 0.00 quasi: —0.65 to +0.03
Trend M > 7 all (%/yr) —-0.21  —0.99 to +0.57

Glaciated pooled, M > 5 decl. (60 — 57) 0.95 0.65-1.39 MDE 1.68

Control pooled, M > 5 decl. (2679 — 2814) 1.05 1.00-1.11 MDE 1.08

Glaciated pooled, all events (83 — 151) 1.82 1.38-2.41 swarms, Bardarbunga
GVP eruption starts, controls (223 — 235) 1.05 0.87-1.27

5.3 Criticality indicators

Of 374 trend tests, 63 had p < 0.05 and 10 survived BH; of 170 CSD tests 18 and 6; of 180
glaciated-versus-control group tests 2 and none (smallest ¢ = 0.76). The 16 BH hits are network
and completeness effects (Mc trends, magnitude-type changes), b-value changes and variance
increases that accompany rate increases or network densification (Greenland after about 2008);
four of the ten trend hits are in control regions. Rising autocorrelation or falling recovery rate, the
classical CSD signatures, are nowhere significant. Criticality is not excluded, but these indicators
have little power with 18 two-year bins.

5.4 ETAS background: H2.1 positive but not robust

In stage 1 the Omori exponent ran to its lower bound (p = 1.0001) in 7 of 8 regions, with branching
ratios within the one-year kernel of 0.6-0.9. This is a serious diagnostic sign: model misfit (spatial
heterogeneity, swarms, catalogue changes) is absorbed by a long tail, and long-range triggering
beyond one year ends up in the background. Trend estimates are therefore model dependent.
The preregistered decision rule for H2.1 fired: SE Alaska’s background trend (40.326 + 0.114
per decade) exceeds Interior Alaska’s (—0.079 £ 0.079) by +0.405 + 0.138 (z = 2.93, one-sided
p = 0.0017, BH 0.005; Table 6). The effect, however, sits almost entirely in 1997-2002, when
catalogue counts in both Alaska regions were very low and yearly M, exceeded M (Fig. 4a).



(a) Monthly climatology 1990-2025 (b) Seasonal modulation per year (F1)
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Figure 2: Seasonality in SE Alaska. (a) Monthly climatology of declustered events, SE Alaska
versus the Interior Alaska control. (b) Yearly modulation amplitude b, with the F1 fit. Data:
seasonal_climatology.csv, F1_per_year_modulation.csv, F1_harmonic_growth.csv.

Table 5: F1 and F2 for the national-tier regions (pre-specified, retrospective). 81 per decade; vo in % /kPa;
v in %/kPa per decade; pperm one-sided; ¢ BH over all regions.

Region Schuster amp. B1ESE  Pperm q Yo£SE v1£SE
SE Alaska 0.112 +0.0354+0.023 0.100 0.38 40+1.1 -13+1.1
Alps 0.005 +0.058 £0.039 0.079 0.38 —5.5+8.5 —2.549.5
NZ Southern Alps 0.035 +0.038 +0.023 0.058 0.38 8.1+5.3 +7.14+6.2
Iceland, Vatnajokull 0.299 —0.096 +0.063 0.861 0.86 176 £6.3 —-10.6+7.1
Greenland 0.117 +0.146 =0.088 0.006 0.08 —4.5+15.2 +1.7+17.3
Interior Alaska 0.023 —0.00540.020 0.559 0.76 4.3+4.1 +1.14+4.3
N Switzerland 0.071 +0.092 £0.073 0.132 0.40 — —
NZ Wellington 0.001 —0.008 &0.015 0.709 0.82 404+4.6 +3.94+5.3

Exploratory variants (Fig. 4b): starting in 2003 the difference is +0.11 £ 0.16; with a three-year
triggering horizon +0.23 £ 0.21; without 2025 40.41 &+ 0.15; with a joint estimator 40.43 + 0.13
(from 2003 +0.16); with free Omori p +0.39 £ 0.15. Network covariates explain part of the trend:
with FDSN station counts of all networks +0.25 £ 0.13, permanent networks only +0.38 & 0.10,
with AM. 40.39 4 0.09, complete years only +0.37 + 0.10 (OLS, no factor). Station metadata
before 2000 are incomplete, so a network artefact is neither confirmed nor excluded. Together
with the collapse from 2003 and the time-varying Mc, the result is better explained by a catalogue
or model artefact than by a glacially driven background trend; H2.1 provides no evidence for a
glacial contribution, though it does not exclude one. The secondary pairs are not significant (NZ
+0.095, p = 0.19; Alps —0.350).

5.5 Masked background rise: H2.2

No region meets the predefined “masked background rise” criterion (Table 6). SE Alaska shows an
unmasked rise (1.41) and N Switzerland a rise (1.94). The NZ Southern Alps quiet found in v0.1.0
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Figure 3: Pre-specified retrospective growth tests in the national-tier regions (95 % intervals; blue glaciated,
orange controls). (a) F1 growth of seasonal amplitude; (b) F2 load sensitivity; (c) F2 growth of load
sensitivity. N Switzerland has no GRACE signal and is omitted in (b, ¢). Data: F1_harmonic_growth.csv,
F2_load_sensitivity_growth.csv.

Table 6: ETAS residual background (m2_etas_background.csv, m2_H21_did.csv). Trend of log u per
decade (SE x1.25); p ratio 2020-2025 / 2008-2019 with 95 % interval; H2.2 class. Iceland and Greenland
are descriptive.

Region Trend / decade w ratio (95%) H2.2 class Total ratio
SE Alaska +0.326 +£0.114 1.41 (1.07-1.85) rise, not masked 2.33
Interior Alaska —0.079 £0.079  0.87 (0.71-1.07) no resolvable change 0.91
NZ Southern Alps —0.326 £0.059 0.62 (0.45-0.86) decrease (genuine quiet) 0.32
NZ Wellington —0.421 £0.091 0.99 (0.67-1.47) o resolvable change 0.71
Alps —0.350 £0.089 1.22 (0.96-1.56) o resolvable change 1.30
N Switzerland +0.001 +0.097 1.94 (1.29-2.91) rise, not masked 2.04
Iceland, Vatnajokull —40.194 £0.144 1.56 (0.85-2.86) no resolvable change 0.19
Greenland +1.047+£0.207 1.12 (0.75-1.67) no resolvable change 1.68

H2.1 primary: SE Alaska — Interior: +0.405 4 0.138, z = 2.93, pone = 0.0017, pgg = 0.005 [PREREG]

is a genuine decrease of the residual background (0.62), but it disappears with EMR completeness
(M, = 3.2) and coincides with a joint step of both NZ regions in 2012, so a network effect is
likely. Iceland comes closest to the pattern (total rate —81 %, u 456 %), but the interval includes
1 and ETAS does not describe the swarms there. Rough 80 %-power thresholds are p ratios of
1.3-2.4; the classification is descriptive and is mildly informative only against large masked rises
in well-observed regions.

5.6 Tides: H3

Seismicity does not correlate significantly with the phase of the body-tide areal strain anywhere
(Table 7, Fig. 5). In SE Alaska the amplitude is a = 0.042 (Schuster p = 0.14, BH 0.54); a
modulation of > 6.8 % relative to this phase would have been detected with 80 % power, and
a b-value difference of > 0.07. The smallest BH ¢ is 0.10 (Greenland, Ab = —0.195, one-sided
p = 0.021). Widening the extremum search to £20h changes no conclusion [EXPL].

[EXPL] Ocean loading is comparable to or larger than the body tide in SE Alaska (RMS 19.9
versus 14.6 nstrain) and Greenland (18.8 versus 11.9), and moves 20 % and 42 % of events into
the other half-cycle. Tested against random times, the SE Alaska p goes from 0.048 (body tide)
to 0.081 (body plus ocean load); the Greenland b-value effect disappears (p 0.023 — 0.58); the
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(a) Yearly ETAS background, 95% band (b) H2.1 and exploratory variants
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Figure 4: H2.1. (a) Yearly ETAS residual background p, with 95% band (SE inflated by the frozen
factor 1.25); shading marks the low-count years before 2003. (b) Preregistered difference-in-differences of
the background trend (black) and exploratory variants (grey; squares: OLS with station-count covariates).
Data: results/v02/m2_%*.csv, h21_network_models.csv.

Table 7: H3 body-tide tests [PREREG]| (m3_tides.csv); last column exploratory ocean loading tested
against random times [EXPL] (m3_tides_ocean_load.csv).

Region N a Schuster p g MDE a Ab (Pone) p body+ocean
SE Alaska 4517 0.042 0.14 0.54 0.068 -+0.023 (0.79) 0.081
NZ Southern Alps 3665 0.006 0.97 0.99 0.072 +0.005 (0.55) 0.85
Alps 1072 0.007 0.99 0.99 0.141 +0.097 (0.86) 0.87
Iceland, Vatnajokull 1227 0.071 0.22 0.54 0.126 —0.007 (0.46) 0.86
Greenland 496  0.058 0.66 0.99 0.194 —0.195 (0.021) 0.81

smallest BH ¢ with loading is 0.38. Fault-resolved Coulomb stress is not modelled, so the null
applies to areal-strain phase only. The body-tide stresses involved are small: an areal-strain
amplitude of about 15 nstrain corresponds to roughly 1kPa or less for typical crustal moduli,
whereas at Axial Seamount, with tidal stresses of £20kPa, b varied with stress only above about
5kPa (Tan et al. 2019). A null H3.2 was therefore the expected outcome rather than a strong
constraint.

5.7 Lag model and tipping scenarios

Relaxation times range from 23-117yr (Patagonia) and 64-170yr (SE Alaska) to 150-380yr
(Iceland), 1000-2000 yr (Alps) and about 4500 yr (Fennoscandia reference). Narrow mountain
loads are mostly answered elastically (C' = 0.11 in SE Alaska), broad ice-sheet loads mostly
viscously (C' = 0.94 in SE Greenland). At constant present-day unloading, the viscously delayed
rate increase is at most +19% by 2036 and +27 % by 2100 even at Kk = 1 (+5% or less with
GRACE-box loads). A trend would be detectable in only 8 of 126 scenarios, the earliest around
2155.

Accelerating loss shortens this to decades (Table 8, Fig. 6). The earliest detectable increase is
in SE Alaska under the SSP5-8.5 glacier path with glacier-surface loads (rate on promoted faults
1.21-2.35 by 2100, detection from 2045.8 in all four &, Sy combinations). Amundsen paths become
detectable around 20652079 only with a hypothetical dense network; SE Greenland stays within
noise until about 2100. In the same framework the seasonal modulation falls in all accelerating
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(a) Tidal-phase modulation (b) Significance (before BH)
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Figure 5: Tidal-phase modulation. (a) Amplitude a for the preregistered body-tide phase (dots) and the ex-
ploratory body-plus-ocean-load phase (triangles), with the 80 %-power MDE of the body-tide test (bars). (b)
Uncorrected significance; the ocean-load test is against random times. Data: results/v02/m3_tides*.csv.

Table 8: Tipping scenarios (tipping_scenarios.csv). Rate of promoted faults relative to 2025 (range
over k € {0.3,1}, Sp € {10,30} kPa/yr) and earliest detection of an increase with present catalogue rates.
Detection counts refer to the four promoted-fault runs (f = 0). Model calculations, not forecasts.

Region / path 2050 2100 Earliest detection (runs)
SE Greenland, Edwards median 1.00-1.03 1.01-1.10 2158 (1 of 4)
SE Greenland, Edwards 95th pct. 1.00-1.04 1.02-1.24 2102 (3 of 4)
Amundsen, DeConto 3°C (from 2060)* 1.00-1.02 1.10-1.89 2079 (4 of 4)
Amundsen, DeConto early (from 2040)* 1.01-1.06 1.11-1.96 2065 (4 of 4)
SE Alaska, glaciers SSP5-8.5 (surface) 1.04-1.26 1.21-2.35 2046 (4 of 4)
SE Alaska, glaciers SSP5-8.5 (GRACE box) 1.01-1.09 1.05-1.46 2061 (4 of 4)
Iceland, glaciers SSP5-8.5 (surface) 1.03-1.19 1.13-1.99 2070 (4 of 4)

* hypothetical network with 100 events/yr; West Antarctica has no usable catalogue today.

paths, to 0.43-0.97 of today by 2100, but this fall reaches at most z = 1.2 with present catalogues.
M4 [EXPL]: viscosities and plate thicknesses informed by Sasgen et al. (2026) hardly move SE
Alaska (earliest detection 2045.8 — 2047.3), because in this model the instantaneous share 1 — C'
dominates; for Iceland 7 shrinks from about 300 to 10 yr and detection moves from 2070.3 to
2062.3.

5.8 Deceptive quiet before acceleration

With 60 % of faults in a stress shadow, a quiet before the increase follows from the model (Fig. 6,
bottom). It begins 7-59 years after the onset of acceleration in the Amundsen, SE Alaska and
Iceland paths (45-93 years for the SE Greenland 95th-percentile path) but is shallow: the minimum
catalogue rate is 0.84-0.96 of 2025 (4-16 %). With present catalogues it would become statistically
detectable at the earliest around 2083; in the steepest paths (SE Alaska) it reverses (2053-2061)
before it could be detected. Geodetic indicators respond directly to the load and would lead any
seismic quiet.

Today, no region meets the frozen quiet rule except the NZ Southern Alps (Habermann
z = —2.5, 109 — 89 events/yr), where the Wellington control in the same network also declines
and the classification depends on M.. SE Alaska shows activation (z = +3.1, 161 — 194 /yr).
Iceland’s ETAS-only signal coincides with a magnitude shift and the decay of the Bardarbunga
episode (Habermann 1991; Sigmundsson et al. 2015); on the load side Vatnajokull loss is slowing,
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Figure 6: Tipping (top) and deceptive-quiet (bottom) scenarios for £ = 1, Sy =10 kPa/yr. Top: rate of
promoted faults relative to 2025. Bottom: catalogue rate with 60 % of faults in a stress shadow; the dashed
line marks —2 %. Vertical dotted line: 2025. Data: tipping_curves.csv.

which corresponds to genuine relaxation rather than a deceptive quiet.

5.9 Present-day precursors: GRACE and GNSS

Only Patagonia exceeds the M1 threshold: £ = +0.039 £ 0.007/yr, loss rising from 19 to 34 Gt/yr
between 2002-2013 and 2014-2026 (Fig. 7a). Patagonia has no usable catalogue (ComCat is
sparse and the relocated Chilean catalogue ends at 45.98°S). Greenland (§£ = —0.019 £ 0.007) and
Vatnajokull (—0.022 £ 0.007) have been losing mass more slowly since about 2014 (cf. Bevis et al.
2019); in the Amundsen Sea no significant acceleration is measurable (cf. Velicogna et al. 2020).
Four GNSS stations carry an M2 flag (Fig. 7b): TOMO (41.7 mm/yr, acceleration +2.31 mm/yr?,
z = 8.0, consistent with Barletta et al. 2018), BACK (z = 4.9), AB50 (z = 6.4) and KELY
(z = 8.3). KELY is discordant with its slowing GRACE box and is reported, not interpreted, by
rule.
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Figure 7: Monitoring precursors. (a) Normalised acceleration of GRACE mass loss & with 95 % intervals
and the frozen M1 threshold. (b) GNSS uplift acceleration z (red: M2 flag; orange: control station FAIR).
Data: precursors_grace_acceleration.csv, precursors_gnss_uplift.csv.

6 Review process and errata

Version 0.2 was reviewed in one round by several Al systems, each with a written brief (docs/
REVIEW_PROMPTS.md): a “Deep Research” scientific review (DR), a preregistration audit by
Grok (GR), a full code review with independent scripts and simulations by Claude Code
(CC), a pull-request comment by Codex (CX), a narrow literature check by Gemini (GE;
used as an idea source only) and the ETAS likelihood and simulator checks by Grok Bot
(GB). Raw reviews are archived in docs/reviews/raw/ (except GE), and all 41 points with
verdicts and actions are listed in docs/reviews/REVIEW _RESPONSE v0.2.md. New literature
claims from reviews were checked against primary sources before adoption; one GE objection
(Sasgen values “not found”) was rejected after checking the paper. The v0.2.1 draft of this
paper was reviewed once more by Gemini (idea source only); the point-by-point response is in
docs/reviews/GEMINI_PAPER_REVIEW_RESPONSE.md.

Erratum E1. CX and CC independently found that the null calibration of the H2 standard-
error factor 1.25 used a half-open window function with the wrong windows (2008-2018 versus
2020-2024) and a geometry without the five-year lead-in. Re-run in production geometry (CC and
GB), the factor is sufficient for the trend test; for the window ratio a factor of about 1.2-1.4 would
be needed. In the repository’s calibration runs (calibration_summary.csv) the trend sd(z) is
0.96-1.07 (90 % upper bounds 1.07-1.22) and the window-ratio sd(z) 1.18-1.24 (upper bounds
1.27-1.35); the addendum quotes up to 1.30 and 1.42 including the reviewers’ own runs, which are
not archived. No published decision changes below a factor of 1.56. The frozen value stays (A5);
the H2.2 intervals should be read as somewhat too narrow.

Other corrections. Simulator fixes (division by zero at p = 1; magnitude discretisation that
gave b =~ 0.90 instead of 1, now 0.997) affected only simulations; the recovery study was re-run with
qualitatively unchanged results. The C2 SE factor ambiguity was clarified (A1), look dates were
made robust (A3), and the origin of the frozen Love numbers was traced to SPOTL’s body-tide
values. Wording was sharpened where DR showed that interpretations went beyond the estimand:
Hy is a residual background; H3 tests the body-tide areal-strain phase only; the lag model is a
thin-plate/half-space sensitivity, not a reproduction of the Sasgen et al. (2026) rheology. After
v0.2.0 the global baseline script was made deterministic for magnitude ties, which moved the
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declustered M > 6 trend from —0.29 to —0.31 %/yr and the pooled glaciated ratio from 0.93 to
0.95 [EXPL].

7 Discussion

What the data exclude. At the global scale, a rise of the declustered M > 6 rate faster than
about 0.03 %/yr since 1990 is incompatible with ComCat. Pooled over glaciated boxes, a rise of
the declustered M > 5 rate by more than about 40 % between 1995-2009 and 2010-2024 is unlikely
(upper bound 1.39). In SE Alaska a growth of the seasonal amplitude faster than about 0.08 per
decade (upper 95 % bound; today’s amplitude is about 0.10) and a body-tide modulation larger
than about 7% would probably have been seen. No region shows a large masked background rise.

What remains open. Moderate changes are not excluded anywhere. Single glaciated regions
can only resolve rate ratios of 2.4-3.5, Iceland and Greenland catalogues are too heterogeneous
for background trends, Patagonia (the one region with accelerating loss) and West Antarctica
lack usable catalogues, and ocean-load and fault-resolved stresses are only partly modelled. The
positive but non-robust H2.1 result shows how a preregistered test without a start-year check
can hinge on a network phase; C2 starts in a homogeneous network period and carries explicit
homogeneity rules. Natural next steps, each requiring new data or models, are fault-resolved
Coulomb stresses from three-dimensional viscoelastic models, time-dependent detection models for
completeness, and waveform-based discrimination of non-tectonic sources; the last is the subject
of the separate v0.3 module. Its preregistration (PREREGISTRATION_vO.3.md, frozen JSON SHA-
256 f9d850b0dcd151a1aa54fbfa6273fd7ff4c231b97d34535200272b5260ddba7f) was frozen on
2026-10-15 and will be published with release v0.3; v0.3 is a separate module and not part of the
results of this paper.

An early-stage hypothesis. Taken together, the evidence is compatible with a hypothesis in
an early stage: present-day ice loss may change the seismic response of glaciated regions, but if it
does, the change is currently below what the catalogues can resolve, and the scenario calculations
suggest it will remain so for decades unless loss accelerates strongly. We do not claim a glacially
driven change, and we do not claim its absence.

Rate-and-state implication. A growing seasonal modulation would not be the generic expec-
tation of accelerated unloading. In Dieterich’s model (Dieterich 1994), for loading periods much
longer than the aftershock duration the relative modulation scales as AS/(T'S), so additional
GIA stressing lowers it (our scenarios: to 0.43-0.97 of today by 2100). If the modulation grew,
more likely explanations would be a falling effective normal stress (pore pressure, as suggested
for Mont Blanc by Simon et al. 2025) or faults approaching failure, as discussed for Parkfield by
Sirorattanakul and Avouac (2026). This is why F1 alone could never show causality, and why C1
tests modulation growth as a sign of changing fault conditions rather than of unloading per se.

8 Limitations
o Retrospective tests use data examined before the rules were fixed; only C1 and C2 are
independent.

o Catalogues change networks, magnitude types and completeness; in-network controls do
not protect against differential network changes. Station metadata before about 2000 are
incomplete.
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The temporal ETAS model has no spatial kernel; p at its lower bound in 7 of 8 regions
makes levels and trends model dependent; H2 SEs are conditional on stage-1 parameters
(propagation adds about 1-2 %).

GRACE resolution (about 300 km) smears narrow mountain loads; rain and load are not
separable in SE Alaska. In low-viscosity regions, rapid rebound makes GRACE underestimate
the ice-loss trend (about 9% in Alaska and one third in Iceland, 2002-2025; Sasgen et al.
2026); this scales the trend-based loads of the lag and tipping scenarios and of M1, and
affects the seasonal load in F2 less.

Catalogues are filtered by event type only. Unflagged icequakes, landslides or tremor (e.g.
jokulhlaup tremor, Eibl et al. 2020) could contaminate counts, especially at small magnitudes
in Iceland and Greenland; this was not quantified.

MDESs and permutation tests treat declustered events as independent (F1 and C1 with the
observed quasi-Poisson overdispersion); residual clustering would make the MDEs optimistic.

Tidal tests use areal-strain phase at cell centroids; TPXO 7.2 resolves fjords poorly; no
fault-resolved stress.

The lag and tipping models are reduced (half-space plus plate, unconstrained coupling x,
assumed shadow fraction); their numbers are scenario properties, not forecasts.

The global baseline is exploratory, uses rectangular boxes and coarse declustering; declustered
counts carry method uncertainty beyond Poisson intervals.

The analysis was carried out by one person with Al assistance; reviews were by Al systems,
not by independent human experts.

Conclusions
. There is no sign of a global or pooled glaciated increase of declustered seismicity, with upper
bounds of about 0.03 % /yr (global M > 6) and a rate ratio of 1.39 (pooled glaciated M > 5).

. SE Alaska is seasonally modulated (4 %/kPa), but the modulation is not demonstrably
growing.

. The one formally positive preregistered test (H2.1) is not robust and is most plausibly a
catalogue artefact.

. Tidal, quiescence and criticality tests are null, with stated MDEs.

. Physical scenarios place detectable effects decades ahead and predict a shallow quiet before
acceleration; geodetic indicators would lead.

. Two prospective tests are frozen and will be evaluated in 2029 and 2036; their power is
limited, and this was stated in advance.

Author contributions and use of Al

J.B.R. (independent researcher; certified I'T specialist for application development with a back-
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every preregistration and addendum, and is responsible for all scientific claims. The work was
developed using Al-assisted research methods as collaborative tools under direct human oversight:
data retrieval, analysis code, figures, documentation and drafts of this manuscript were produced
with an AI agent (Grok Bot) on the author’s instructions; the review round used further AI
systems (Deep Research, Grok, Claude Code, Codex; Gemini as an idea source only), whose raw
reports are archived and whose points were checked against code, data and primary literature
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v0.2.0 (10.5281/zenodo.23286492); concept DOI 10.5281/zenodo.23281090; Python package
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re-rendered from the CSV files in results/ by paper/figures/make_paper_figures.py. All
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