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Abstract
Catastrophic earthquakes (EQs) (M ≥ 8) and global ionospheric plasma variations 
exhibit unexpected planetary orbital periodicities that cannot be explained by known 
(geo)physical processes. In this study, we identify a robust pre seismic signature 
in the Total Electron Content (TEC) of the ionosphere that precedes major EQs 
by up to two months. This finding leads to a novel forecasting method for large 
magnitude events, providing a significant advance warning window. We propose 
that the underlying causal triggering mechanism for such correlated phenomena 
fits-in the scenario of gravitational focusing of galactic dark matter (DM) streams 
by the solar system bodies. In this framework, Earth based observational tools like 
the global GPS network can serve a dual role: monitoring terrestrial dynamics and 
acting as possible sensitive detectors for DM. We demonstrate how continuous GPS 
recordings can be exploited to project, in real time, the likely timing and location 
of major seismic events. This interdisciplinary approach provides a novel route to 
enhance the reliability of catastrophic EQ forecasting. Concurrently, it offers a new 
method for the direct detection of the dark sector following otherwise unexpected 
planetary dependencies. While the Axion Quark Nugget (AQN) framework 
provides an interesting basis for these results, the identified precursors remain 
model-independent.

Keywords  Earthquake precursor, Ionosphere, TEC disturbances, Gravitational focusing, 
Dark matter streams

1  Introduction
Dark matter (DM), first proposed by Zwicky in the 1930s [1], has eluded all attempts 
at direct detection for over ~ 30 years. Interestingly, beyond solar observables, grow-
ing evidence suggests that certain geophysical and atmospheric phenomena, including 
earthquakes (EQs) and atmospheric anomalies, display unexpected planetary dependen-
cies [2–4]. Such correlations point to an underlying causal mechanism that originates 
beyond the solar system.
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Interestingly, a recent theoretical model [5, 6] proposes that specific DM candidates 
known as axion anti-quark nuggets (AQNs), which interact strongly with ordinary mat-
ter [6–9], could trigger seismic phenomena. Noticeably, within this framework, the 
Sun’s multifaceted activity also exhibits distinct planetary periodicities, most notably 
the 11-year solar cycle [10], that remains unexplained since the ~ 1850’s within standard 
(solar) physics. Furthermore, high-precision measurements of Earth’s magnetic field [11] 
offer an additional avenue for detecting DM candidates such as axions, dark photons, 
and AQNs [6, 8, 9]. These interdisciplinary approaches not only expand the possibili-
ties for direct detection of streaming DM but eventually also for developing practical, 
society-relevant applications.

Earth-based observational tools such as the global GPS network may serve a dual pur-
pose [12]. Beyond monitoring ionospheric and solid-Earth dynamics, the continuous 
GPS measurements [13, 14] may act as sensitive detectors of streaming DM by recording 
the atmospheric response to energy deposition. Of note, a large number of streaming 
DM axions or WIMPs have been proposed earlier in a cosmological context [15]. The 
resulting planetary dependencies allow us to determine the origin of potential precur-
sors. Because celestial alignments cannot be explained by internal terrestrial processes, 
models based solely on inner Earth mechanisms are effectively excluded.

As strongly interacting DM candidates like AQNs transit the atmosphere, they induce 
ionization that modifies the (local) plasma state. Because the GPS system continuously 
monitors Total Electron Content (TEC) to calibrate signal delays, it effectively maps 
these dark sector interactions across a planetary scale. This synergy between funda-
mental physics and geophysical monitoring can provide a novel and promising route to 
enhancing the reliability of catastrophic EQ forecasting, advancing both temporal pre-
dictions and the ability to constrain the epicentral region.

Historically, EQ occurrences have exhibited non-random distributions [16], including 
observed correlations with solar [17] and cosmic ray [18] activity. Furthermore, numer-
ous studies have identified short term localized TEC anomalies within the ionosphere 
occurring hours or days before major ruptures [19, 20]. While these short-term excur-
sions in global electron density are traditionally interpreted through internal lithosphere 
ionosphere coupling mechanisms, they also support a downward propagating motion 
that is consistent with the hypotheses of this work [21].

Here, we focus on large EQs providing a potential terrestrial manifestation of dark-
sector impact. Such highly energetic events appear to follow overlooked planetary 
dependencies [2], and remarkably they correlate with variations of the global atmo-
spheric plasma. This apparent coupling between the atmosphere and the Earth’s inte-
rior hints at a new mechanism that could trigger strong EQs. Building on observation, 
here we propose potential precursors to catastrophic (magnitude 8+) EQs, offering a 
long advance warning. We present the first results which show an advance warning of up 
to two months and demonstrate how continuous global monitoring of GPS and seismic 
data could ultimately enable real time projections of the likely timing and location of 
major EQs, validated and trained on existing datasets.



Page 3 of 15Zioutas et al. Discover Space          (2026) 130:13 

2  Observations
DM has been firmly established through cosmic-scale observations [1]. As argued in 
Ref [22]., it may also manifest within the solar system and influence processes occur-
ring deep within the dynamic Earth and its atmosphere [4, 5]. In this study, we focus on 
geophysical events like large EQs (M > 5.2) occasionally exceeding magnitude 8. These 
phenomena exhibit new signatures that display unexpected planetary dependencies not 
accounted for by known physics [22]. The terrestrial signatures of potential interest for 
this work include:

 

a)	     Annual temperature excursions in the upper stratosphere, occurring in early 
January, which show a clear planetary dependency [2, 4].

b)	       Variations in the local and global ionospheric plasma [7, 22, 23] at altitudes above 
~ 100 km.

c)	       EQs of magnitude M ≥ 8, and especially those with M ≥ 8.6, that show striking 
spatiotemporal correlations with global ionospheric plasma activity (see Figs. 1, 
2 and 3). Additionally, even local plasma structures in two and three dimensions 
occasionally evolve toward the epicenter (see e.g. [23]), .

d)	       Planetary dependencies in the temporal occurrence of EQs suggesting a potential 
driver outside the solar system (see Fig. 4).   

 
Planetary relationships are remarkable because no known planetary force exists apart 

from the extremely feeble gravitational (tidal) effects. The observed relationships there-
fore call for an alternative explanation that extends beyond conventional geophysical 
processes. So far, the only viable hypothesis we have involves the gravitational focus-
ing of streaming DM by solar system bodies, including gravitational effects arising from 
their intrinsic mass distributions [10, 22, 24–28]. Notably, similar behavior is observed 
in several other local phenomena, reinforcing the idea that such signatures may share a 

Fig. 1  Global Total Electron Content Units (TECUs) variations before and after catastrophic EQs (M ≥ 8) between 
1995 and 2012. The red curve corresponds to all 20 events, four of which overlapping within ± 90 days, while the 
blue curve corresponds to the 16 non-overlapping events. Both sets display a slow TEC increase starting about 45 
days before a large EQ, indicating a robust pre-seismic signature
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common dark-sector origin. This mechanism may point at a common link among sev-
eral apparently unrelated terrestrial and atmospheric observables. For an extended dis-
cussion, see Ref [22].

A scenario fitting-in the observed correlations between the assumed DM streams [15] 
and seismicity is provided, unbiased to our work, by the AQN model. Unlike weakly 

Fig. 3  Scaling of the pre seismic ionospheric signal with EQ magnitude. The statistical significance (Z-score) of the 
cumulative TEC anomaly is plotted against EQ magnitude (M). The color bar represents the number of events (N) 
included in each magnitude bin. A pronounced scaling is observed: catastrophic events (M ≥ 8.5) exhibit a high 
significance of 7.1σ, while major events (M = 8.0 to 8.4) reach 2.19σ. Smaller events (M < 7.5) generally remain within 
the range of stochastic noise (< 1.96σ), with the significance of the M ~ 6.2 bin (2.07σ) being a statistical artifact of 
the very large sample size (N = 1,953) which minimizes background variance. The red dashed line denotes the 95% 
confidence threshold (1.96σ)

 

Fig. 2  Global Total Electron Content Units (TECUs) variations before and after the five largest EQs (M ≥ 8.6) from 
1995 to 2012. A pronounced TEC rise appears approximately 1.5 months before an event, confirming a reproduc-
ible pre-seismic precursor signal, with a statistical significance of 7.1σ relative to the quiet background measured 
60 to 90 days from the events.
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interacting DM candidates like axions and hidden photons, AQNs are strongly interact-
ing composites that expect to deposit an enormous amount of energy along their trajec-
tory through the Earth and its atmosphere. While the average DM density is relatively 
low, gravitational focusing by solar system bodies can enhance the flux of the focused 
incident stream by several orders of magnitude. As described in [6], the energy depo-
sition rate in the atmosphere is proportional to an enhancement factor A(t), which 
accounts for the gravitational focusing of streaming DM by solar system bodies. Quan-
titatively, an expected flux of 0.4/km2/year across the Earth total surface area results 
in approximately 200 million impacts annually, averaging over 500,000 events per day. 
Because AQNs possess nuclear density and transit the planet at supersonic speeds, 
the Earth is effectively transparent to their passage, allowing for energy deposition at 
all depths. Crucially, as an AQN transits the Earth crust at supersonic speeds, it gen-
erates significant acoustic overpressure along its Mach cone, being estimated between 
0.03 Pa and 0.3 Pa [5]. While this acoustic overpressure is extremely small compared 
to standard static tectonic stress drops (O(MPa)) [29], it falls near the lower threshold 
of documented dynamic stress perturbations, such as those induced by distant teleseis-
mic surface waves [30] or solid Earth tides [31], that are known to influence seismicity. 
Furthermore, during periods of planetary alignment, the gravitational focusing of DM 
streams can amplify the local AQN flux (e.g., the AQNs) by several orders of magni-
tude. This enhancement subjects the Earth to a concentrated burst of acoustic energy. 
In lithospheric regions already near a critical metastable state due to long term tectonic 

Fig. 4  15,703 stay-days-normalized EQ occurrences with M > 5.2 projected onto Venus’s heliocentric longitude, 
with Earth constrained to 100°–200° (1 January 2001–31 December 2015). Days with more than 25 EQs were 
removed to suppress aftershock-driven biases. Top: Full dataset, showing an excess near ≈ 260° with a combined 
significance of 4.4σ.: Bottom left/right: First and second half of the dataset exhibit compatible excesses in the same 
longitude range at the ~ 4σ level. The persistence of the signal across each half time intervals excludes systematics 
with a statistical significance at the 4.4 σ level (see e.g. [3]), 
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stress, these concentrated overpressure bursts can act as a “small push” or localized trig-
ger that initiates a major seismic event. Within this framework, the observed correlation 
between ionospheric TEC variations and EQ rates arises naturally: the TEC rise is driven 
by atmospheric energy deposition, while the EQs could be triggered by the aforemen-
tioned acoustic perturbations in the Earth’s crust.

2.1  Ionospheric response

Figures 1 and 2 summarize measured global ionospheric responses associated with the 
largest EQs. The TEC, where 1 TECU = 10¹⁶ electrons/m², shows a consistent increase 
starting about one to two months before a catastrophic event.

To estimate the significance of such trends, we employed Superposed Epoch Analysis 
(SEA), a standard geophysical method that aligns multiple time-series data to a com-
mon reference point (time = 0). This process allows incoherent daily ionospheric fluc-
tuations (noise) to cancel out while amplifying consistent physical signals tied to the 
seismic events. The original data used in this analysis are derived from the Center for 
Orbit Determination in Europe (CODE) and contain 6,574 daily averaged measurements 
of TEC from 01/01/1995 to 30/12/2012.

The 20 largest EQs with magnitude M ≥ 8 occurring between 1 January 1995 and 31 
December 2012 are selected for Fig.  1 (see Table  1). A ± 90-day window around each 
EQ is defined, with the EQ date being the reference point (time = 0), to derive the TEC 
distributions. The red curve represents all 20 events, four of which overlap within the 
± 90-day window. The blue curve shows the 16 non-overlapping events. Both overlap-
ping and non-overlapping EQs exhibit similar long-term behavior, showing a slow 
increase in global ionospheric electron content starting about 45 days before a large EQ.

To quantify the significance of these peaks, we calculated the Z-score, defined as the 
difference between the peak value in the analysis window (-45 to + 45 days) and the 

Table 1  Dates of EQs with M ≥ 8.0 between 01/01/1995 and 31/12/2012. The table includes the 
date, magnitude, and geographic location for each catastrophic event
Date Magnitude Location
30/07/1995 8,00 Antofagasta, Chile

09/10/1995 8,00 Colima, Mexico

17/02/1996 8,09 Biak region, Indonesia

25/03/1998 8,10 Balleny Islands region

16/11/2000 8,00 New Ireland region, Papua New Guinea

23/06/2001 8,40 near the coast of southern Peru

25/09/2003 8,16 Hokkaido, Japan region

23/12/2004 8,10 north of Macquarie Island

26/12/2004 9,10 2004 Sumatra – Andaman Islands Earthquake

28/03/2005 8,60 northern Sumatra, Indonesia

03/05/2006 8,00 Tonga

15/11/2006 8,30 Kuril Islands

13/01/2007 8,10 east of the Kuril Islands

01/04/2007 8,10 Solomon Islands

15/08/2007 8,00 near the coast of central Peru

12/09/2007 8,40 southern Sumatra, Indonesia

29/09/2009 8,10 Samoa Islands region

27/02/2010 8,80 offshore Bio-Bio, Chile

11/03/2011 9,10 2011 Great Tohoku Earthquake, Japan

11/04/2012 8,60 off the west coast of northern Sumatra



Page 7 of 15Zioutas et al. Discover Space          (2026) 130:13 

mean of a distal quiet-time baseline (µbg), normalized by the baseline standard deviation 
(σbg). We defined the distal baseline using periods furthest from the seismic event: -90 to 
-60 days and + 60 to + 90 days. Using this metric, the 20-event stack yields a significance 
of 3.7σ.

Fig. 2 applies the same procedure to the five largest EQs with M ≥ 8.6 during the same 
period, revealing a similar TEC rise approximately 1.5 months before a large seismic 
event. Notably, the cumulative anomaly for these five catastrophic events reaches a high 
significance of 7.1σ relative to the background (-90 to -60 days and +60 to +90 days).

Together, these data indicate a robust, reproducible pre-seismic signature. The fact 
that the significance scales with EQ magnitude (from 3.7σ at M ≥ 8.0 to 7.1σ at M ≥ 8.6) 
strongly supports a physical coupling between the lithosphere and the upper atmo-
sphere. This is consistent with the hypothesis of this work involving remote exo-solar 
triggering and downward-propagating effects from an in-falling, low-speed (~ 300 km/s), 
invisible stream.

To validate these signatures, we evaluated the anomaly using a Monte Carlo simula-
tion by replacing the EQ dates with 1,000 sets of random dates. However, this stochas-
tic shuffling is heavily biased by the 11 year solar cycle, as random selections frequently 
capture high amplitude solar flares or geomagnetic storms. These solar terrestrial events 
can increase global TEC by an order of magnitude, creating peaks physically unrelated 
to seismicity that mask the pre-seismic signal. This solar contamination makes simple 
Monte Carlo shuffling an inefficient tool for characterizing lithosphere-ionosphere cou-
pling in raw datasets.

We therefore arrive to a more robust physical validation by examining how the iono-
spheric global plasma scales with EQ magnitude. While random solar storms can pro-
duce artificial TEC peaks, solar space weather is completely independent of the energy 
released by an EQ. Therefore, if the observed TEC rise is associated with seismic activity, 
the significance of the anomaly should increase proportionally to the energy released in 
the crust. To test this, we analyzed over 2,800 EQs binned into six magnitude classes 
from M = 6.0 to M ≥ 8.5.

As shown in Fig. 3, there is indeed a clear pronounced scaling of the Z-score with EQ 
magnitude. While smaller events (M < 7.5) remain largely noise dominated, the signifi-
cance rises to 2.19σ for major EQs (Μ = 8.0 to 8.4) and reaches a definitive 7.1σ for cata-
strophic events (M ≥ 8.5). This magnitude dependent behavior provides strong evidence 
that the observed TEC rise is a physically coupled response to lithospheric stress accu-
mulation, rather than a stochastic byproduct of solar terrestrial weather.

2.2  Planetary dependency

The high statistical significance of the pre-seismic ionospheric signals (7.1σ) suggests a 
consistent external driver rather than a purely internal geophysical process. To investi-
gate the origin of this driver, we examine the temporal distribution of EQs in relation to 
the positions of solar system bodies. This analysis is motivated by the hypothesis that 
a stream of highly interacting DM particles, like AQNs, enters the solar system from 
a fixed galactic direction. As planets orbit the Sun, their gravitational fields act occa-
sionally as lenses, focusing an aligned DM stream [15] into high density “caustics” [28] 
that intersect Earth’s orbit. If some DM over-densities trigger seismic activity through 
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dark-sector interactions in the Earth’s interior, the frequency of EQs should show a mea-
surable dependency on the heliocentric longitude of the lensing planet(s).

Below we test this by projecting the global EQ catalog onto the orbital position of 
Venus to identify potential spatial clustering. Figure  4 shows the number of EQs pro-
jected onto Venus’s heliocentric longitude, using a bin size of 8° (≈ 5 days), normalized 
by the planetary residence time in each bin to eliminate eccentricity effects. To isolate 
the lensing effect, Earth’s position is restricted to a specific orbital sector between 100°–
200°. The emergence of a strong clustering signal within this window effectively points to 
the specific direction and geometry of the incoming galactic DM stream relative to the 
solar system.

The selected dataset covers 15 years from 1 January 2001 to 31 December 2015 and 
originally included 16,396 EQs with M > 5.2, spanning 5478 days with an average of 3 
EQs per day and magnitudes ranging from 5.2 to 9.0 (average M ~ 5.6). Days with more 
than 25 EQs, attributed mainly to aftershocks, were excluded, removing 10 days (≈ 0.2%) 
and leaving 15,703 events (≈ 96% of the original dataset).

The resulting distribution exhibits a pronounced excess near a heliocentric longitude 
of ≈ 260°, extending over three adjacent bins (~ 15 days). Using a Z-score formalism 
based on the mean and standard deviation of the normalized EQs-per-day distribu-
tion, the significance of the excess is 4.42σ for the full dataset. To exclude systematics 
behind the signal, the data were divided into two independent temporal subsets, shown 
in Fig. 4 bottom. For the first half (1 January 2001–2 July 2008), the same longitude range 
(260°–276°) yields a significance of 3.94σ for the three points, while for the second half 
(3 July 2008–31 December 2015), a slightly shifted but overlapping interval (240°–268°) 
gives a significance of 4.29σ for the four points. The persistence of a statistically signifi-
cant excess across independent time periods demonstrates that the effect is not driven 
by a small subset of events but reflects a robust feature of the data, excluding thus 
systematics.

To assess whether the observed clustering could arise from random fluctuations, the 
distribution of daily EQ counts was compared to a Poisson expectation with the same 
mean rate (Fig.  5). While the observed distribution is broadly Poisson-like, it exhibits 
deviations indicative of overdispersion for values above 10 EQs/day. This justifies the use 
of empirical rate-normalized significance estimates rather than assuming ideal Poisson 
statistics when evaluating heliocentric longitude clustering. Notably, the global feature 
of Fig. 4 remains if we exclude days with events more than 10 per day (not shown here). 
This strengthens the significance of our conclusion, by excluding events which do not 
follow the Poisson distribution (Fig. 5).

2.3  Periodogram analysis

To distinguish between local gravitational forces and external galactic drivers, we apply 
a Lomb Scargle periodogram analysis to the global EQ catalog. In standard geophysics, 
a lunar driven seismicity is expected at the 29.53 day synodic period, which represents 
the cycle of lunar phases and the resulting gravitational tidal stresses on Earth’s crust. 
Conversely, a signal at the 27.32 day sidereal period, which is the time it takes the Moon 
to return to the same position relative to the distant stars, would indicate a modula-
tion that depends on Earth’s orientation within a fixed external field, such as a galactic 
DM stream. The absence of a synodic peak and the dominance of a sidereal peak would 
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therefore provide a “smoking gun” for an exo-solar origin, as tidal forces do not follow 
sidereal timing.

Figure  6 shows the Lomb-Scargle periodogram of global EQs for the same filtered 
large EQ dataset as before. The dominant peak at 27.32 ± 0.05 days coincides with the 
sidereal lunar rhythm, while the absence of the 29.53-day synodic peak excludes the 
usual lunar tidal forcing as the source of the modulation. To quantify the statistical rel-
evance of the sidereal peak, its power was compared to the local spectral background 

Fig. 6  Lomb-Scargle periodogram of global EQs from 1 January 2001 to 31 December 2015 with magnitude 5.2 
< 𝑀 < 9, excluding days with over 25 events to suppress aftershocks. The dominant peak at 27.32 ± 0.05 days, ex-
hibiting a statistical significance of 7.4σ, aligns with the sidereal lunar rhythm, while the absence of the 29.53-day 
synodic peak excludes a possible impact by the lunar gravitational tidal force [22]

 

Fig. 5  Distribution of the daily number of EQs with M > 5.2 from 1 January 2001 to 31 December 2015, after 
excluding days with more than 25 events / day. The dataset comprises a total of 15,703 EQs recorded over 5468 
days. The empirical mean and variance indicate moderate overdispersion relative to a Poisson process, providing 
statistical context for the clustering observed in Fig. 4
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in the surrounding period range. As mentioned already before, this approach accounts 
for the non-Poissonian noise floor inherent in seismic catalogs, providing a more robust 
baseline than global estimates. More specifically, the peak power (Ppeak) was compared 
against the mean (µlocal) and standard deviation (σlocal) of the spectral power within a 
local window (24–30 days), excluding the immediate vicinity of the peak. The peak at 
27.32 days exceeds the local mean power by 7.4σ (Z=[Ppeak-µlocal]/σlocal), demonstrating 
that it represents a highly exceptional feature of the spectrum rather than a stochastic 
fluctuation of the background noise. The dominance of this sidereal peak, along with the 
absence of a synodic signal, this result supports the hypothesis that external factors of 
exo-solar system origin, influence both ionospheric and lithospheric processes.

Combining the results of Figs. 4 and 6, the cumulative statistical significance of these 
independent planetary and lunar-sidereal periodicities is well above 5σ, providing com-
pelling evidence that the modulation of large EQs is driven by factors of exo-solar sys-
tem origin.

  

3  Discussion-conclusion
The results of this work reveal a reproducible temporal relationship between global 
ionospheric plasma variations and the onset of largest EQs (M ≥ 8 and M ≥ 8.6), point-
ing at an early-warning time of roughly 1.5–2 months (Figs. 1 and 2). This constitutes a 
first societally relevant outcome of our study: the temporal behavior of the ionospheric 
plasma tracks the onset of a major EQ with month-scale lead times.

A crucial finding in this analysis is the clear magnitude sensitivity of the ionospheric 
anomaly. As demonstrated in Fig. 3, the statistical significance of the pre-seismic peak 
scales with the energy released in the crust, rising from roughly 2σ for moderate events 
to over 7σ for catastrophic ruptures. This scaling provides a vital physical validation that 
distinguishes the seismic signal from stochastic ionospheric noise. Furthermore, while 
solar activity is a primary driver of ionospheric variability, the TEC does not always fol-
low solar indices linearly, as other factors do occasionally mask routine solar variations 
[32, 33]. This observed decoupling suggests the presence of an independent external 
driver, which we associate in our scenario with focused incident DM streams.

Comparing our global observations with established regional case studies provides 
further insight into the physical scaling of these anomalies. Documented case studies 
demonstrate that regional TEC measurements are highly sensitive to local tectonic set-
tings and remain crucial for the spatial localization of events hours or days prior to a 
rupture [19, 20, 34]. Similarly, recent investigations of moderate EQs in North Africa, 
including the M = 5.7 Ain Temouchent event [35] and the M = 6.4 Al Hoceima event 
[36], report regional TEC precursor lead times ranging from a few days to roughly two 
weeks. The temporal variance between the roughly 45 days for catastrophic M ≥ 8 events 
and 14 days for moderate M ~ 6 events could reflect a physical scaling governed by EQ 
magnitude. Within standard tectonic models [37], the spatial extent of the preparation 
zone and the duration of the critical pre-rupture phase scale directly with the energy 
release. Therefore, a massive EQ event might require a much longer preparation period 
of structural destabilization compared to a moderate regional event. As a result, the 
atmospheric disturbances generated during this buildup phase could appear significantly 
earlier for larger magnitude ruptures.
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Furthermore, methodological factors and background ionospheric variability likely 
play a role in this temporal discrepancy. As shown in Fig. 3, the statistical significance 
of the global TEC anomaly is highly sensitive to the EQ magnitude. For moderate EQs, 
the precursor development might begin much earlier than two weeks. However, the ini-
tial perturbations are likely too weak to overcome background ionospheric noise, only 
becoming detectable above the background noise in the final days when local tectonic 
stress reaches the critical failure threshold. Additionally, this difference in timing high-
lights the fundamental contrast between observing local networks and averaging data 
globally. Our global TEC methodology captures the earlier, broader atmospheric per-
turbations and enhances planetary-scale exo-solar signals while averaging out localized 
variations. In contrast, regional GNSS networks are optimized to detect localized litho-
spheric coupling driven by specific tectonic settings, making them highly sensitive to the 
final micro-fracturing processes occurring near the epicenter.

In addition to these temporal signatures, the analysis uncovers unexpected planetary 
dependencies. Namely, EQ occurrence clusters within specific heliocentric longitudes, 
e.g. of Venus (Fig. 4). The analysis remained consistent when the dataset is split into two 
halves (01/01/2001–02/07/2008 and 03/07/2008–31/12/2015), with the peaks around 
260° showing each a significance of about 4σ, reinforcing the planetary dependency as 
a reproducible feature rather than a random statistical fluctuation. This planetary clus-
tering also provides an important methodological validation. Although the long-term 
averaging of the SEA mitigates randomly distributed geomagnetic storms, residual non-
linear space-weather artifacts could persist. However, standard geomagnetic distur-
bances, such as those tracked by Kp and Dst indices, are driven by solar dynamics and 
are entirely independent of planetary positions. Consequently, they cannot explain the 
spatial clustering relative to Venus, which lacks an intrinsic magnetic field, confirming 
the pre-seismic signal cannot be of solar origin. Nevertheless, to further isolate future 
early-warning simulations from extreme geomagnetic events, subsequent analyses may 
explicitly integrate Kp and Dst masking.

Additionally, EQs with M > 5.2 follow a clear lunar sidereal periodicity (27.32 days), 
while the synodic month (29.53 days) is absent (Fig. 6). The missing synodic signal, 
despite the well-known dominance of synodic tidal forcing, shows that the observed 
dependencies cannot be explained by conventional geophysical mechanisms or known 
planetary forces in our vicinity. Furthermore, the highly resolved 27.32 days peak cannot 
be attributed solely to the solar synodic rotation [38]. Since the Sun exhibits differen-
tial rotation between approximately 25 and 32 days, a global solar space weather driver 
would produce a correspondingly broad terrestrial signal (spanning several days rather 
than ~ 0.1 days). Generating such a sharp peak would require an unknown mechanism 
to consistently isolate roughly 1.4% of the solar surface over a 15-year period, excluding 
a purely solar origin. On the other hand, terrestrial models like the Lithosphere Atmo-
sphere Ionosphere Coupling (LAIC) propose Radon release as a primary ionospheric 
precursor [39]. However, as an intrinsic geological process, Radon emission does not fit-
in the 27.32 days sidereal periodicity or the planetary clustering observed in this study. 
The absence of a 29.53 days synodic peak further suggests that these correlations are 
not driven by lunar tidal forces, requiring an extrinsic driver, with the streaming DM 
underlaying this proposal being a possible mechanism. Together, these atmospheric and 
lithospheric signatures form a coherent pattern pointing to a remote external driver 
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modulating both ionospheric plasma and seismicity (for more cases see ref [22]). Such a 
scenario suggests that streaming DM may independently influence both the upper atmo-
sphere [4, 7] and inner Earth seismicity, consistent with the observed planetary depen-
dencies (Figs. 4 and 6). Consequently, the ionospheric and lithospheric signatures could 
be parallel manifestations of the same external driver. This possibility would account 
for the observed precursors without necessarily requiring a direct physical coupling 
between the upper atmosphere and the Earth interior.

The presence of robust and repeated pre-seismic signature suggests a clear practi-
cal potential. By combining the continuous global plasma monitoring with archival EQ 
records, it becomes feasible to construct simulations with real data capable of estimat-
ing, in real time, the likely timing, approximate epicentral region and eventually the 
magnitude of a future large EQ. Such simulations could incorporate the spatiotemporal 
evolution of ionospheric plasma distributions, which in several historical cases devel-
oped toward the eventual epicenter. Prior studies already indicate a correspondence 
between plasma structures and EQ locations [23], encouraging more elaborated future 
simulations. As further datasets accumulate, forecast precision will improve, offering 
thus a novel, data-driven method for EQ prediction that leverages existing observational 
infrastructure in a parasitic yet effective manner. Within this framework, local GNSS 
networks and global ionospheric maps serve complementary roles. While local data are 
crucial for analyzing co-seismic disturbances, global TEC monitoring provides a broader 
perspective for identifying month-scale precursors. Notably, this applied perspective 
emerges as a byproduct of a study originally motivated by a fundamental physics ques-
tion, namely the detection of DM in observations from outer space.

The full set of observations, including the temporal relationships, the planetary depen-
dencies, and the atmospheric–lithospheric coherence, is difficult to reconcile within 
known physics. At present, the most viable mechanism capable of naturally accounting 
for these diverse signatures is streaming DM which is gravitationally focused by solar-
system bodies towards the Earth. Such a mechanism has been previously invoked to 
explain similar periodicities in other solar-system observables. In particular, the AQN 
model by A. Zhitnitsky provides a scenario in which strongly interacting DM compos-
ites may occasionally trigger seismicity [5, 6]. It is worth stressing here that these would 
serve as initiators rather than energy sources; the energy released in an EQ remains 
governed by long-term geological stress accumulation. Nevertheless, AQNs offer a rare 
framework capable of integrating the full range of observations, many of which remain 
unexplained within standard geophysics. While the AQN framework is a leading candi-
date that also addresses broader cosmological mysteries, such as the matter-antimatter 
asymmetry, these seismic findings may be compatible with other dark sector constitu-
ents such as magnetic monopoles or dark photons. Consequently, the identified precur-
sors remain fundamentally independent of the specific DM model.

In conclusion, parasitic monitoring of Earth’s dynamic upper atmosphere and its inte-
rior effectively transforms our planet with its atmosphere into a precursor for major 
EQs. Our analysis is carried out model-independently, strengthening its robustness. The 
AQN framework seems to provide a natural way to explain the diverse observational sig-
natures mentioned in this work, suggesting a possible connection between fundamental 
physics and emergent Earth-system behavior.
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