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Executive Summary 

Earth’s magnetic field is not a fixed feature of the planet. It is a dynamic, fluid-driven 

phenomenon generated deep within the outer core, and the historical record — written in lava 

flows, lake sediments, and ocean crust — shows the field has reversed its polarity hundreds of 

times across geologic history. The question is not whether reversals happen. The question is how 

often, on what timescale, by what physical mechanism, and what consequences follow when the 

protective magnetic envelope is degraded. 

Three observations dominate the present scientific picture: 

• The north magnetic pole has migrated more than 2,200 kilometers since 1831 and is now 

located closer to Siberia than to Canada — confirmed in the World Magnetic Model 2025 

release by NOAA and the British Geological Survey. 

• The global dipole field strength has weakened by roughly 9–10 percent over the past two 

centuries, and a regional weak spot known as the South Atlantic Anomaly is deepening and 

bifurcating into two lobes. 

• Despite this, mainstream geophysical consensus does not interpret current changes as 

evidence of an imminent full reversal. Reversals occur on timescales of thousands of years, 

and the field has been weaker than today many times before without flipping. 

 

Key quantitative benchmarks: 

 

35 km/yr 

Current pole drift rate 

9–10% 

Dipole loss since 1840 

780,000 yr 

Since last full reversal 

1,000–
10,000 yr 

Typical reversal duration 

 

This paper develops the physics of the geodynamo, surveys the paleomagnetic record, 

distinguishes excursions from full reversals, examines real and theorized biological 

consequences, and provides a candid probability assessment for human-timescale outcomes. 

The deep science is meant to clarify, not to alarm: the field is doing something interesting, but 

interesting is not the same as catastrophic. 
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1. The Geodynamo: How Earth Generates a Magnetic 
Field 

Earth’s magnetic field is generated by the self-sustaining motion of an electrically conductive 

fluid — molten iron and nickel — circulating in the outer core, approximately 2,900 kilometers 

beneath the surface. This process is called a geodynamo, and it operates on principles laid out in 

magnetohydrodynamics (MHD): a conductor moving through a magnetic field induces electrical 

currents, and electrical currents in turn produce magnetic fields. The system bootstraps itself. 

1.1 The physical setup 

Three ingredients are required for the geodynamo to function: 

• A large volume of electrically conductive fluid — molten iron alloy in the outer core, 

conductivity on the order of 10⁶ siemens per meter. 

• An energy source to drive convection — primary contributions come from latent heat 

released as the inner core slowly solidifies, gravitational energy from light-element 

segregation at the inner-core boundary, and residual heat from planetary accretion and 

radioactive decay. 

• Rotation — Earth’s spin organizes convective flow into helical, columnar structures aligned 

with the rotation axis, a consequence of the Coriolis force. Without rotation, convection 

would be chaotic and would not produce a coherent dipole. 

1.2 Governing equations 

The geodynamo is described by a coupled system of equations: the Navier-Stokes equations for 

fluid flow (with Coriolis and Lorentz force terms), the magnetic induction equation derived from 

Maxwell’s equations and Ohm’s law, the heat and compositional transport equations, and the 

continuity equation for incompressible flow. The induction equation has the form: 

    ∂B/∂t = ∇ × (u × B) + η∇²B 

where B is the magnetic field, u is the fluid velocity, and η is the magnetic diffusivity. The first 

term on the right is advection — the field is dragged along with the flow. The second term is 

diffusion — the field tries to decay. The geodynamo persists because the advection term 

continuously regenerates field faster than diffusion erodes it. The ratio of these effects is the 

magnetic Reynolds number; for Earth it is large (on the order of several hundred), which is why 

the dynamo is self-sustaining. 

1.3 Why the field is mostly a dipole — and why it wobbles 

If you decompose Earth’s field into spherical harmonics, roughly 90 percent of the surface field 

strength comes from the dipole (degree-1) term, with quadrupole, octupole, and higher-order 

components contributing the remainder. The dominance of the dipole is not coincidence — it 
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reflects the fact that rotation forces the dominant flow patterns in the outer core to be 

axisymmetric. But the higher-order terms are not negligible, and they are responsible for the 

field’s asymmetries: the offset of the magnetic poles from the geographic poles, the South 

Atlantic Anomaly, regional flux lobes, and the gradual westward drift of features at the core-

mantle boundary. 

Two specific features matter for understanding pole movement: 

• Flux lobes — Concentrated patches of magnetic flux entering or leaving the core-mantle 

boundary. Two prominent positive-flux lobes sit beneath Canada and Siberia, exerting a 

magnetic tug-of-war on the north magnetic pole. The pole sits roughly where these 

competing influences balance. 

• Reversed flux patches — Localized regions where the radial field points the opposite 

direction from the surrounding hemisphere. A growing reversed-flux patch beneath the 

South Atlantic is the primary driver of the South Atlantic Anomaly. 

Pole drift, in other words, is not the pole literally being pushed across the planet. It is a 

consequence of the relative strengthening and weakening of subterranean flux structures, 

integrated into the geometric location where the surface field becomes vertical. 
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2. The Paleomagnetic Record 

The history of Earth’s magnetic field is preserved in three principal archives: 

• Volcanic rocks — When lava cools through the Curie temperature (~580 °C for magnetite), 

magnetic minerals lock in the direction of the ambient field. Dated lava sequences give 

point-in-time snapshots. 

• Marine sediments — Magnetic mineral grains settling through the water column 

statistically align with the field, producing a continuous (if smoothed) record. Drilling 

cores from ocean basins are the workhorse of paleomagnetic research. 

• Seafloor magnetic stripes — As new oceanic crust forms at mid-ocean ridges, it inherits the 

field polarity of its formation epoch. The result is symmetric, alternating bands of normal 

and reversed polarity flanking the ridge — the discovery of which in the 1960s confirmed 

both plate tectonics and the reality of geomagnetic reversals. 

2.1 The Geomagnetic Polarity Timescale 

Synthesizing all three archives produces the Geomagnetic Polarity Timescale (GPTS), which 

catalogs every reversal back through the past several hundred million years. The most recent full 

reversal — the Brunhes-Matuyama transition — occurred approximately 780,000 years ago. 

Reversal frequency has not been constant; it varies dramatically over geologic time. 

 
Figure 1: Reversal frequency varies by more than an order of magnitude through geologic time. The Cretaceous 

Normal Superchron stands out as a 37-million-year interval with zero recorded reversals. 

Two features of this record deserve emphasis: 
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• Superchrons — Long intervals of stable polarity. The Cretaceous Normal Superchron 

lasted approximately 37 million years (~120 to 83 Ma). Earlier, the Kiaman Reversed 

Superchron of the late Paleozoic ran for about 50 million years. The geodynamo can settle 

into very stable states for very long times. 

• Rate variability — Reversal frequency has increased through the Cenozoic, from roughly 

one reversal every several million years to four to five per million years in the Pliocene-

Pleistocene. The cause is not fully understood, but the leading hypothesis is that the 

pattern of heat flow across the core-mantle boundary — modulated by mantle convection 

on geologic timescales — controls how stable the dynamo can be. 

2.2 Excursions versus full reversals 

Not every magnetic anomaly is a reversal. The literature distinguishes: 

• Secular variation — Ongoing year-to-year and decade-to-decade changes in field strength 

and direction. This is what the World Magnetic Model is updated to track. 

• Excursions — Large departures of the virtual geomagnetic pole from its normal range, 

often with significant field weakening, that recover to the original polarity rather than 

completing a flip. Excursions are short, typically lasting a few hundred to a few thousand 

years. 

• Full reversals — The dipole completes a flip and remains in the new polarity for at least 

tens of thousands of years (and typically much longer). 

During an excursion, the field reverses in the liquid outer core but not in the solid inner core. 

Magnetic diffusion in the inner core operates on a timescale of roughly 3,000 years, compared 

to 500 years or less in the outer core. The inner core therefore acts as a stabilizing flywheel, 

biasing the system back toward its previous polarity. A full reversal requires the inner core field 

to be overwhelmed, which is why reversals are rare and excursions are comparatively common. 
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2.3 The Laschamp event — the best benchmark 

The Laschamp excursion, dated to approximately 41,000 years ago, is the most thoroughly 

studied recent magnetic anomaly. During the event: 

Laschamp Excursion (~41,000 BP) Detail 

Duration ~1,000 years total, with the most extreme phase 
lasting ~300 years 

Minimum field strength ~5 percent of present-day intensity 

Field strength while reversed ~25 percent of present intensity 

Cosmogenic isotope response Sharp increases in beryllium-10 and carbon-14 
production 

Ozone response Modeled depletion of stratospheric ozone, 
particularly at high latitudes 

Cultural correlation Disputed — some researchers correlate to 
Neanderthal decline and emergence of cave art; 
counter-arguments note other excursions had no 
such effects 

 

The Laschamp event is the most useful real-world data point we have for what a near-future 

weakening or excursion might look like. It tells us the field can collapse to 5 percent of present 

strength, partially reverse, and recover — all within roughly a millennium — without producing 

a documented mass extinction. Life on Earth, and Homo sapiens in particular, evidently came 

through it. 
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3. What Is Happening Right Now 

3.1 The wandering north magnetic pole 

Sir James Clark Ross first located the north magnetic pole in 1831 on the Boothia Peninsula in 

Arctic Canada. Since then, the pole has migrated more than 2,200 kilometers, and it crossed the 

international date line into the Russian hemisphere around 2017–2019. The 2025 release of the 

World Magnetic Model confirms that the pole is now closer to Siberia than to Canada — a 

meaningful geographic milestone after nearly two centuries of northwesterly drift. 

More striking than the distance is the velocity profile: 

 
Figure 2: The north magnetic pole accelerated dramatically in the late 20th century and has recently decelerated — 

the largest deceleration ever observed in the historical record. 

Pre-modern drift speeds were on the order of 5 to 10 kilometers per year. By the late 1990s the 

pole was moving at 50 to 60 kilometers per year — a fivefold increase. As of the WMM2025 

release, the BGS reports a deceleration to roughly 35 kilometers per year, which they describe as 

the largest such deceleration ever observed. William Brown of the BGS noted in the WMM2025 

release commentary that this behavior is unprecedented in the modern instrumental record. 

The physical interpretation: the Siberian flux lobe has been gaining strength relative to the 

Canadian lobe for two decades, pulling the pole eastward. Recent satellite data suggest the 

Siberian lobe may now be weakening slightly, which would account for the deceleration. This is 

normal geodynamo behavior — what is unusual is the speed of the swings, not their direction. 
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3.2 The South Atlantic Anomaly 

The South Atlantic Anomaly (SAA) is a region of unusually weak magnetic field stretching from 

southern South America across the South Atlantic to southern Africa. Three observations 

matter: 

• Intensity — The SAA minimum field strength dropped from roughly 24,000 nanoteslas in 

1970 to under 22,000 nanoteslas by 2020, against a global average near 50,000 nT. 

• Growth — The anomaly grew by approximately 8 percent in surface area in the past year 

alone, according to the NOAA State of the Geomagnetic Field report. 

• Bifurcation — ESA Swarm and NASA observations confirm the SAA is splitting into two 

distinct lobes — one over South America and one over the South Atlantic — a feature 

visible in modeling out to 2030. 

The SAA is the most consequential active anomaly because it is the region where satellites are 

most exposed to inner Van Allen belt radiation. As the field weakens, the inner Van Allen belt 

effectively descends closer to Earth’s surface in that region. Satellites passing through the SAA 

routinely experience single-event upsets, memory errors, and instrument resets. The 

International Space Station powers down certain instruments during SAA passes. 

The structural origin appears to be a large reversed-flux patch developing beneath southern 

Africa, possibly influenced by the African Large Low Shear Velocity Province (LLSVP) — a 

continent-sized region of anomalously hot, dense material at the base of the mantle. The LLSVP 

affects core-mantle heat flow in a way that biases dynamo behavior locally. This is one reason 

researchers debate whether the SAA is a transient feature or part of a longer-term 

reorganization of the field. 
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3.3 Global dipole weakening 

The total dipole moment of Earth’s field has declined by approximately 9–10 percent over the 

past two centuries — roughly 5 percent per century. Extrapolated linearly, the field would 

collapse to zero in about 2,000 years; in practice, dynamo behavior is non-linear, and there is no 

reason to expect linear continuation. 

 
Figure 3: The Holocene record shows the dipole moment varying within a wide envelope. Today’s ~7.7 × 10²² A·m² 

is below the mid-Holocene maximum of ~11 but still vastly higher than the Laschamp minimum. 

Two points place current decline in context: 

• Today’s field is still above the Holocene average. The mid-Holocene maximum (~3000 BP) 

of ~11 × 10²² A·m² is anomalously high; today’s value is closer to the long-term Holocene 

mean. 

• The field would need to drop by another 90+ percent — by more than an order of 

magnitude — to reach Laschamp-equivalent weakness. At the current rate of decline, that 

takes thousands of years and is not guaranteed to happen at all. 
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4. Anatomy of a Full Reversal 

A geomagnetic reversal is not a moment. It is a process, and most of what is interesting about it 

happens during the transition rather than at the endpoints. The best reconstructions of past 

reversals — particularly the Brunhes-Matuyama and the older Matuyama-Gauss transitions — 

describe the following sequence: 

4.1 Phase 1: Pre-transition weakening 

Hundreds to thousands of years before the transition itself, the dipole field weakens to a fraction 

of its stable-state intensity — typically to 10–20 percent of normal. The smooth, predominantly 

dipolar geometry breaks down. Higher-order multipole components become relatively more 

significant. The field at the surface becomes geometrically complex — instead of a clean two-pole 

pattern, multiple regional poles may appear simultaneously. 

4.2 Phase 2: The transition itself 

The dipole continues to weaken, possibly reaching 5 percent or less of its baseline strength. The 

virtual geomagnetic pole wanders chaotically through middle and equatorial latitudes. Compass 

needles in this period would not point north — they might point anywhere, drift continuously, or 

split into regional patterns. The full transition typically lasts between 1,000 and 10,000 years, 

with the most extreme low-field phase occupying perhaps a few hundred years within that 

window. 

4.3 Phase 3: Stabilization in the new polarity 

The field reorganizes around a dipole of opposite polarity. North-seeking compass needles now 

point south (in our current frame of reference). The field intensifies back toward stable-state 

values over the subsequent few thousand years. 

4.4 What does NOT happen 

A reversal is not a sudden flip. It is not a global cataclysm. It does not coincide with crustal 

upheaval, plate motion changes, or volcanic mass eruptions. It does not cause Earth to 

physically tumble. These are persistent popular-media misconceptions, and they are not 

supported by any geophysical or paleontological evidence. The geomagnetic field is a fluid-

dynamics phenomenon contained entirely within the outer core; nothing about a reversal 

mechanically threatens the surface or the mantle. 
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5. Real and Theorized Implications 

5.1 What is well-established 

During a low-field interval — whether an excursion or a full reversal — the protective 

magnetosphere is degraded. The well-supported physical consequences include: 

• Increased cosmic ray flux at the surface — Galactic cosmic rays normally deflected by the 

magnetosphere reach lower altitudes and lower latitudes. Cosmogenic isotope production 

(beryllium-10, carbon-14, chlorine-36) increases measurably. The Laschamp event left a 

sharp ¹⁰Be spike in ice cores and a ¹⁴C excursion that distorts radiocarbon calibration 

curves. 

• Atmospheric ozone depletion — Increased high-energy particle precipitation produces 

nitrogen oxides in the stratosphere, which catalytically destroy ozone. Modeling studies 

suggest stratospheric ozone reduction on the order of 10–25 percent during the Laschamp 

minimum, with regional concentrations potentially worse. 

• Aurora at low latitudes — With a weakened or reorganized field, auroral ovals expand 

toward the equator. Auroras have been recorded as far south as the Caribbean during 

severe solar storms even with a strong field; during a reversal they could become globally 

common. 

• Satellite and grid vulnerability — A weaker field means more of every geomagnetic storm 

reaches the surface, with corresponding increases in induced currents in power grids, 

pipelines, and long communications cables. The 1989 Quebec blackout — caused by a 

moderate storm against today’s normal field — is a useful baseline for what becomes more 

frequent. 

• Navigation system disruption — Magnetic-compass navigation becomes useless. GPS and 

inertial systems are unaffected by the field itself, but their satellite components are more 

exposed to radiation damage. Aviation, marine, and military systems calibrated against the 

WMM require continuous re-baselining. 
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5.2 What is debated 

Several proposed consequences remain contested in the literature: 

• Mass extinctions — A 2021 paper by Cooper et al. argued that the Laschamp event caused 

major behavioral and biological shifts including Neanderthal extinction, Australian 

megafauna loss, and the emergence of cave art. Subsequent critiques (Picin et al., 2021) 

argued the chronological coincidence is weaker than claimed and that earlier excursions 

like the Blake event (~114,000 BP) produced no comparable effects. The paleontological 

record does not show systematic extinction signatures at reversal boundaries. 

• Climate effects — Some studies correlate excursions with cooling events (the Auel Cold 

Event in central Europe during the Laschamp). The proposed mechanism is ozone-driven 

changes in stratospheric chemistry altering tropospheric circulation. The signal is real but 

small and regional, not a global climate forcing comparable to orbital variations or 

greenhouse gas changes. 

• Cancer and health effects — Direct biological consequences for humans from increased 

cosmic radiation at sea level are likely modest. Aviation crews already accept measurably 

higher cosmic ray doses than ground populations; a Laschamp-magnitude field weakening 

would push surface radiation doses to roughly the level of present-day high-altitude flight 

crews. This is detectable but not catastrophic. 

• Animal navigation — Many species (sea turtles, salmon, monarch butterflies, some bird 

species) use magnetic cues for migration. A reorganizing field could plausibly disrupt these 

systems. Whether species adapt within a generation, suffer population crashes, or shift 

ranges is genuinely unknown — the most recent reversal predates the relevant comparative 

behavioral studies by 780,000 years. 

5.3 What is largely fiction 

• Tectonic catastrophe — No mechanism connects core-fluid dynamics to crustal 

deformation on reversal timescales. 

• Atmospheric loss — Earth’s atmosphere is retained by gravity, not by the magnetic field. 

Mars lost much of its atmosphere over billions of years partly due to solar wind stripping 

after its dynamo shut down, but that operates on geologic timescales orders of magnitude 

longer than a single reversal. 

• Sudden flip in days or weeks — The fastest credible reversal models still operate on 

timescales of centuries, and most evidence supports millennia. The popular trope of an 

overnight reversal has no observational or theoretical support. 
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6. Probability Assessment 

Quantitative probabilities for geomagnetic events on human timescales require honest 

acknowledgment of the limits of the record. With approximately 184 reversals in the past 83 

million years, the long-term average rate is roughly one reversal every 450,000 years — but 

reversal intervals vary widely (from a few thousand to several million years), and the system is 

non-Poissonian. With that caveat: 

Event Probability Estimates (Best 
Available Science) 

Detail 

Full reversal completing within next 100 
years 

Effectively zero — well below 0.1 percent. 
Transitions take 1,000–10,000 years; the process 
must already be underway, and even maximalist 
readings of current data do not place us inside a 
transition. 

Onset of a transition within next 1,000 
years 

Low but non-negligible. Mainstream estimates: 
1–5 percent. The field is weakening, but it has 
been weaker many times before without 
reversing. 

A Laschamp-magnitude excursion within 
next 10,000 years 

Plausible. Excursions occur roughly every 50,000 
years on average. The probability over a 10,000-
year window is meaningfully greater than zero, 
though not high. 

Continued SAA expansion through 2100 High — essentially the working assumption. 
NOAA, BGS, and ESA modeling all project 
continued expansion and deepening on decadal 
timescales. 

Pole drift acceleration resuming Unknown. Current deceleration could persist or 
reverse. The historical record shows pole velocity 
is highly variable. 

Catastrophic biosphere collapse from a 
future reversal 

Essentially zero based on paleontological 
evidence. Life has survived hundreds of reversals; 
no mass extinction event in the fossil record 
cleanly correlates with a polarity transition. 

Reading these numbers honestly 

The probability that you, your children, or your grandchildren will live through a full 

geomagnetic reversal is, for practical planning purposes, zero. The probability that the SAA will 

continue to grow and complicate satellite operations through your lifetime is essentially certain. 

Between those two extremes lies a wide envelope of intermediate scenarios — accelerated dipole 

decline, regional excursions, increased solar weather vulnerability — that are worth monitoring 

but do not warrant alarm. 
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The geodynamo is doing what geodynamos do. The unusual feature of the present moment is 

not the behavior of the field itself but our ability to observe it in real time with satellite 

magnetometers, paleomagnetic reconstructions extending tens of thousands of years, and global 

models updated on a five-year cycle. We are watching a slow planetary process with 

unprecedented resolution, and resolution sometimes looks like alarm. 
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7. Conclusion and Outlook 

Earth’s magnetic field is changing — measurably, continuously, and in ways that matter for 

navigation, satellite operations, and high-latitude infrastructure. The north magnetic pole has 

crossed an Arctic hemisphere line that places it closer to Siberia than to Canada. The South 

Atlantic Anomaly is growing and splitting. The global dipole has lost roughly a tenth of its 

strength in two centuries. None of these observations are individually surprising in light of the 

historical record, and none individually indicate an imminent reversal. 

What the data do indicate is that the geodynamo operates in a regime of continuous, sometimes 

accelerated change, punctuated by occasional excursions and rare full reversals. The deepest 

analytical mistake in this domain is to confuse interesting with unprecedented, or 

unprecedented with dangerous. Earth’s magnetic field has been doing this for at least three 

billion years, and life has continued through every reversal we can identify. 

Practical implications for the next several decades: 

• Continued five-year (or shorter) revisions to the World Magnetic Model. The unscheduled 

2019 mid-cycle correction may not have been the last. 

• Continued degradation of compass-based navigation at high latitudes, particularly in the 

expanding blackout zones near the magnetic poles. 

• Increased satellite radiation exposure in the SAA, with operational mitigations becoming 

standard practice for low-Earth-orbit missions. 

• Greater grid vulnerability to severe geomagnetic storms — primarily a solar-driven 

concern, but amplified by the weakening field. 

• No expected impact on terrestrial life, including humans, from the field weakening itself. 

The honest summary is that geomagnetic reversal is a real, well-documented planetary 

phenomenon that occurs on geologic timescales. The current state of the field is consistent with 

normal long-term variability. Continued monitoring is essential — not because catastrophe 

looms, but because the engineering systems that depend on the field’s stability require 

continuously updated reference data. That, more than any speculation about reversals, is the 

actionable takeaway. 

 

 

Prepared by Kevin Nussbaum,  

Applied Futures Research 

Independent research whitepaper · May 15, 2026 



Geomagnetic Pole Reversal Whitepaper · K. Nussbaum 

Page 17 of 17 

References and Data Sources 
Primary scientific and institutional sources consulted for this whitepaper: 

 

• NOAA National Centers for Environmental Information / British Geological Survey. World Magnetic 

Model 2025 (WMM2025) and WMM High Resolution (WMMHR2025) release documentation, 

December 2024. 

• NOAA NCEI. December 2025 State of the Geomagnetic Field Report. 

• NOAA NCEI / CIRES University of Colorado Boulder. High Definition Geomagnetic Model (HDGM) 

2026 release. 

• European Space Agency. Swarm satellite constellation mission data (2013–present), South Atlantic 

Anomaly monitoring. 

• NASA Scientific Visualization Studio. South Atlantic Anomaly evolution 2015–2025. 

• Cande, S. C., and Kent, D. V. (1995). Revised calibration of the geomagnetic polarity timescale for the 

Late Cretaceous and Cenozoic. Journal of Geophysical Research. 

• Pavón-Carrasco, F. J., Osete, M. L., Torta, J. M., and De Santis, A. (2014). A geomagnetic field model for 

the Holocene based on archaeomagnetic and lava flow data. Earth and Planetary Science Letters. 

• Finlay, C. C., et al. (2020). The CHAOS-7 geomagnetic field model and observed changes in the South 

Atlantic Anomaly. Earth, Planets and Space, 72:156. 

• Campuzano, S. A., et al. (2022). Recurrent ancient geomagnetic field anomalies shed light on future 

evolution of the South Atlantic Anomaly. PNAS. 

• Cooper, A., et al. (2021). A global environmental crisis 42,000 years ago. Science, 371, 811–818. 

• Picin, A., et al. (2021). Comment on "A global environmental crisis 42,000 years ago." Science. 

• Wikipedia: Geomagnetic reversal; Laschamp event; South Atlantic Anomaly — used as topical reference 

and cross-link aggregators only. 

• Ogg, J. G. (2020). Geomagnetic Polarity Time Scale. In: Geologic Time Scale 2020. 

 

All numeric figures in this paper are sourced from the above references. Where multiple sources offered slightly 

different values (typical for paleomagnetic reconstructions), midrange values consistent with the WMM2025 

release commentary and current NOAA/BGS published parameters have been used. 


