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The present-day magnetic field protects life, 

but an ancient phase when it nearly collapsed 

corresponded with a key step in evolution. Changes 

in the planet’s deep interior may have started it all.
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EARTH'S MAGNETIC DIPOLE

The magnetic field is generated by convection in Earth’s 
liquid-iron outer core, as illustrated in figure 2, and it varies 
on time scales that range from less than a year to hundreds 
of millions of years. Paleomagnetists—geophysicists who 
study the ancient magnetic field recorded in rocks and 
sediments—have established that the field reverses polar-
ity at irregular intervals and that during polarity reversals, 
the field decreases in strength. Polarity transitions take 
thousands of years, but they are just moments when viewed 
across the expanse of geologic time, across which there 
is a seemingly omnipresent magnetic field.

Until recently, no one had reason to suspect that the 
magnetic field in the past had nearly ceased for tens of 
millions of years. But with new data, paleomagnetists 
have found a prolonged near collapse of Earth’s magnetic 
field, some 575–565 million years ago during what’s 
known as the Avalon explosion, the dawn of macroscopic 
complex animal life. We now face the possibility of a new, 
unexpected twist in how life might relate to the magnetic 
field, a twist that could reach deep into Earth’s inner core.

A field adrift
When, in the 1950s, Ted Irving and his contemporaries first 
used paleomagnetic data to quantify continental drift— 
the harbinger of plate tectonics—they assumed that Earth’s 
magnetic field could be approximated as a dipole centered 
on the planet’s axis of rotation.3 Ever since, geologists and 
geophysicists have used paleomagnetic directions re-
corded in rocks to reconstruct the past positions of conti-
nents because those data tended to conform to the ex-
pected field morphology.4 They met a profound obstacle, 
however, when studying the Ediacaran Period, between 
635 and 541 million years ago, because rocks formed at that 
time recorded a myriad of peculiar magnetic directions.

Some suggested that the odd directions recorded true 
polar wander, a reorientation of the solid Earth relative to 
its spin axis, at rates so high—up to tens of degrees per 
million years—that the explanation violated limits im-
posed by the viscosity of the mantle. Others proposed that 
the odd directions recorded alternations between a geo-

centric axial north–south dipole and a geocentric axial equa-
torial dipole, but they offered no reason for those changes. 
Subsequent studies revealed more complex directions that 
were incongruent with an interchange of dipole axes.

As even more data were collected, several groups con-
cluded that the Ediacaran magnetic field was reversing polar-
ity at a hyperfrequent rate, greater than 10 reversals per million 
years. From investigations of the most recent reversal, which 
occurred about 800 000 years ago, paleomagnetists knew that 
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FIGURE 1. THE SIZE AND SHAPE OF THE MAGNETOSPHERE 
are controlled by interactions between the solar wind and Earth’s 
magnetic field. A big-picture view of changes in magnetosphere 
size with time can be obtained by tracking the magnetopause 
standoff distance rs, the point toward the Sun where the wind 
pressure is balanced by the magnetic field pressure. A typical 
standoff distance today is between 10 and 11 Earth radii. During 
solar storms—for example, the coronal mass ejection events and 
solar flares of May 2024 that produced auroras visible at low 
latitudes—the standoff can be compressed to half that distance, 
but only on hour time scales. The pressure balance between the 
solar wind and Earth’s magnetic field can be calculated back in 
time to understand the ancient paleomagnetosphere.2,7 (Image 
adapted from NASA’s Goddard Space Flight Center.)

Is Earth’s magnetic field crucial to the planet’s habitability? Did it enable the evolution of life? Sci-
entists have pondered those questions for at least 60 years.1 The geomagnetic field shields our 
planet from solar and cosmic radiation that are harmful to life. The magnetosphere, illustrated in 
figure 1, can limit erosion of the atmosphere by solar winds. And it helps keep water, an essential 
ingredient for life as we know it, from escaping to space. Based on those facts, many scientists view 

evidence for the great antiquity of the geodynamo—which is thought to be more than 4 billion years 
old2—as consonant with a geomagnetic field that has helped preserve Earth’s oceans and habitability. 
But those who study the core, dynamo, and magnetism have found questions about their relationship 
to life ever more intriguing as new findings have shifted our understanding of ancient Earth.
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the field could take on an unusual morphology during a po-
larity change. A few researchers recognized that frequent re-
versals pointed to nondipolar fields that could account for 
some of the seemingly erratic Ediacaran magnetizations. Other 
groups, however, stood by the idea of true polar wander and 
assimilated data into ever-changing models that raised the 
question, What was the principal physical process responsible 
for the strange magnetic directions?

Paleomagnetists had based their interpretations of the Edi-
acaran geomagnetic field on only magnetic directions because 
reliable data on the past strength of the field—paleointensity—
had not yet been collected. The measurement of paleointen-
sity is especially challenging because data are easily corrupted 
by alteration induced in the laboratory. The highest fidelity 
recording of paleointensity requires tiny magnetic grains, 50 
to a few hundreds of nanometers in size. Those minute crystal 
grains hold a single domain, a region where the magnetization 
is in a uniform direction. The magnetization of an ensemble of 
single-domain grains provides a measure of the magnetic field 
strength at the time the grains cooled. But rocks with a domi-
nance of such grains are rare in nature. (See the box on page 
30 for more on single-crystal paleointensity measurements.)

In 2015, using the single-crystal paleointensity method, 
Richard Bono was the first to collect robust paleointensity 
data from the Ediacaran Period. His results—a geomagnetic 
field with a strength just one-tenth of the present-day field’s—
were startling.5 Importantly, Bono and colleagues studied 

rocks that had cooled over at least many tens of thousands of 
years, so the readings were not just recording a geomagnetic 
reversal. Instead, they had measured the mean state of the 
past geodynamo. Bono and colleagues’ study sites were in 
northern Quebec, on the ancient continent of Laurentia. Their 
results were soon reproduced by Valentina Shcherbakova 
and colleagues, who reported ultralow field values from 
rocks in Ukraine, part of the ancient continent of Baltica.

Shcherbakova and colleagues’ results came from quickly 
cooled ancient lava flows, but their samples spanned a sub-
stantial time period, up to 20  million years long. Daniele 
Thallner, working with Shcherbakova, bolstered the results 
from Baltica and found tentative evidence for ultralow fields 
from dikes, quickly cooled igneous intrusions that formed in 
existing rocks, in Laurentia.6 More recently, Wentao Huang 
used the single-crystal method to document ultralow field 
values from slowly cooled Ediacaran rocks from Brazil, part 
of the ancient continent Gondwana. Huang’s data record the 
lowest time-averaged field found to date, one-thirtieth the 
strength of the present-day field. Together with the previous 
data, those results define an extraordinary ultralow time-
averaged field interval, spanning at least 26 million years of 
the Ediacaran Period,7 as shown in figure 3.

A new view of the inner core
Independent of the flurry of new paleointensity data, research-
ers, including theorists, mineral physicists, and geophysicists, 
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FIGURE 2. CHANGES DEEP INSIDE EARTH have affected the behavior of the geodynamo over time. In the fluid outer core, shown at right, 
convection currents (orange and yellow arrows and ribbons) form into rolls because of the Coriolis effect from the planet’s rotation and 
generate Earth’s magnetic field (black arrows). Structures in the mantle—for example, slabs of subducted oceanic crust, mantle plumes, and 
regions that are anomalously hot or dense—can affect the heat flow at the core–mantle boundary and, in turn, influence the efficiency of 
the geodynamo. As iron freezes onto the growing solid inner core, both latent heat of crystallization and composition buoyancy from release 
of light elements provide power to the geodynamo. (Left: Earth layers image adapted from Rory Cottrell, Earth surface image adapted from 
EUMETSAT/ESA; right: image adapted from Andrew Z. Colvin/CC BY-SA 4.0.)
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had been reconsidering the evolution of Earth’s thermal his-
tory and core evolution. In probing the details of the thermal 
history, those scientists raised the possibility that the thermal 
conductivity of Earth’s core had been previously underesti-
mated by as much as a factor of three. Stéphane Labrosse and 
Francis Nimmo both showed that if the core’s conductivity 
was higher, the early core was also hotter. That suggested that 
Earth’s solid inner core, illustrated in figure 2, was relatively 
young, with nucleation most likely commencing between 
about 600 and 500 million years ago.8

Mineral physicists have used high-pressure, high-
temperature diamond anvil experiments to estimate conduc-
tivity values at core conditions, but those measurements are 
extraordinarily difficult. Recent experiments and analyses 
by several groups brought the initial high-conductivity esti-
mates down, but the values are still higher than those based 
on classic assumptions. Measurements and debate are ongo-
ing. Importantly, Peter Driscoll used a numerical model to 
predict that before inner-core nucleation, the geodynamo 
would approach the weak-field state, in which the kinetic 
energy of the fluid core exceeds the magnetic energy.9

Bono and colleagues considered the long-term history of 
the geomagnetic field and found that time-averaged paleo
intensity data show highs and lows on time scales of tens to 
hundreds of millions of years, as would be expected if the 
generating efficiency of the geodynamo reflects changes in the 
pattern of heat flux across the boundary between the core and 
the mantle. Such variations might be imparted by cold sink-
ing slabs of tectonic plates or by hot rising mantle plumes.

Yet behind those variations, the researchers also detected 
from 3.5 billion years ago a signal of an ever-decreasing dipole 
intensity leading into the field’s near-collapse, now dated be-
tween 591 and 565 million years ago, as shown in figure 3. 
That decrease is consistent with waning core–mantle bound-
ary heat flux before inner-core nucleation. Combining that 

observation with their ultralow field values and the model 
predictions, Bono and colleagues proposed an Ediacaran inner-
core nucleation date.5

Models predict that the magnetic field would strengthen 
as soon as the inner core started to grow because energy from 
both latent heat of crystallization and composition buoyancy 
would supply new power to the dynamo. Seizing on that 
prediction, Tinghong Zhou and colleagues conducted single-
crystal paleointensity analyses on slowly cooled igneous 
rocks of the earliest Cambrian Period, just after the Ediacaran 
Period. They found that the time-averaged field strength had 
almost tripled between 565 and 532 million years ago10 (see 
the top graph of figure 3). Based on those results, they as-
signed a more precise age of 550 million years to the time of 
inner-core nucleation and recognized an opportunity to ex-
plore an even deeper issue of core science.

Since Inge Lehmann’s discovery of the solid inner core in 
1936, seismologists have used data from large earthquakes to 
probe its inner structure. In 2002, Miaki Ishii and Adam Dzie
woński found evidence for an innermost inner core, as sketched 
in figure 2, from the distinct behavior of seismic waves traveling 
through that region of the core. Although model details differ, 
many seismologists have confirmed the existence of an inner-
most inner core,11 but its origin remains a mystery.

Zhou and colleagues investigated the possibility that 
changes in the lower mantle’s structure and heat flow could 
have influenced the pattern of iron crystallization that formed 
the inner core. Using their estimated age for the onset of inner-
core nucleation and a model for its growth, they proposed that 
the boundary between the outermost and innermost inner 
core reflects a change in deep-mantle heat flow. In their model, 
the ancient deep mantle was dominated by one basal thermo-
chemical structure until, some 450 million years ago, it was 
replaced with two structures—one beneath the Pacific Ocean 
and one beneath the Atlantic Ocean—by deep subduction of 

Measuring the intensity of the ancient magnetosphere
The magnetization, or remanence, of mag-
netic minerals in cooling igneous rocks can 
record the strength and direction of 
Earth’s magnetic field at the time the rock 
formed. Grains with a single magnetic 
domain are key to the collection of robust 
measurements of the past strength, or 
paleointensity, of Earth’s field. The mag-
netic grain sizes in most rocks are large 
enough that individual crystal grains 
contain many domains. The propensity 
of domain walls in multidomain grains to 
move, especially during geologic reheat-
ing events that even the best- preserved 
ancient rocks have experienced, can call 
into question whether magnetization 
has been accurately retained.

The single-crystal paleointensity 
method was developed to overcome 
that field-recording challenge. Many rock-
forming silicate minerals (such as feld-
spars, pyroxenes, and quartz) or accessory 
minerals (such as zircons) can contain mi
nute magnetic single-domain inclusions, 
without the multidomain grains common 
in bulk rocks. Some slightly larger magnet-
ic inclusions, including small grains with 
more complex structures that act like sin-
gle domains (for example, pseudo single 
domains and single-vortex states), can 
also preserve ancient magnetizations.

Magnetic grains with a single mag-
netic domain can retain their magnetic 
fields for billions of years.18 Laboratory 

heating experiments can be used to re-
cover the paleofield strength Hpaleo using 
the relationship

Hpaleo = (MNRM/MTRM)Hlab ,

where MNRM is the natural remanent mag-
netization (NRM) lost after heating over a 
given temperature range in no magnetic 
field, and MTRM is the thermoremanent 
magnetization (TRM) gained after heating 
over the same temperature in a known 
applied lab field of strength Hlab. In prac-
tice, the experiment is conducted over 
heating steps spanning the range of tem-
peratures at which a sample’s magnetic 
minerals lock in their magnetizations.
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oceanic slabs (see the article by Ed Garnero and Claire Rich-
ardson, Physics Today, December 2024, page 36).

An explosion of animal life
Geophysicists and mineral physicists are approaching a con-
sensus that could provide the key conceptual framework— 
the weak-field state before inner-core nucleation5,9—to under-
stand why the Ediacaran geomagnetic field was so strange. 
Huang and colleagues also found a striking correlation be-
tween the evolutionary radiation (rapid increase in speciation) 
of animal life and the ultraweak field, and they took up anew 
the question of linkages with evolution.7,12 Joseph Meert and 
colleagues had in 2016 suggested that a weaker field, which 
they inferred might be present from the apparent frequent 
geomagnetic reversals, was related to the explosion of com-
plex life during the Cambrian Period, when nearly all modern 
animal phyla first appeared in the fossil record. (Although the 
Cambrian explosion of life has been recognized since the mid 

20th century, the Avalon explosion of the preceding Ediacaran 
Period was discovered only in recent decades.)

In Meert and colleagues’ model, a key agent driving the 
Cambrian explosion was a greater incidence of energetic 
solar protons.13 Charles Jackman and colleagues had long ad-
vocated that a deeper penetration of energetic solar particles 
into the atmosphere during periods of weak geomagnetic 
field strength would lead to chemical reactions that produce 
nitrogen oxides, which in turn would deplete the ozone layer 
and lead to an increase in UV radiation. Meert and colleagues 
hypothesized that a higher UV-B flux would increase muta-
tion rates and thereby stimulate evolutionary processes 
during the Cambrian.

But Manasvi Lingam questioned the linkage because the 
atmosphere and water shield much UV radiation, something 
Carl Sagan had highlighted some 60 years earlier.14 Paleon-
tologists infer that most new Ediacaran and Cambrian ani-
mal forms lived in the subsurface of oceans, which makes UV 
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FIGURE 3. THE COLLAPSE OF EARTH’S MAGNETIC FIELD in the late Ediacaran Period corresponds with the formation of the inner core, 
based on geodynamic simulations of the planet’s history. (top) Field strength (shown here as the strength of Earth’s dipole moment) over 
time is constrained by select paleointensity analyses. Symbol sizes are larger for time-averaged values. (bottom) Geodynamic models are 
used to estimate changes in the heat flux at the core−mantle boundary8 (gold) and corresponding estimates of inner-core nucleation and 
growth (red). The gray dashed line marks the time when the inner core was 50% of its current size. Some data analyses show a change in 
seismic anisotropy at that same radius, which is linked to the boundary between the innermost and outermost inner core,11 shown in 
figure 2. (Figure adapted from refs. 5, 7, and 10.)
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shielding particularly relevant. And Huang and colleagues 
emphasize that the correlation between the ultraweak field 
and evolution is a phenomenon of the Ediacaran Period 
and not the Cambrian Period (see figure 4).

Paleontologists have documented that eukaryotes (or-
ganisms with cell nuclei) were present before the Ediacaran 
Period, but they were almost exclusively microscopic in 
size. A dramatic increase in body size, however, occurred 
late in the Ediacaran Period—when mobile animals like 
the pancake-shaped Dickinsonia reached many decimeters 
in size15—and squarely within the time of ultraweak fields. 
Biologists generally associate larger body sizes and in-
creased mobility with higher oxygen demands.

Is there evidence for increases in oxygenation during 
that spurt of evolution? Notwithstanding considerable 
ongoing debate associated with the difficulty of obtaining 
global oxygen signatures from measurements of ancient 
rocks, geochemists have found a wealth of data support-
ing an increase in oxygenation that coincides with the 
ultralow geomagnetic fields,7,16 as shown in figure 4. Faced 
with a correlation between the ultraweak fields, oxy-
genation, and animal radiation, my group at the Univer-
sity of Rochester then asked the question, What might 
link these phenomena?

Eric Blackman, David Sibeck, and I have considered 
whether the linkage might be found in changes to the 
paleomagnetosphere. Records of the strength of the time-
averaged field can be derived from paleomagnetism, 
whereas solar-wind pressure can be estimated using data 
from solar analogues of different ages. My research 
group and collaborators have traced the history of solar–
terrestrial interactions in the past by calculating the 
magnetopause standoff distance, where the solar-wind 
pressure is balanced by the magnetic field pressure, 
shown in figure 1. We know that the ultralow geomagnetic 
fields 590 million years ago would have been associated 
with extraordinarily small standoff distances, some 4.2 
Earth radii (today it is 10–11 Earth radii) and perhaps as low 
as 1.6 Earth radii during coronal mass ejection events.

Satellite and ground-based measurements have established 
that the area of the polar cap, the high-latitude region where 
atmosphere loss can be exacerbated, will increase at smaller 
magnetopause standoffs. In a now-classic work, George Siscoe 
and Chin-Kung Chen summarized standoff distances with re-
spect to the plasmasphere,17 the region in the magnetosphere 
beyond which plasma density drops by an order of magnitude 
(see figure 1). Because the plasmasphere is dominated by H+, 
the small standoff distances my group has found highlight 
how hydrogen loss could have led to a net gain in oxygenation 
during the Ediacaran Period.

We are at an early stage in exploring exactly how much 
hydrogen could be lost, and available models yield different 
amounts, ranging from only modest increases in hydrogen 
escape to losses that produce oxygenation increases of a few 
percent. Together with our colleagues, we have proposed that 

the latter might represent the crossing of an oxygenation 
threshold and aided evolution of large, mobile Ediacaran 
animals like Dickinsonia.

Today, hydrogen supply to the plasmasphere and strato-
sphere is diffusion limited, so for hydrogen loss to be im-
portant, there needs to be an extra source of free hydrogen. 
We envision that source being tied to the increase in ener-
getic solar particles, creation of nitrogen oxides, and destruc-
tion of the ozone layer, the process that Jackman, Meert, and 
others had contemplated. But we believe that the principal 
Ediacaran influence of increased UV radiation would be in 
increasing photodissociation of water and liberation of hy-
drogen that could ultimately escape to space.

New directions
In the past 12 years, paleomagnetists have found ultraweak 
magnetic fields for an interval that extended for tens of mil-
lions of years during the Ediacaran Period. They have demon-
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Evolutionary radiation of animal life, both with and without bilateral 
symmetry, increased in the Ediacaran and into the Cambrian.12 Stem 
groups are those that have gone extinct, whereas crown groups 
include modern animals and their evolutionary ancestors. (Figure 
adapted from ref. 7; image of Dickinsonia fossil courtesy of Mary 
Droser/UCR.)



strated the reproducibility of that finding, and by sampling 
rocks from different ancient geologic regions, they have also 
provided strong evidence for the global nature of the ul-
traweak field. My colleagues and I interpret the weak field in 
the Ediacaran Period, followed by the increase in strength 
during the late Ediacaran and early Cambrian Periods, as 
marking the onset of inner-core nucleation.

That view is consistent with numerous models of Earth’s 
thermal history and geodynamo models, but the sparseness 
of the database of robust paleointensity values, uncertainties 
in the core’s thermal conductivity, and limitations of models 
in reaching parameters representing the core still allow for 
alternative models and interpretations. Addressing those 
uncertainties will enable the exploration of related funda-
mental questions, including whether the innermost inner 
core preserves a signal of an ancient mantle structure.

The correlation between the ultralow time-averaged Edia
caran field and evolutionary radiation of animal life is indepen-
dent of uncertainties in the timing of inner-core nucleation. 
Many geologists and geochemists have produced data that 
show a concomitant increase in oxygenation, but the difficulties 
of isolating unambiguous global signals remain. Many biolo-
gists would regard an increase in oxygenation as a plausible 
factor aiding the evolution of larger, mobile Ediacaran animals. 
Our hypothesis of hydrogen loss provides a mechanism to link 
the ultralow fields, oxygenation, and animal radiation.

Scientists studying the Earth system, from surface to mag-

netosphere, will need to test the viability of that idea and 
other potential linkages that might explain the data and cor-
relations. If our hypothesis is correct, we will have flipped 
the classic idea that magnetic shielding of atmospheric loss 
was most important for life, at least during the Ediacaran 
Period: The prolonged interlude when the field almost van-
ished was a critical spark that accelerated evolution.
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18. ​�D.  J. Dunlop, Ö. Özdemir, Rock Magnetism: Fundamentals and 

Frontiers, Cambridge U. Press (1997). � PT

EMPLOYER SPOTLIGHT: GREAT PLACES TO WORK

Explore these opportunities and more at jobs.physicstoday.org

QUC Research Fellow Positions in Statistical Physics

Quantum Universe Center, Korea Institute for Advanced Study (KIAS)
South Korea

Research Fellow Positions in Statistical Physics

School of Physics, Korea Institute for Advanced Study (KIAS)
South Korea


