SEARCH & DISCOVERY

Seismic data provide a deep
dive into groundwater health

During times of sparse rainfall, many communities rely
on pumping from wells to meet their water needs. But
do the water reserves recover when the rains return?

Just weeks after greater Los Angeles

was hit by January’s devastating wild-
fires, which were exacerbated by several
months with almost no rain, a wetter-
than-usual February brought flooding
and mudslides to the region. The vari-
ability is just as pronounced on a year-to-
year scale: The average annual rainfall
at Los Angeles International Airport is
around 360 mm, but several recent years,
including 2023, have brought more than
twice that amount, whereas others have
had less than half. That weather whip-
lash, which isn’t confined to California,

I s California too dry, too wet, or both?

seems to be connected to anthropogenic
climate change, so it’s expected to con-
tinue, intensify, and spread.!

Rainfall and surface water don't tell
the whole story. Groundwater is an im-
portant part of California’s water supply,
not just in the agricultural Central Valley
but also in urban areas, such as greater
Los Angeles. Stored in the cracks of rock
and the pores of layers of sand and
gravel, groundwater comprises more
than 90% of California’s water reserves,
and it’s especially important during
times of drought, when surface lakes and
rivers are quickly lost to evaporation. If

FIGURE 1. THE WATER BENEATH OUR FEET occupies a vast and complex network
of porous aquifers separated by low-permeability aquitards. Because the connections
and flow rates between the layers are largely unknown, it's difficult to keep track of
how much water remains. Seismic sensing offers a solution: When aquifers are drained
or refilled, the speed at which they conduct seismic waves changes. Through careful
analysis of the never-ending ambient seismic noise, researchers can monitor the
status of aquifers at different depths. (Image by Jason Keisling.)
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FIGURE 2. THE PAST 20 YEARS
have seen greater Los Angeles
go from wet to dry and back
again, as shown by the plot of
annual cumulative precipitation
in the top panel. During dry
periods, such as the one from
2012 through 2016, the
metropolitan area relies on its
groundwater supply even more
than usual, but wet years, such
as 2023, are not necessarily
enough to refill the reserves.
The bottom two panels show
seismically derived drought
indices for both shallow (35 m
below ground level) and deep
(450 m) groundwater. Shallow
aquifers recovered well from
the period of depletion, but
deeper ones did not. (Figure
adapted from ref. 2.)
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surface water is like a region’s checking
account—easily accessible but rapidly
fluctuating—then groundwater is the
corresponding savings account: hidden,
larger, and more reliable.

But California’s savings account is at
risk of being overdrawn, even in times
when new deposits should be plentiful,
according to new research led by Shujuan
Mao (now a faculty member at the Uni-
versity of Texas at Austin, but a postdoc
at Stanford University at the time she did
the work).? Mao and colleagues used
seismic data—collected in abundance in
Southern California—to track ground-
water levels in greater Los Angeles. Their
method is unusual among groundwater-
monitoring techniques because it offers
resolution in all four dimensions: lati-
tude, longitude, depth, and time.

The researchers found that after sev-
eral years of drought, the exceptionally
rainy year of 2023 did a good job of re-
plenishing near-surface groundwater,
but deeper water reserves remained sig-
nificantly depleted. In a future of increas-
ingly unsteady rainfall, their method
may be a useful tool to guide water man-
agement decisions.

Seeing underground

The conventional approach to ground-
water monitoring—drilling wells and
observing the water level in them—
provides only incomplete information.
Unlike a surface lake, whose water level
everywhere can be gauged from a mea-
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surement at a single point, groundwater
inhabits a complex, unknown network of
layers and channels. As shown in figure 1,
the sandy, gravelly aquifers are sepa-
rated by low-permeability layers of rock,
clay, or silt called aquitards. And even in
an aquifer, water doesn’t flow as freely as
it does on the surface (see the article by
Mary Anderson, Prysics Topay, May
2007, page 42). A sparse set of observa-
tion wells is not enough to see what
water is where.

Alternatively, one can look at changes
in surface contours: Removing enough
water from underground causes the
ground level to sink. The effect is espe-
cially pronounced in the Central Valley,
where so much groundwater has been
pumped over the past century that the
ground has subsided by several meters.
Those large changes are irreversible, but
smaller ones might not be: Satellites and
GPS transponders can track the subtle
fall and rise of the surface as aquifers are
drained and refilled. They cannot, how-
ever, distinguish between deep and shal-
low groundwater.

Enter seismic hydrography, the tech-
nique used by Mao and colleagues. The
speed of a seismic wave depends on
what it’s traveling through, so an aqui-
fer full of water can be distinguished
from a depleted one. The difference in
speed is slight—on the order of a tenth of
a percent—but it’s measurable.

It’s a decades-old idea to use seismic
waves to probe beneath Earth’s surface—

to look not just for groundwater but for
oil and gas, magma conduits beneath
volcanoes, and more. But the method has
not always been capable of the detail that
Mao and colleagues acquired. Its capa-
bilities have been pushed forward by
two advances.

The first is that earthquakes are not
the only useful generators of seismic
waves. Ambient seismic noise—from
sources such as ocean waves, car traffic,
and Taylor Swift fans (see Puysics Topay,
February 2025, page 21)—is constantly
rumbling through Earth’s crust. By cal-
culating the interference of ambient vi-
brations recorded by pairs of seismom-
eters, researchers can mathematically
deduce the speed of waves through the
intervening medium at all times, not
just in the wake of an earthquake. (See
the article by Roel Snieder and Kees
Wapenaar, Puysics Topbay, September
2010, page 44.)

The second realization is that special
information is contained in part of the
signal called the coda wave, the last piece
of a seismic wave to reach its destination.
The reason coda waves are delayed is that
they take a longer path: Rather than trav-
eling in a direct route, they bounce around
several to hundreds of times. The multi-
ple reflections amplify small changes in
propagation speed —the very thing Mao
and colleagues seek to assess.

In contrast to signals from discrete
earthquakes, which make it easy to
identify the last part of a wave to arrive



at a detector, ambient seismic noise is a
never-ending superposition of waves
from many different sources. So it’s a
mathematically thorny task merely to
find the coda waves, let alone figure out
what they’re saying about localized
changes in propagation speed. But over
the past decade, seismologists have devel-
oped theoretical tools® that are up to the
task, and Mao and colleagues have re-
fined the work into a 4D groundwater-
imaging technique.

Wet and dry

Mao has been interested in seismic imag-
ing of Californian groundwater ever
since her graduate school days at MIT.
But when she started her postdoctoral
work at Stanford in 2022, the subject took
on a new meaning. “In 2023, I was expe-
riencing the storms for myself,” she says.
“And I saw posts on social media with
the sentiment that ‘the water shortage is
a hoax,” with pictures of floods and sur-
face water.” She wondered how the
groundwater reserves, hidden from
view, were responding to the change in
the weather.

For the new work, she and her col-
leagues used 20 years” worth of data
from 68 seismometers across greater
Los Angeles. Looking back much fur-
ther in time would have been a chal-
lenge: Back in the days when data were
stored on reels of magnetic tape, the
standard practice was to retain data
only from the time of an earthquake;
everything else was deleted. “The South-
ern California Earthquake Data Center
started recording continuous seismic
data in the 1990s, before anyone appre-
ciated the importance of it,” explains
William Ellsworth, one of Mao’s post-
doctoral advisers and coauthors. “It was
a wise choice.”

Figure 2 shows some of the results.
The quantity plotted as “drought index”
on the bottom two graphs is directly
related to the researchers’ calculations
of seismic speed; it’s just had the sea-
sonal variations subtracted out, and it’s
been normalized to a scale that’s already
used to quantify droughts from surface-
moisture conditions. The plots are repre-
sentative of the whole greater Los Ange-
les area, but they’re resolved by depth,
which the researchers can do by filtering
signals by frequency: Low-frequency
waves probe deeper beneath the surface
than higher-frequency ones.
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As the plots show, both shallow and
deep groundwater were steadily depleted
during the extremely dry period between
2012 and 2016. In the intermittent wet
years that followed, only the shallow
aquifers recovered: By 2023, shallow
groundwater stores were back to where
they had been in 2006, while the deeper
ones were still considerably short.

Brighter future

The situation is not all doom and gloom.
Groundwater resources can be managed
with sophisticated and efficient strate-
gies. Municipal water providers can im-
plement dynamic pricing schemes based
on a sustainable rate of withdrawal. And
engineers can channel stormwater and
treated wastewater so that they filter
back into the aquifers instead of flowing
out to sea.

The effectiveness of those strategies
is highlighted by some of Mao’s previ-
ous work.* One paper, which pre-dates
the 2023 storms, reported seismic mea-
surements of the general variability of
groundwater levels in response to
weather changes. For their analysis,
Mao and colleagues divided the greater
Los Angeles region into basins—

INSTRUMENTS

among them, the Los Angeles Central
Basin and the Santa Ana Basin—and
they found that the latter was much
more resilient to weather shocks than
the former.

The boundary between those basins
is geographical, not geological: The
Santa Ana Basin lies in Orange County,
and the Los Angeles Central Basin lies
in Los Angeles County. No natural hy-
drological barrier separates the regions;
the biggest salient difference is that
their water supplies are managed by
different jurisdictions.

But the researchers caution against
concluding that one municipality is bet-
ter at groundwater management than
another. Water management strategies
are not free, and different water districts
have different resource bases to draw
on. Policymakers and engineers need to
manage competing priorities to meet
the present and future needs of their
populations, and so far, they’ve been
working with an incomplete picture of
the health of their aquifers over time.
Seismic hydrography could fill those
information gaps.

It’s not just earthquake-prone coastal
California, with its existing network of
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seismometers, that needs information
for groundwater management. Ground-
water is critical to supporting agricul-
ture and human communities in the
Central Valley, the southwestern US,
and the Great Plains above the Ogallala
Aquifer, among other regions. Seismic
hydrography can work in those regions,
too, thanks to a technique called distrib-
uted acoustic sensing, which uses opti-
cal fibers, instead of dedicated seis-
mometers, to measure seismic waves.

(See the Quick Study by Ethan Wil-
liams, Puysics Topay, October 2022,
page 70.)

The details of the analysis will need
to be adjusted because seismometers
measure ground movement, whereas
optical fibers measure ground strain.
“But fibers are everywhere, even where
there are no seismometers,” says Ells-
worth. “With seismometers, you might
get one measurement every ten miles.
Fibers give thousands of measurements

over the same distance. So the informa-
tion content just explodes.”
Johanna Miller
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To make atomically thin metals, just squeeze

Metals aren’t naturally stable
in 2D form. But when
forced into thin sheets, they
exhibit new and unusual
properties that researchers
are eager to explore.

ince sticky tape was used just over
Stwo decades ago to isolate a single

layer of graphene, an entire field of
research has emerged to find more 2D
materials, which have the thickness of
just one or a few atoms. (See the article
by Andrey Geim and Allan MacDonald,
Puysics Topay, August 2007, page 35.)
Materials with atomic-scale dimensions
exhibit distinct and exotic properties
because of quantum confinement effects.
Graphene, for example, has exception-
ally high electrical conductivity be-
cause its structure hosts mobile elec-
trons that behave like massless particles.
(See Puysics Topay, December 2010,
page 14.)

Sapphire anvil
E Metal powder
: MoS

Graphene provided a natural route
into the realm of 2D materials because
its one-atom-thick sheets have strong
internal bonds but connect to other
graphene sheets through weaker van
der Waals forces. Those features make
graphene relatively easy to peel off from
its bulk form, graphite. Development of
other 2D van der Waals materials, such
as the insulating boron nitride and the
semiconducting molybdenum disulfide
(MoS,), has followed. (See the article by
Pulickel Ajayan, Philip Kim, and Kaus-
tav Banerjee, Prysics Topay, September
2016, page 38.) Theory is used to predict
some of the exotic properties of new 2D
material phases. Under certain condi-
tions, for example, 2D bismuth is ex-
pected to be a topological insulator—a
material that conducts charge along its
surfaces or edges while its interior acts
as an insulator.

But bismuth, like other ordinary met-
als, is not thermodynamically stable as
atomically thin sheets, so finding a way to

u Pressure

make 2D materials out of it and other
metals has not been straightforward. One
approach to creating 2D metals has been
to mix transition metals with carbon, ni-
trogen, or both—such mixtures make up
a class of materials known as MXenes
(pronounced Maxines, like the name; see
Pnysics Topay, June 2023, page 12). Very
small pieces of pure metal films, ranging
from nanometers up to about 10 um
across, have been synthesized using vari-
ous other approaches, such as chemical
vapor deposition, molecular-beam epi-
taxy, hot pressing, and growth confined
between other 2D materials.

Researchers have probed the material
properties of those small pieces, but the
samples are not large or uniform enough
to be useful in engineered applications
like microchips or qubits. Now, doctoral
student Jiaojiao Zhao, his coadviser Luo-
jun Du, lab director Guangyu Zhang, and
their colleagues at the University of Chi-
nese Academy of Sciences in Beijing and
Songshan Lake Materials Laboratory in

Cool and
remove

top plate 2D metal

FIGURE 1. SQUEEZING A MOLTEN METAL between two sheets of molybdenum disulfide (MoS,) produces sheets of metal just
two atoms thick. The MoS,, a van der Waals material that is stable as atomically thin sheets, provides a near-perfectly flat surface on
which a 2D metal can be formed. Being encapsulated by MoS, prevents the 2D metal from oxidizing but still allows access to the
unique material properties that emerge because of quantum confinement effects that occur in atomic-scale materials. (Schematic

adapted from ref. 1.)
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