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EARTHQUAKES

Hydrogeochemical precursors
Earthquake prediction is a long-sought goal. Changes in groundwater chemistry before earthquakes in Iceland 
highlight a potential hydrogeochemical precursor, but such signals must be evaluated in the context of long-term, 
multi-parametric data sets.

S. E. Ingebritsen and M. Manga

All natural hazards other than large 
earthquakes are predictable to 
some extent. Predictability is based 

on recognizable precursor signals, and 
our ability to provide advance warnings 
of both the timing and magnitude of 
many natural events has served to reduce 
damage to life and property. For example, 
large storm systems can now be tracked 
and forecast, and scientific monitoring 
of many volcanoes over the past 30 years 
has led to mostly successful predictions 
of their eruptions. Major earthquakes 
remain generally unpredictable, other 
than in the broadest probabilistic sense. 
Furthermore, most experts remain 
pessimistic about the long-term potential 
for prediction, based on the nonlinear 
nature of earthquake dynamics1 and 
the lack of observed precursors during 
the long-term earthquake-prediction 
experiment at Parkfield, California2; most 
large earthquakes show no precursors, 
even with extensive monitoring. Writing 
in Nature Geoscience, Skelton et al.3 
document changes in the stable-isotope 
ratios and dissolved solute concentrations 
of water from a flowing artesian well prior 
to two earthquakes greater than magnitude 
five that occurred in northern Iceland in 
October 2012 and April 2013.

Changes in the geochemistry of 
groundwater prior to an earthquake are 
not entirely unexpected. Earth’s crust 
dilates and deforms in the time leading 
up to an earthquake. Deformation can 
expose new rock surfaces to groundwater, 
which may allow chemical species3 to be 
released into solution, and dilation may 
release gases such as radon4. However, 
a review of many previous reports of 
hydrogeochemical precursor signals 
reveals most of them to be anecdotal 
or fragmental5 and insufficient to meet 
suggested criteria for critical assessment6. 
One of the claims that best survives critical 
scrutiny is that of precursory changes in 
concentrations of radon, sulphate and 
chloride in groundwater prior to the 
magnitude 7.2 Kobe earthquake in Japan in 
1995 (Fig. 1; refs 4, 7). However the Kobe 

records were relatively brief, such that the 
precursory signal lasts for a significant 
fraction of the time series.

If these precursory groundwater 
geochemistry changes are not unexpected, 
they are nonetheless difficult to explain. 
The hydrologic effects of strain during 
an earthquake have been abundantly 
documented, and in many instances can 
be interpreted as the result of seismically 
induced changes in the hydraulic 
properties of the crust. Earthquakes 
may disrupt blockages of flocculated 
particles, open or offset existing fractures 
and mobilize bubbles8. Most coseismic 
hydrologic responses are associated with 
coseismic strains greater than or equal 
to 1 microstrain (μstrain), although 
there appear to be a few examples of 
coseismic hydrologic response to strains 

of about 0.01 μstrain (ref. 5). Strains 
from atmospheric pressure variations are 
typically about 0.1 μstrain and diurnal tidal 
strains are typically about 0.01 μstrain. 
Preseismic strains are likely even smaller 
because they are usually undetectable by 
sensitive geodetic monitoring networks. 
This seems to imply that hydrogeochemical 
precursors, if they exist, are sensitive 
to exceptionally small strains that 
cannot readily be seen geodetically near 
Earth’s surface.

Skelton and colleagues3 measured the 
geochemistry of the groundwater in a 
flowing artesian well in northern Iceland 
between 2008 and 2013. They documented 
changes in stable-isotope ratios and solute 
concentrations of the groundwater four 
to six months before a magnitude 5.6 
earthquake in October 2012 and again 
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Figure 1 | Possible precursory signals to the 1995 Kobe earthquake, Japan. Radon concentration (red line) 
in a well 30 km east-northeast of the earthquake epicentre4 and chloride concentration (black dots) in 
bottled groundwater collected about 20 km east-northeast of the earthquake epicentre7. Concentrations 
of radon and chloride in groundwater increased in the months leading up to the Kobe earthquake in 
January 1995 (vertical black line), providing the most-likely example of a hydrogeochemical precursor 
signal. Skelton and colleagues3 also observed distinct changes in the chemistry of the groundwater in 
northern Iceland in the months prior to two earthquakes in October 2012 and April 2013, providing 
another possible example of a hydrogeochemical precursor signal to seismic activity.
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before a magnitude 5.5 earthquake in 
April 2013. Specifically, the ratio of stable 
hydrogen isotopes changed prior to both 
earthquakes, as did the concentrations 
of sodium, calcium and silicon. The 
resolution and length of the record — a 
weekly time-series collected over five 
years — permitted statistical evaluation 
of the anomalies and demonstrate that 
the changes are statistically associated 
with the quakes. The authors suggest that 
the changes in groundwater chemistry 
are caused by the rocks dilating prior 
to the earthquakes, exposing fresh rock 
surfaces to circulating groundwater or 
causing different and previously distinct 
groundwater components to mix.

Other apparently successful 
attempts to infer seismic or magmatic 
processes from surface geochemical 
observations have also involved a variety 
of constituents: changes in radon and 
groundwater chemistry prior to the 
1995 Kobe earthquake4,7; and changes 
in noble gases9,10 and halogens11 prior to 
volcanic unrest. Skelton and colleagues 
observed anomalies in some but not all 
of the multiple chemical constituents 
that they measured. It therefore seems 
advisable to sample and analyse a wide 
range of geochemical constituents. The 
geochemical data might be usefully 

complemented by measurement of 
physical parameters of the fluid, such as 
temperature, flow rate and water level6. In 
Iceland, for example, if new surfaces are 
indeed being made, we might also expect 
changes in the seismic-wave velocities 
and electrical conductivity of the crust12. 
Continued monitoring is essential to 
identify whether similar anomalies 
occur, and whether they in fact anticipate 
regional earthquakes or result from small, 
more local earthquakes or very large 
teleseismic events. Alternatively, both 
the earthquakes and hydrogeochemical 
anomalies may be responses to another 
process such as magma movement.

Progress in identifying 
hydrogeochemical precursors to 
earthquakes will depend on patient and 
systematic acquisition of long-term, 
multi-parametric data sets. Long records 
are critical to distinguish precursor signals 
from responses to earthquakes, especially 
in regions with abundant seismicity. A 
well-developed record is required to 
assess the uniqueness and statistical 
significance of possible precursor signals, 
and to identify and screen out seasonal 
and meteorological signals. As Skelton and 
colleagues3 point out, the robust statistical 
significance of their own results depends 
both on the length of their time series, that 

is, observing more than one event, and the 
multi-parametric nature of their data.

The potential for predicting 
earthquakes has great importance, and 
great claims require strong evidence. The 
observations by Skelton and colleagues3 
are sufficiently compelling to prompt 
further investigation. ❐
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Tectonically driven upwelling
Upwelling within the highly productive Benguela current off the Namibian coast began in, and intensified 
throughout, the Neogene epoch. Model simulations indicate its development was intimately connected to evolving 
topography and mountain uplift in Africa.

Johan Etourneau

Regions of coastal upwelling are 
highly productive and therefore 
exert a strong influence on marine 

ecosystems1, regional climate2 and, more 
widely, the global carbon cycle3. In the 
modern ocean, coastal upwelling occurs off 
the coast of regions including California, 
Peru, Mauritania and Namibia. Modern 
coastal upwelling systems generally 
initiated and intensified over the past 
20 million years. However, the reasons 
for their strengthening throughout the 
Miocene and Pliocene remain controversial 
and in some cases, enigmatic. Of the 
world’s major coastal upwelling zones, 
the Benguela upwelling system supports 
the greatest biological productivity. 

Writing in Nature Geoscience, Jung and 
colleagues4 infer that the intensification 
of the Benguela upwelling over the past 
12 million years was closely tied to the 
history of continental elevation in Africa.

Coastal upwelling systems are 
affected by longshore winds, which bring 
deep, nutrient-rich waters toward the 
surface, fuelling marine productivity. 
Paleoceanographic reconstructions of 
past primary productivity and sea surface 
temperature indicate that coastal upwelling 
systems throughout the world increased 
in intensity over the past tens of millions 
of years. This intensification has generally 
been attributed to three main events: 
the establishment of extensive glaciation 

in Antarctica5, the gradual closure of 
the Panama gateway6 and the stepwise 
narrowing of the Indonesian seaway7. 
Combined, these events are thought to 
have resulted in a profound reorganization 
of atmospheric circulation and the 
redistribution of heat and nutrients in 
the upper ocean. Along the Namibian 
margin, this reorganization manifested 
as strengthened trade winds and the 
enhanced upward transport of cold and 
nutrient-rich deep waters to the surface 
layers in the ocean — the initiation of the 
Benguela upwelling system.

Jung et al.4 challenge these hypotheses 
by investigating the role that mountain 
uplift in Africa played in the reorganization 
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