
causes of seismic swarms

The causes of seismic swarms are a complex and fascinating area of geological study, often perplexing for
both scientists and the public. Unlike the dramatic, singular rupture of a large earthquake, seismic swarms
are characterized by a series of smaller earthquakes occurring in close proximity, both in space and time,
with no single dominant event. Understanding these phenomena is crucial for assessing seismic hazard,
particularly in regions with significant volcanic or tectonic activity. This comprehensive article delves into
the various triggers and mechanisms that give rise to these intriguing seismic sequences, exploring their
connection to subsurface fluid movement, magma dynamics, and tectonic stresses. We will examine the
unique geological conditions that foster seismic swarms and differentiate them from typical earthquake
sequences.
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What is a Seismic Swarm?

A seismic swarm is defined by a cluster of earthquakes that occur in a relatively small geographic area over
a period of days, weeks, or even months. What distinguishes a swarm from a more typical earthquake
sequence, such as a mainshock followed by a series of aftershocks, is the absence of a clearly identifiable
primary earthquake. In a swarm, many earthquakes can have similar magnitudes, or there might be a
gradual increase in magnitude followed by a decrease, without a single dominant event that accounts for
the majority of the seismic energy released. This seemingly random distribution of seismic events within a
swarm suggests a more distributed faulting process or a continuous driving mechanism beneath the Earth's
surface.

The spatial extent of a seismic swarm is typically limited, often confined to a few kilometers. The temporal
clustering is also a key characteristic, with events happening in rapid succession. Geologists meticulously
analyze the seismicity patterns, hypocentral locations, and focal mechanisms of these events to understand
the underlying processes. The energy released by individual earthquakes within a swarm is generally
lower than that of a large, singular earthquake, but the cumulative energy can still be significant, posing a
risk to surrounding communities and infrastructure.



Volcanic Activity as a Cause of Seismic Swarms

One of the most well-documented and significant causes of seismic swarms is volcanic activity. The
movement of molten rock (magma) beneath a volcano can create significant stresses within the Earth's
crust, leading to numerous small earthquakes. As magma ascends, it can fracture surrounding rocks, and the
pressure changes associated with its movement can trigger fault slip. These earthquakes are often
concentrated around magma chambers, dikes, and conduits within the volcanic edifice.

Magma Movement and Intrusion

When magma begins to rise from deeper reservoirs towards the surface, it must force its way through
existing fractures or create new ones. This process of magmatic intrusion involves the injection of molten
rock into the crust, which exerts pressure on the surrounding rock mass. This pressure can cause existing
faults to slip, or it can fracture the rock itself, generating seismic waves. The continuous, often incremental,
movement of magma can lead to a prolonged period of seismic activity, characteristic of a swarm. The more
dynamic the magma movement, the more intense and sustained the seismic swarm is likely to be.

Hydrothermal Fluid Pressure Changes

Volcanic systems are often accompanied by extensive hydrothermal systems, where superheated water
and steam circulate through fractures in the rock. Changes in pressure within these hydrothermal systems,
driven by the heat from magma or by the influx of new fluids, can also trigger seismic swarms. As fluids
migrate through the subsurface, they can lubricate existing faults or increase pore pressure, reducing the
effective stress that holds faults together. When pore pressure exceeds a critical threshold, it can lead to slip
along faults, resulting in earthquakes. These swarms can occur even in the absence of direct magma ascent,
purely due to fluid dynamics.

Gas Exsolution and Expansion

Magma contains dissolved gases, such as water vapor, carbon dioxide, and sulfur dioxide. As magma rises
and the confining pressure decreases, these dissolved gases can begin to form bubbles (exsolve). This
exsolution process leads to an increase in volume and pressure within the magma. The expanding gas
bubbles can fracture surrounding rocks, and the increased pressure can force magma and fluids through
existing pathways, generating seismic swarms. This mechanism is particularly relevant in volcanoes
known for their effusive eruptions, where gas build-up is a significant factor.



Tectonic Stress and Plate Interactions

While volcanic activity is a prominent cause, seismic swarms can also occur in purely tectonic settings,
driven by the slow but relentless movement of Earth's tectonic plates. In areas of high tectonic stress, such
as along plate boundaries or within fault zones, small adjustments and reconfigurations of stress can lead to
sequences of smaller earthquakes rather than a single large rupture. These swarms can indicate areas
where stress is accumulating and being released incrementally.

Minor Fault Activations

Large earthquakes often occur on major fault systems, but these systems are embedded within a complex
network of smaller, interconnected faults. In areas undergoing significant tectonic deformation, a
redistribution of stress following a minor seismic event, or even due to gradual plate movement, can
activate a series of these smaller, previously dormant faults. Each activation releases energy in the form of
small earthquakes, collectively forming a seismic swarm. These smaller faults may not be capable of
producing large earthquakes on their own but contribute to the overall seismic activity of the region.

Stress Transfer and Remobilization

The rupture of one fault can transfer stress to adjacent faults. In a tectonically active region, if these adjacent
faults are already close to their failure point, the stress transfer can trigger them to slip, leading to a cascade
of small earthquakes. This is particularly relevant in complex fault networks where stress is not uniformly
distributed. Seismic swarms can therefore be an indicator of how stress is being managed and redistributed
across a broader fault system. The complex interplay of stresses can lead to prolonged periods of swarm
activity as the fault system seeks a new equilibrium.

Hydrothermal Systems and Fluid Pressure

Beyond volcanic regions, hydrothermal systems in non-volcanic areas can also be a significant source of
seismic swarms. These systems involve the circulation of hot, often mineral-rich, fluids through the Earth's
crust. Changes in the pressure and flow of these fluids can directly impact the stability of faults.

Fluid Migration and Pore Pressure Increase



In geothermal areas, fault zones can act as conduits for fluid flow. If fluids are injected into a fault zone, for
instance, through deep drilling or natural geological processes, they can increase the pore pressure within
the rock. Pore pressure is the pressure exerted by the fluid within the microscopic pores of the rock. When
pore pressure increases, it reduces the effective stress holding the rock grains together, making it easier for
the fault to slip. If this fluid migration is sustained or intermittent, it can lead to a series of small
earthquakes, forming a swarm as the fault repeatedly slips under the reduced effective stress.

Cooling and Thermal Contraction

Conversely, the cooling of hydrothermal fluids or the migration of cooler fluids into a hot zone can cause
thermal contraction in the surrounding rocks. This contraction can induce tensile (pulling apart) stresses
that fracture the rock, leading to small earthquakes. In some geothermal fields, sequences of seismic events
have been observed to correlate with changes in fluid temperature, suggesting that thermal processes play
a crucial role in triggering these swarms.

Human-Induced Seismic Swarms

While natural processes are the primary drivers of most seismic swarms, human activities can also induce
seismicity, sometimes in the form of swarms. These induced earthquakes are a growing concern in areas
with extensive resource extraction or energy production.

Wastewater Injection and Fracking

The process of injecting large volumes of wastewater underground, often associated with oil and gas
extraction (e.g., hydraulic fracturing or "fracking," and disposal wells), is a known cause of induced
seismicity. The injected fluids can migrate through existing faults, increasing pore pressure and triggering
fault slip. In some cases, these activities have been linked to seismic swarms that can be felt at the surface
and may cause minor damage. The rate and volume of injection, as well as the subsurface geological
conditions, are critical factors in determining the likelihood and magnitude of induced seismicity.

Reservoir Impoundment

The creation of large artificial lakes behind dams can also lead to induced seismicity, known as reservoir-
induced seismicity. The immense weight of the water in the reservoir can alter the stress regime in the
underlying rock formations. Additionally, water can seep into existing faults, increasing pore pressure.



While often characterized by fewer and less frequent events than fluid injection, significant seismic
activity, including swarms, has been documented following the impoundment of large reservoirs,
particularly in tectonically sensitive areas.

Factors Influencing Swarm Intensity and Duration

Several factors contribute to the intensity and duration of seismic swarms, regardless of their underlying
cause. Understanding these variables helps in forecasting potential seismic hazards.

The size and connectivity of the fault network involved.

The rate at which the driving mechanism (magma movement, fluid pressure changes, tectonic stress
accumulation) is operating.

The presence of lubricating fluids within fault zones.

The mechanical properties of the rock mass, such as its strength and brittleness.

The existing stress state of the region.

The interplay of these factors determines whether a seismic swarm will be a short-lived flurry of small
events or a prolonged and intense period of seismic activity. For instance, a highly fractured and
interconnected fault system, coupled with a rapid increase in pore pressure, is more likely to produce an
intense and sustained swarm.

Differentiating Swarms from Mainshock-Aftershock Sequences

Distinguishing between a seismic swarm and a mainshock-aftershock sequence is crucial for seismic hazard
assessment. The primary difference lies in the absence of a dominant mainshock in a swarm. In a
mainshock-aftershock sequence, one earthquake (the mainshock) is significantly larger than all subsequent
earthquakes (aftershocks) and is responsible for releasing the majority of the seismic energy.

Seismic swarms, on the other hand, lack this clear hierarchy. The largest event in a swarm might be only
slightly larger than others, and often there is no single event that stands out. The distribution of
magnitudes in a swarm tends to be more uniform. Focal mechanisms of earthquakes in a swarm can also



provide clues; they might show a variety of fault orientations or a progressive shift in stress, whereas
aftershocks typically align with the rupture plane of the mainshock. Analyzing these characteristics helps
seismologists to better understand the underlying geological processes and to provide more accurate
forecasts.

The study of seismic swarms is an ongoing endeavor, with continuous advancements in monitoring
technology and analytical techniques. As we gain a deeper understanding of the subtle interplay of magma,
fluids, and tectonic forces deep within the Earth, our ability to anticipate and mitigate the risks associated
with these unique seismic phenomena will undoubtedly improve. Whether driven by the fiery heart of a
volcano or the slow grind of tectonic plates, seismic swarms offer a compelling glimpse into the dynamic
nature of our planet.

Q: What is the most common cause of seismic swarms?
A: The most common and significant causes of seismic swarms are related to volcanic activity, specifically
the movement of magma beneath the Earth's surface, and changes in hydrothermal fluid pressure within
volcanic and geothermal systems.

Q: Can seismic swarms be dangerous?
A: While individual earthquakes within a swarm are typically small, the cumulative effect of numerous
events over an extended period can be significant. Seismic swarms can cause damage, especially if they
occur in populated areas, disrupt infrastructure, and can sometimes indicate an increased risk of a larger
volcanic eruption.

Q: How do scientists detect and study seismic swarms?
A: Scientists detect seismic swarms using networks of seismometers that record ground motion.
Sophisticated algorithms analyze the arrival times and characteristics of seismic waves to pinpoint the
location and magnitude of each earthquake. Advanced techniques are then used to identify swarm patterns
and differentiate them from other types of earthquake sequences.

Q: Are seismic swarms related to plate tectonics?
A: Yes, seismic swarms can be related to plate tectonics, particularly in areas of high tectonic stress. The
slow accumulation and release of stress along fault lines, or stress transfer following minor fault slips, can
lead to sequences of small earthquakes that form swarms, even in the absence of volcanic activity.



Q: What is the difference between a seismic swarm and aftershocks?
A: The primary difference is the absence of a dominant mainshock in a seismic swarm. In a mainshock-
aftershock sequence, one large earthquake is followed by smaller, progressively diminishing aftershocks. In
a swarm, there is no single, significantly larger event, and many earthquakes can have similar magnitudes.

Q: Can human activities cause seismic swarms?
A: Yes, certain human activities can induce seismic swarms. These include the injection of fluids
underground for oil and gas extraction (like wastewater disposal and hydraulic fracturing) and the
impoundment of large reservoirs behind dams, both of which can alter subsurface fluid pressures and
stresses, triggering fault slip.

Q: What role do fluids play in seismic swarms?
A: Fluids, such as groundwater, hydrothermal fluids, or injected wastewater, play a crucial role. They can
increase pore pressure within faults, reducing the friction that holds them together and making them more
susceptible to slip, thereby triggering earthquakes.

Q: How long can a seismic swarm last?
A: Seismic swarms can vary greatly in duration, lasting from a few days to several weeks, months, or even
years in some cases. The duration is typically dependent on the persistence of the underlying triggering
mechanism.

Q: Are seismic swarms predictable?
A: Predicting the exact timing and magnitude of seismic swarms is currently very challenging. However,
scientists can identify regions that are prone to swarms due to their geological setting (e.g., volcanic areas,
active fault zones) and monitor them closely for changes in seismic activity.
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