
communications earth & environment Article
A Nature Portfolio journal

https://doi.org/10.1038/s43247-025-02804-1

Tremor signals reveal the structure and
dynamics of the Oldoinyo Lengai
magmatic plumbing system
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Earth’s only active carbonatite volcano Oldoinyo Lengai, Tanzania, is a peculiar endmember of
volcanism in a young rift segment. Targeted by many petrological studies due to its effusive, cold
carbonatite eruptions, its subsurface structure has only been recently explored using geophysical
approaches. Here we use data from a short-term seismic deployment, to exploit coherent seismic
signals in the frequency domain to detect, characterize and locate volcanic tremor. We show that
narrow-band tremor is related to degassing and the ascent of carbonatite melt across the crust close
to the Natron border fault, which was previously linked to the ascent of carbonatites. We further show
how narrow-band and quasi-harmonic tremor partly alternate and interpret this as the interplay of
deeper magmatic injections into a shallow reservoir which causes resonance. Our findings yield
important implications on how physical properties, structures and dynamics of volcanic plumbing
systems are linked to tremor signals.

Seismology has been at the forefront of monitoring volcanoes and imaging
magmatic systems at depth. Yet, only few systems on Earth are well mon-
itored and even fewer well understood. In particular, we lack constraints on
how the structure and dynamics of a magmatic system relate to the seismic
signals we observe. Accordingly, studying magmatic systems with different
properties and consequently seismic signals may illuminate aspects of
magmatic plumbing systems we do not understand or even know. Here, we
focus on Oldoinyo Lengai volcano which is located in the Natron Basin of
theNorthTanzanianDivergence,which is part of the longest continental rift
worldwide: the East African Rift System (Fig. 1a). Oldoinyo Lengai is situ-
ated at the southern end of theNatron basin adjacent to theeNatron border
Fault in the west. It is located next to the ~1Ma old Gelai volcano which
hosts the Naibor Soito volcanic field, a monogenetic cone field, on the
southern flanks of 1,2. Eruptions at Oldoinyo Lengai are known for alter-
nating between large explosive eruptions and small-scale effusive eruptions
and initiated ~0.37Ma ago3–5 and. Recent explosive volcanism, generally
involving nephelinitic silicate magma, occurred in 1917, 1940–1941,
1966–1967 and 2007–20083,4,6,7. Oldoinyo Lengai volcano is unique due to
its production of natrocarbonatite lava with extremely low viscosity (10−1 to
102Pa s) and low temperature (495–590 °C)8,9.

Recent geophysical studies of theNorthTanzanianDivergence and the
Natron Basin have revealed a lower crustal magmatic body10 as well as a
shallower melt body in the upper crust11 (Fig. 1b). This is thought to supply

the 95%of eruptionproducts that are non-carbonatite,while the production
of carbonatite melts may be enhanced by a fluid-filled border fault11 which
also degasses deep carbon which is sourced from the base of the Tanzania
craton2. Recent geodetic observations point to a subsidence of the crater rim
of 3.6 mm/year in the last ten years12 while remote sensing shows significant
changes in the crater morphology including significant filling of the crater
since the last explosive eruption in 2007/0813.

An enigmatic signal commonly observed near volcanoes is volcanic
tremor14–17. It is generally defined as a long-lasting signal (days to months)
without clear onset or end, originally thought to occur in a frequency range
below 5Hz14–17. At Oldoinyo Lengai, seismo-acoustic tremor has only been
observed recently and used to infer effusive eruptions and the shallow
dynamics of the crater lid18. This study, as well as others19, are increasingly
challenging the assumption that tremor is a low frequency signal (<5 Hz) by
reporting tremor frequencies up to 30Hz. Many studies assume that the
occurrence of tremor is a sign of an impending eruption20,21.

Generally, there is a systematic distinction between broad-band and
harmonic tremor16,22,23. Broad-band tremor is characterized by distributed
energy in a large frequency band and is mostly associated with eruptive/
explosive activity and processes in the volcanic edifice, e.g., self-sustained
fluid oscillations, magma–hydrothermal interactions, magmatic degassing,
brittle fracture of melt, and solid extrusion dynamics and plug stick–slip
melt14,19,24–26. Harmonic tremor differs from broad-band tremor in its power
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spectrum which usually consist of multiple peaks16, but definitions range
from having only one fundamental frequency (‘monochromatic tremor’) to
a fundamental with one or more overtones23. Harmonic tremor is mostly
associated with fluid (magma and/or gas) flow through fractures causing
resonance27–29, while non-linear excitation30 and pressure transients have
also been suggested31,32.

Here, we use the network covariance matrix approach33, which allows
tremor locationwithout the need to pick tremor onsets34,35 as tremors have a
mostly emergent onset and traditional earthquake locationmethods cannot
be used. We characterize, detect and locate tremor at Oldoinyo Lengai
volcano during a period of strong tremor activity in 2020 which falls in the
period of elevated carbonatite eruptive activity starting late 201813,18.
Studying tremor signals of this peculiar volcano sheds light on the dynamics
of carbonatite melt and how melt transport and storage are linked to the
observation of volcanic tremor.

Results
Tremor detection and location
Weuse seismicdata fromtheSEISVOLnetwork36 todetect, characterize and
locate volcanic tremors during a 7-week long intense period of tremor
activity from end of February to beginning of April in 2020.Within the 15-
month deployment, this period only becomes outstanding considering
smaller time windows, while a stronger phase of effusive eruptions and
formationof a lava pond lead to strong tremor signals in 201918 (Fig. 2a). It is
characterized by strong, minutes- to hours-long, recurring tremors
(Methods, Fig. 2b). Tremor occurs at a weak fundamental frequency of
~1.9 Hz with overtones at ~4.8 Hz and ~7.6 Hz (these are also gliding over
time). Therefore, this tremor should be called quasi-harmonic, as the
overtones do not appear as integers of the fundamental. Quasi-harmonic
tremors alternate with other tremor signals of different frequencies, pre-
dominantly in abandbetween~2and4.5 Hz (Fig. 3b)whichwe thus refer to
as ‘narrow-band’. Short-lived episodes of broad-band (2–18Hz) tremor are
also evident (see Methods for tremor nomenclature; Supplementary
Figs. S1–S3). Strong frequency gliding occurs onApril 2nd after nearly aweek
of relative tremor quiescence.

We first locate tremor using a frequency band of 1–8Hz which
incorporates the most dominant tremor energy (Methods, Supplementary
Figs. S4, S5). Using this frequency band, we locate ~677 h of tremor (~40%
of the time period). Because these locations alternate depending on fre-
quency content and time,which suggests that awide tremorbandconsists of
amix of different tremor subtypes, we further calculate locations for narrow
frequency bands to capture the differing frequency content of the narrow
band and quasi-harmonic tremor. Tremor locations are clearly separated in
frequency (Fig. 4) and time (S6).

The best located tremors stem from the narrow-band tremor (Fig. 3a;
~547 h of tremor) and cluster dominantly underneath the northern flank of
Oldoinyo Lengai at ~4–7 km depth (Fig. 4; all depths bsl). Tremor locations
form tube-like structures from this location as well as from underneath the
Natron border fault to shallower depth (Fig. 4). Tremor locations of the first
quasi-harmonic overtone (4.4–5.5 Hz, ~330 h of tremor) are dominantly
located in the shallow subsurface of the southeastern foot of Oldoinyo
Lengai except during the week of 6th to 12th March, where it also appears on
the northern flank (Supplementary Fig. S6). Tremor locations encom-
passing the fundamental frequency of the quasi-harmonic tremor
(1.4–2.4 Hz) show a high variability which likely corresponds to an overall
weak signal (Fig. 3a, b).

This drastically changes during the appearance of a low frequency
gliding tremor on April 2nd which is superimposed on a tremor in the
1.4–2.4 Hz frequency band that produces the strongest measured
spectral width (Fig. 3a) we observe. Its locations are roughly split
between southwest and northeast of Oldoinyo Lengai between depths
of 3 km bsl and within the edifice (Fig. 4, Supplementary Fig. S6). The
locations of the gliding tremor are split in one deep cluster underneath
the Natron border fault from 15 km and upwards and underneath the
northeastern part of the volcano at depths of 4 km and the surface
(Supplementary Fig. S3). The highest frequency range we use for the
analysis (7–8 Hz) results in much fewer located tremors (~110 h)
which corresponds to only short and weak signals in the spectral width
(Fig. 3). Locations do not cluster very well but appear mostly scattered
with few tremors appearing in the edifice.
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Fig. 1 | Geological setting. a Tectonic setting and geophysical network of the
SEISVOL project. Red triangles are station locations, dashed lines indicate major
faults, yellow lines depict dike intrusions in 2007. Inset shows research area within
the EARS. b Schematic of Oldoinyo Lengai’s plumbing system altered from ref. 11,

using results by Reiss et al.12,18 for themelt reservoir at the top ofOldoinyo Lengai and
Petibon et al.72 for the melt reservoir at the foot of the volcano. NBF and GF are the
Natron Border Fault and Gelai Fault.
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Discussion
Tremor is ubiquitous at Oldoinyo Lengai volcano. In comparison to
the seismicity patterns37,38, tremor locations cluster in the previously
assumed aseismic part of the upper 6 km of the plumbing system (Fig. 4)
bsl. Evidence for melt in this part of the plumbing system
is manifold10,11,39–41. While melt bodies inferred by the different geo-
physical methods as well as petrological observations only partially
agree, they all point towards a heavily altered subsurface, which may
reduce the yield stress of rocks below the limit of earthquake
generation42. This suggests that the generation of tremor in this part of
the plumbing system may not be explained by an earthquake-like failure
mechanism.

Attenuation imaging11 showed the main magmatic body is
located away from the volcano towards Gelai, wedged between two
seismicity clusters (Fig. 4; between 36° and 36.05° longitude). This
was interpreted as a silicic sill structure11 which may provide the 95%
of melt that is non-carbonatitic (phonolite and nephelinite3,43).
Interestingly, very few tremors are located in the vicinity of this body
and may yield the interpretation that the melt that was erupting in
2020 was not sourced from this reservoir. The imaging study further
suggested that the Natron border fault may play an important role in
the genesis and transport of carbonatites11. This seems to be corro-
borated by our results, as these clearly show tremor location from
underneath the border fault to the edifice which invoke pipe-like
structures.

The near-absence of tremor locations within the edifice and the loca-
tion of the quasi-harmonic tremor at either side of the edifice seempuzzling
at first. As comparison, we applied our methodology to a week of tremor
data in 2019 for which we also have infrasound and thermal observations
which all implied eruptive activity and shallow melt storage within the
edifice18. Tremor locates in a similar location as the quasi-harmonic tremor
andnot on top of the edifice (Supplementary Fig. S7). Likely, the uncertainty
of our velocity model in the edifice, as well as strong scattering and
attenuation effects (local earthquakes were seldom observed at the crater
station of the SEISVOL network) and the strong topography could factor
towards a shift in locations.We further considered particlemotion analysis,
which showed that the crater station, which was working in May 2019 but
not March 2020, has significant movement in the vertical plane (Supple-
mentary Fig. S8) which is not evident for stations at lower elevations. This
suggests that the source of the eruptive tremor signal in May 2019 may, at
least partially, be closer to the foot of the volcano edifice than the top.
Eruptive activity forMarch 2020 is unknown, as satellite imagesweremostly
obstructed by clouds and the summit station was not working. However,
particle motion analysis of signals in March 2020 supports a partially deep
tremor source (Supplementary Fig. S9).

Narrow-band tremor coalesces in a cluster at around 5 km depth
underneath thenorthernflankofOldoinyoLengai (Fig. 4), but also occurs at
more distributed locations along pipe-like features crossing the Natron
border fault. The two instances of intense broad-band tremor correspond to
locations at 3–4 km depth beneath the edifice and underneath the rift flank
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Fig. 2 | Spectral widths. Lighter colors show tremor. a Entire time period. b Zoom into a week of data from March 6th to March 13th 2020.
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(Supplementary Fig. S6 i-l). Other instances of broad-band tremor are too
weak to be investigated in detail. Commonly, broad-band tremor is
observed during eruptive periods24.

The frequency content of the narrow-band tremor is within the band
for LP events (0.5–5Hz, Fig. 3a). Instanceswhere individual LPs and tremor
havemerged into andout of eachother have lead to the idea that they share a
common source and that tremor may simply represent a high rate of
LPs19,44,45. Gliding tremors have been explained by a change of the inter-
event time between individual LP events or a change in the depth46 or by
changes in the parameters such as bubble concentrations in the magma
which will change the depth of the tremor trigger29. Generally, fluids are
thought to play an important role in the generation of LPs which are
interpreted as the impulse response of a tremor-generating system47. The
latter study envisioned the trigger mechanism as the rapid exsolution of
gases from the fluid phase during magma ascent, where an LP event cor-
responded to a single triggering of the system, while continuous tremor
would result from continuous triggering22. A study48 estimates that CO2

exsolution takes place at 700 °C and 100MPa, whichwould correspond to a
depth of ~4 km. Therefore, the cluster of tremors at a similar depth could be
linked to CO2 exsolution (Fig. 4).

Regardless, ascribing the observations of LPs to any one trigger
mechanism has proven to be difficult and previous studies invoke a
myriad a models, e.g. self-sustained oscillations, magmatic-
hydrothermal interactions, magmatic degassing, brittle failure of
melt14,19,24–26. In Kamchatka35, tremor was ascribed to fast fluid pressure
transients propagating throughout the crustal depths. Such tremor
would emerge from a valving behavior. Deep tremor (40 km) has also
been found in Kilauea49 and was modeled using a stationary crack model
related to magma transport. At Hakone50, deep harmonic tremor
(44 km) has been ascribed to magmatic fluid flow within a channel
radiating seismic waves close to the upper mantle/lower crust. In both
cases, the frequency content was broader than observed here. For the
2021 Taiogaite (Cumbre Vieja/La Palma) eruption, narrow-band tremor
was interpreted to be caused by the fragmentation process close to the
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Fig. 3 | Tremor locations results. Results are displayed by frequency between
February 21st and April 9th 2020 for several narrow frequency bands shown as filled
circles. The size of the symbol corresponds to the number of located tremors at this
location (cyan for 1–1.6 Hz, dark purple for 1.4–2.4 Hz, berry for 2.2–4.4 Hz, orange

for 4.4–5.5 Hz, dark blue for 7–8 Hz). Gray dots are earthquakes from ref. 37. The
dashed gray lines indicate the cross sections for the topography in the right and lower
subpanels. Dashed black lines are major faults. Brown solid lines are dike intrusion
from 2007/08.
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surface51. This is further supported by a modeling study of con-
duit flow52.

The lack of broad-band frequencies or harmonics in our narrow-band
tremor observations implicate a point source process, potentially withfluids
attenuating part of the frequency spectrum53. We surmise the trigger for
these tremors could either be exsolutionof gases or constrictedflow(i.e. high
rate of discrete LPs) or fluid perturbations connected to the ascent of car-
bonatite melt, which is surmised to be rapid and occur in pulses54 and may
provide unsteady melt supply to the system. Thus, at this stage, the exact
nature of narrow-band tremor generation is still unclear and requires fur-
ther study (Fig. 4).

Much of the observed tremor is quasi-harmonic, a signal type which
has been observed during the Cordón Caulle 2011–2012 eruption and was
related to effusion rates55. Overtones at non-integer values have also been
observed for (V)LP signals56–58. For quasi-harmonic tremor, the mechan-
isms for producing harmonics, such as resonance of a simple pipe-like
structure, do not apply. Mechanisms of quasi-harmonics are also found in
music theory of the timpani instrument as modes58, also known as Chladni
pattern59,60. Depending on how the timpani is struck, differentmodes can be
excited leading to overtones.

Different modeling studies have investigated resonance features with
non-integer overtones, which are better described as ‘eigenmodes’56,60. Fluid
flow in cracks with stratified fluid properties can lead to non-integer over-
tones of the oscillatory process60. Further, fluid-filled cracks can sustain
guided waves whose properties are controlled by crack geometry and
properties of the fluid56. In particular, two intersecting cracks (essentially a
dike-sill structure) can produce a complex set of eigenmodes which were
used to explain observed (very) long period (VLP) signals at Mayotte sub-
marine volcano56. At Kilauea, VLP signals were inverted to constrain the
conduit-reservoir system via its eigenmodes61. Water transport in glaciers
through conduit-crack structures can produce complex overtones which
also depend on the source function62.

The quasi-harmonic tremorweobserve can thus either be generated by
a surface, i.e. a penny-shaped crack, at the bottom of the edifice or be the
result of the oscillation of a stratified fluid in a fluid-filled crack or the
combination of a complex sill/dike geometry56,60–62 (Fig. 4). We observe a
weak fundamental (Fig. 3a, b), which may be a result of how the modes are
activated by a source. The gliding of the quasi-harmonics over time (Fig. 2a)
suggests an evolution of the vibrating surface, perhaps due to rapid changes
in crack stiffness.

The partially alternating behavior between quasi-harmonic and
narrow-band tremor that we observe during some episodes (e.g., Fig. 3b)
suggests that the system is connected: when a new pulse of carbonatite melt
traverses the systemat depth, it activates the vibrationof the shallow sill-type
structure (Fig. 4). Considering a model for the ascent of carbonatite melt,
which is thought to occur in rapid pulses fracturing surrounding rock54,
unsteady melt transport exciting and sustaining resonance in a complex
fracture network may be the trigger for the tremors we observe. Future
modeling of tremor generation in the frequency bands we observe will have
to explore howpulses of carbonatite ascent can trigger resonance in dike-sill
structures, fluid-filled cracks or if our tremor observations are better
explained by oscillations of stratified fluids.

Our observations (and ref. 18) clearly show that tremor at Oldoinyo
Lengai is not necessarily a low frequency (<5Hz), shallow signal, and that
one volcano can produce a wide variety of different tremor signals which
reflect different processes at various depths. We can only speculate to what
extent the tremor signals are controlled by theultra-lowviscosity of themelt,
or the complexity of the plumbing system. A recent study of tremor of the
2021 La Palma eruption shows that the tremor amplitude is controlled by
the viscosity51. Considering fluid dynamics in conduits63, they conclude that
lower viscosity fluids produce higher frequency, long-lived tremor while
higher viscosity magma damps high frequencies. Similar findings are
reported by Balmforth et al.64 whofind that oscillations of the fluid are faster
when the viscosity is lower.

Fig. 4 | Conceptual overview of tremor signals. Sketch of a transcrustal magmatic
system with subtypes and mechanisms of volcanic tremor and cube of magmatic
processes and their associated manifestations in the time, space and frequency.
Observed seismic signals are: VLP Very Long Period, LP Long Period, DLP Deep

Long Period, sometimes referred to as deep low frequency (DLP), VT EQs volcano-
tectonic earthquakes. Stars and curly braces indicate tremor depthswhile the color of
the star refers to the subtype of tremor signal. Mechanisms are explained in
black boxes.
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Compared to studies at different volcanoes, we do not locate tremor
deep into the crust (not below 20 km; Fig. 4) and have not detected deep-
long period events (DLPs) yet.Deepharmonic tremor underneathHawaii49,
and Hakone50 are linked to fluid flow while deep narrow-band tremor
observations in Kamchatka are attributed to pressure transients in a fluid-
saturated permeable medium35. In both systems, deep tremor appears in
spatial and/or temporal connection to DLPs, which may be connected to
deep degassing in some cases.

While narrow-band tremor appears through the crust in Kamchatka35

and at Oldoinyo Lengai (Fig. 4), where we invoke a point source or pressure
excitation mechanism, eruptions may often produce broad-band tremor24

and at Oldoinyo Lengai, extreme high-frequency tremor18. However,
detailed studies of different tremor types and their locations are missing.
Therefore, we can only speculate how they exactly relate to proposed
magmatic processes at depth (Fig. 4). Our study shows the need for careful
re-analysis and location of tremor subtypes at active volcanoes which may
elucidate their specific plumbing systems. Comparisons across systemsmay
lead to crucial insights into commonalities and differences of tremor
observations and their connections to pre- and syn-eruptive processes. This
may help to better understand this particular seismic signal in the future.

Online methods
Estimating the covariance matrix
Based on the work of ref. 33, this study65 was the first to use the network
covariance matrix approach to study volcanic tremor across a seismic
network. Our approach is based on their work as well as refs. 34,35.We use
data from a subset of the SEISVOL stations shown in Fig. 1. First, we read
hour-long files of seismic data. We detrend the data and remove the
instrument response. We filter the data between 0.01 and 20Hz and
downsample it by a factor of 2. We then divide the data into averaging
windows of 10min. Each averagingwindow of lengthΔt (10min) is further
subdivided into M subwindows which overlapped r = 50%, so that
Δt ¼ Mrδt. We applied spectral whitening on these subwindows. We did
not apply amplitude clipping as this may lead to loss of important signal
information outlined in ref. 65.We then calculate the cross spectra for each
subwindow and station combination. The covariance matrix C(f) is then
defined as the cross spectra for each subwindow and station combination33.

We used a sub window length of 48 s and M= 20 and stacked all
covariance matrices in a given averaging window. This allows for a rea-
sonably small resolution in time (compare refs. 34,35).

The covariancematrix is thendecomposed into eigenvectors,whichwe
can use to define the spectral width33–35,65 which provides a measure of the
number of independent sources. It displays high values if the wavefield is
composed of many different sources and its eigenvalue distribution is flat,
which, in sum, are equal to noise, and is minimal when only one source
coherently traverses the seismic network34.

Tremor nomenclature
One of the main problems of tremor descriptions is the lack of fixed ter-
minology. We define three different tremor categories based on their
appearance in the spectral width (Fig. 2), i.e. the coherent part of the tremor
energy across the array: quasi-harmonic, narrow-band and broadband.
Quasi-harmonic tremor occurs at aweak fundamental frequency of ~1.9 Hz
with overtones at ~4.8 Hz and~7.6 Hz (Supplementary Fig. S1).We call this
tremor quasi-harmonic, as the overtones do not appear as integers of the
fundamental and the term ‘harmonics’ are often used by seismologists to
describe peaked spectra with overtones at integer values. Quasi-harmonic
tremor is interrupted by a tremor with frequencies between 2 and 7Hz, but
most dominantly its energy is ~2–4.5 Hz which we thus refer to as ‘narrow-
band’. This tremor also seems to have quasi-harmonics in some time
windows, but for better distinction from the peaked quasi-harmonic spectra
we call it ‘narrow-band’ (Supplementary Fig. S1). We define broad-band
tremor as a signal between 2 and 18Hz.

These characteristics are of course also present in single station spec-
trograms (Supplementary Fig. S2) and in their power spectra for single time-

windows (Supplementary Fig. S3) albeit slightly different from station to
station. This is likely the result of the radiation pattern and site effects.
Quasi-harmonics are clearly visible, and the ‘narrow-band’ tremor seems to
be slightly more broadband than in the spectral width plots and sometimes
also has overtones. Over time, there is more variability than we can account
for here, the frequency bands chosen for the location procedure are those
that have the most coherent energy over the time period.

Automatic localization of tremors
After visual inspection of the spectral width, we choose several frequency
bands which showed tremor sources (see Fig. 2 for 10-min intervals for
March 2020). We use these frequency bands to create the wavefield as a
cross-correlation function in the time domain by an inverse Fourier
transform of the ‘filtered’ covariance matrix computed from the complex
outer product of its first eigenvector and its Hermitian transpose34. This
approach is used to denoise the data and enhance the dominant sources.We
then calculate the envelope of the cross-correlation signal. In contrast to
refs. 34,35, we applyminimal smoothing e.g. (three orders ofmagnitude less
than ref. 35). Smoothing was originally applied to dampen the effects of
scattering and imprecision of the velocitymodel34, but we find it reduces the
sharpness of the localization.

We create a 3D-grid and use a 1-D velocity model based on ref. 66 to
calculate theoretical rays and travel times from every grid point to every
station location using a simple ray tracing approach.We assume the tremor
field consists of S-waves34. For every grid point r of the 3D-grid and every
cross-correlation envelope we look-up theoretical travel times between this
point and the stations, calculate the differential travel time, and sum the
value of the cross-correlation envelope at this lag time which results in the
spatial likelihood function. We further normalize by the total grid volume
and the maximum likelihood value over a given time period which gives us
the network response function.

Weautomatically compute a solution for every time step inour spectral
width. To choose which correspond to a tremor signal, we impose three
criteria: the mean value of the spectral width has to be below 0.80, the
number of elements of the grid which contain 95% of the maximum grid
value has to be less than 1%of the grid and the locationmust not be equal to
the boundaries of the grid. See Supplementary Fig. S4 for a single location
example.

Location errors
Thus far, location errors have been estimated from the distribution of the
network response34,35 considering the volume of values that constitute 95% of
the maximum network response (not to be confused with a 95% confidence
level). We calculate statistical errors for the derived tremor localization based
on the traditional error calculations of an earthquake location67,68. This is
usually defined as the misfit or residual between calculated and observed
arrival times r and given by the variance-covariance matrix σ2x of the
hypocentral parameters x,y,z and origin time. It can be calculated by

σ2x ¼ σ2 GTG
� ��1 ð1Þ

where σ2 is the variance σ2 of the arrival times multiplied with the identity
matrix. G is the matrix of partial derivatives of all hypocentral parameters
which relates changes in location to changes in location via

ri ¼
∂ttrai
∂xi

Δx þ ∂ttrai
∂yi

Δy þ ∂ttrai
∂zi

Δz þ Δt ! r ¼ Gx ð2Þ

where ri=r is the residual and ttrai the travel times.
GT is G transposed. Every partial derivative can be expressed by

∂ttrai
∂xi

¼ ðx � xiÞ
v

1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x � xi
� �2 þ y � yi

� �2 þ z � zi
� �2

q ð3Þ
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Where v is the velocity, x, y, and z hypocentral parameters and xi, yi; zi
station parameters.

The standard deviation of the hypocentral parameters is given by the
square root of the diagonal elements of σ2x .

Given that we locate using cross-correlation functions based on two
stations, our spatial derivatives, G do not only depend on one partial deri-
vative, but two for each station contributing to the cross-correlation func-
tion

∂ttra1
∂x1

� ∂ttra2
∂x2

¼ x � x1
� �

v
1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x � x1
� �2 þ y � y1

� �2 þ z � z1
� �2

q

� ðx � x2Þ
v

1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x � x2
� �2 þ y � y2

� �2 þ z � z2
� �2

q
ð4Þ

and σ2 is the variance between the maximum of the cross-correlation
function and the differential travel time.

Locations often display small statistical errors in latitude and longitude
of 2–3 km, while the depth error is often very large, with smallest values of
10 km to infinity (Supplementary Table S1). Errors derived from the area
containing the 95% of the maximum network response value yield smaller
errors in depth, but considering the network response overall, which is often
smeared across a wide depth range, assuming larger uncertainties in the
vertical location is appropriate. Tests have demonstrated that the error
depends on the station distribution. Adding more distant stations may
decrease the error but it also decreases the signal in the spectral width plot so
the overall location is worse. Shallow locations display extremely large
vertical errors, often to infinity while deeper locations have depth errors
around 10 km. Errors are also dependent on the used frequency band, with
verynarrow frequencybands generally producing larger errors. This is likely
caused by the fact that the cross-correlation functions are very mono-
frequent and other maxima, which are used in the error calculations, can
easily be dominant. Another problem arises from the quasi-harmonic
nature of the tremor. As described in the discussion, quasi harmonics are
caused by surfaces, along which any location is feasible. Hence, the error
may reflect that.

Tremor density
To better show which areas produce tremor more often, we simply sum
the number of tremors per grid point. Tremor locations are highly fre-
quency and time dependent. For the broad frequency band of 1–8 Hz, we
locate ~677 hours of tremor (Supplementary Fig. S5). Based on the
maxima of the spectral width plots, we use frequency bands of 1–1.6 Hz,
1.4–2.4 Hz, 2.2–4.4 Hz. 4.4–5.5 Hz and 7–8 Hz, and we locate ~94, ~214,
~547, ~330 and ~110 h of tremor. Tremors of the same frequency often
appear in distinct locations; particularly north and south of the edifice in
different depths down to ~15 km (Fig. 3) but there is also variability. To
look at this in more detail, Supplementary Fig. S3 shows a weekly break-
up of the data set.

The first week of tremor we consider (21st–27th of February, Sup-
plementary Fig. S6a, c) shows locations for three dominant tremor bands.
The broad frequency (1–8Hz) locates mostly south of the edifice and
invokes the shape of tubes from ~18 km depth to the surface. Considering
individual locations plots, thismay be due to some smearing in the network
response function.When broken up into smaller frequency bands, only the
narrow-band tremor (2.2–4.4 Hz) and the 4.4–5.5 Hz tremor bands pro-
duce tremor locations with non-infinite depth errors. While the narrow-
band tremor locates north of the edifice and towards the border fault at
depths down to 5 km, the 4.4–5.5 Hz tremor locates very shallowly at the
southern flank of Oldoinyo Lengai. This split in location between the two
frequencies remains quite stable over the next weeks (Supplementary
Fig. S6b-l), with the exception of the week of 6th to 12th March (Supple-
mentary Fig. S6e, g), where it also appears on the northernflank.Depending

onwhichof the two signals ismoredominant, the1–8Hz frequency analysis
band seems to shift to either locations or appear somewhat in between.

The 7–8Hz frequency band only shows few locations and tremor
locations encompassing the fundamental frequency of the quasi-harmonic
tremor (1.4–2.4 Hz) show a high variability which likely corresponds to an
overall weak signal (Fig. 2, Supplementary Fig. S6) within this frequency
band. This drastically changes during the appearance of a superimposed
gliding tremor in a lower frequency band onApril 2nd. Then, the 1.4–2.4 Hz
frequency band produces the strongest measured spectral widthmeaning it
is the most coherent signal we observe. Its locations are roughly split
between southwest and northeast of Oldoinyo Lengai between depths of
3 km of the crust and within the edifice (Supplementary Fig. S6j, l). The
gliding tremor iswell locatedusing the lowest frequencybandwe employ for
the analysis. It is also split in locations, one deep cluster underneath the
Natron border fault from 15 km and upwards and underneath the north-
eastern part of the volcano at depths of 4 km and the surface.

Comparisons to an eruptive period: locations May 2019
For comparison, we locate tremors for an eruptive period from 26th May
2019 to 1st of June 2019 (see ref. 18). Unfortunately, only 4 stations around
Oldoinyo Lengai were operating at this time, including the crater station.
We use two frequency bands for the analysis, the broader band 1–8Hz for
straightforward comparison to our other data and a more narrow-band
3.5–6Hz frequency band which incorporates the most dominant energy
during this tremor episode (for spectral width, see Supplementary Fig. S7a).
For the broader frequency band, tremor locates partially in the edifice but
much more dominantly surrounding the foot of the edifice as well as
northeast and southwest of the edifice forming pipe-like structures down to
depths of ~7 km (Supplementary Fig. S7b). For the narrower frequency
band, tremor mostly locates in the very shallow surface south of the edifice.

Particle motion analysis
Particle motion analysis is often used to infer the polarization and angle of
incidence of an incoming wavefield69. While it is tricky and erroneous to
infer source locations, it can be used to check whether the wavefield origi-
nates close to the surface or from depth and can be used as an independent
measurement to check whether our locations are in line with the observed
angle of incidence. We show a particle motion analysis of a strong tremor
episode associatedwitheruptive activity inMay2019 in S8 and compare this
to and a non-eruptive tremor episode in March 2020 in S9, which clearly
shows the difference in signals due to different source processes. We use a
bandpassfilter between 3 and 6Hz, after removing themean and applying a
linear detrending. The polarization features are computed using obspy70

which implements the formulation of Vidale71 with a 20-s window length
and a sliding window fraction of 0.2.

Data availability
Tremor locations results have been uploaded to figshare https://doi.org/10.
6084/m9.figshare.30053218. The dataset is archived at GEOFON Data
Center, https://doi.org/10.14470/4W7564850022.

Code availability
Codes used in this work can be made available upon request.
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