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ABSTRACT
Telica is a persistently active basaltic-andesite stratovolcano in the Central American
Volcanic Arc of Nicaragua. Poorly predicted sub-decadal, low explosivity (VEI 1-2) phreatic
eruptions and background persistent activity with high-rates of seismic unrest and frequent
degassing contribute to morphologic change in Telica’s active crater on a small spatiotemporal
scale. These changes sustain a morphology similar to those of commonly recognized calderas or
pit craters (Roche et al., 2001; Rymer et al., 1998), and have been related to sealing of the
hydrothermal system prior to eruption (INETER Buletin Anual, 2013). We use photograph
observations and Structure from Motion point cloud construction and comparison (Multiscale
Model to Model Cloud Comparison, Lague et al., 2013; Westoby et al., 2012) from 1994 to 2017
to correlate changes in Telica’s crater with sustained summit crater formation and eruptive precursors. Two previously proposed mechanisms for sealing at Telica are: 1) widespread
hydrothermal mineralization throughout the magmatic-hydrothermal system (Geirsson et al.,
2014; Rodgers et al., 2015; Roman et al., 2016); and/or 2) surficial blocking of the vent by
landslides and rock fall (INETER Buletin Anual, 2013). We observe collapse from the crater
walls (up to 25 m) and accumulation over the active vent and surrounding crater floor (up to 40
m) as a result of persistent activity. The highest-rate mass wasting areas correlate with long-lived
high-temperature crater wall fumaroles, which contribute to hydrothermal weakening of the wall
rock (Finn et al., 2001; van Wyk de Vries et al., 2000) and subsequent collapse. Eruptions
exclusively cause material subtraction from the crater floor (up to 20 m) through vent clearing or
formation. These patterns of change sustain the over-steepened crater walls and flat crater floors
characteristic of pit craters and calderas (Roche et al., 2001), but absence of a shallow
depressurized chamber suggests possible formation as a summit explosion crater instead. Though
landslide talus blocks the vent, observed persistent fumaroles provide pressure release that
negates shallow vent-blocking landslide talus as the primary sealing mechanism prior to
eruption. This study shows the promise and utility of photogrammetric techniques in correlating
morphologic change with crater formation and volcanic activity; however, we recommend more
complete and accurate photo coverage in addition to combined analysis with other geophysical
and geochemical datasets to better evaluate eruptive precursors that may occur at Telica.
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INTRODUCTION
Overview
Volcanic activity introduces morphologic change to active craters over a range of spatial
and temporal scales. On a small scale related to frequent low-level explosive and background
activity, changes related to summit crater formation and eruption are not well quantified. Largescale mass movements involving volcanic edifices and craters, such as flank instability and
caldera collapse, have been monitored with determinable rates of change. For example, flank
instability at Kilauea, Piton de la Fournaise, and Etna volcanos has been monitored geodetically
and analyzed (Poland et al., 2017). Caldera formation, resulting from roof collapse into a
depressurized magma chamber (Geshi et al., 2002; Simkin & Howard, 1970), has also been
monitored in real-time with geophysical approaches, as in the case of caldera formation at
Miyakejima volcano (Geshi et al., 2002). On a smaller scale, ongoing changes within active
craters are often ephemeral and below the detection threshold of common remote sensing
techniques. Studies including a LiDAR derived DEM (Digital Elevation Model) of Erebus
volcano (Csatho et al., 2008) and a TerraSAR-X study of dome splitting at Merapi volcano
(Walter et al., 2015) included high resolution mapping and/or change detection; however, the
level of detail still overlooked morphologic change from low-level explosive or background
volcanic activity, such as inner crater wall collapse. Studies noting such small-scale change rely
upon direct visual observation, and are noted to contribute to the overall crater morphology
(Roche, van Wyk De Vries, & Druitt, 2001; Rymer et al., 1998) as well as distinguish summit pit
craters from summit explosion craters (Roche, van Wyk De Vries, & Druitt, 2001). Structure
from Motion (SfM) provides the means to both observe and quantify small-scale intracrater
change through time, presenting an opportunity to analyze crater formation mechanisms and
morphologic pre-cursors to eruptive activity.
Telica volcano, Nicaragua (Figure 1) exhibits both background persistent activity and
low-level explosive activity contributing to small-scale changes, making it a good case study for

2

HONDURAS

Telic

NICARAGUA
Masay

COSTA
RICA

Figure 1. (Background) Central American Volcanic Arc with volcanos represented by
orange triangles (credit to Penn State Graduate Student Machel Higgins); (Inset) Aerial
view of Telica. The active crater contains gas, and is abutted to the west by a shallower pit
and to the east by pre-historic craters.

summit crater formation mechanisms and how they relate to eruptive activity. Background
persistent activity at Telica includes high rates of seismic unrest, likely driven by a shallow (~2
km), cooling magma body and an active hydrothermal system (Geirsson et al., 2014; Rodgers et
al., 2013). The hydrothermal system is manifest by high temperature fumaroles along the walls
and from the vent of the active crater, with high concentrations and fluxes of magmatic gases (de
Moor et al., 2017; Figure 2). Eruptive activity includes poorly predicted, sub-decadal VEI 1-2
phreatic eruptions thought to result from tensile failure of hydrothermal seals in a pressurized
system (Geirsson et al., 2014; Rodgers et al., 2015). Two mechanisms for sealing of the
hydrothermal system have been proposed: (1) widespread hydrothermal mineralization
throughout the system (Geirsson et al., 2014; Rodgers et al., 2015; Roman et al., 2016), and/or
(2) shallow blocking of the vent by inner crater landslide debris (INETER Buletin Anual, 2013).
At Telica, rock falls are derived from the crater walls and deposited on the crater floor and over

the active vent during periods of non-eruptive activity, while phreatic eruptions eject non-
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juvenile material from the near-vent area, posing a hazard to the surrounding community. These
morphologic changes promote over-steepening of the walls and infill/ejection of material on the
floor. This morphology is characteristic of basaltic shield and intermediate stratovolcano calderas
or summit pit craters (Geshi et al., 2002; Roche et al., 2001; Simkin & Howard, 1970). Although
Telica’s active crater has been compared to other summit pit craters, such as Masaya and
Vesuvius (Roche et al., 2001; van Wyk de Vries, 1993), current observations indicate possible
formation as a summit explosion crater (Roche et al., 2001). Overall, the frequent and varied
activity at Telica allows an analysis of small-scale change related to the morphology of the
summit crater and proposed eruption mechanisms over a relatively short period.
This study aims to observe and analyze change Telica’s crater morphology through time
in response to background persistent and explosive activity as it relates to caldera formation and
eruptive pre-cursors. We analyze change from 1994 to 2017 using photograph observations and
SfM point cloud construction and comparison (Multiscale Model to Model Cloud Comparison,
Lague et al., 2013; Westoby et al., 2012). Through correlating change with background and
explosive activity, we provide insight on sustained summit crater formation (i.e., summit
explosion versus pit crater) and the proposed eruption mechanisms.

Figure 2. Panoramas and photographs of Telica’s crater for time periods without gas obstruction. Eruption start dates are listed
with VEI values since 1994. Photo sources are listed in Figure S1, and panoramas were constructed when possible in Photoshop.
Labelled features include examples of a) northwest fumarole, b) south fumarole, c) north fumarole, d) landslide deposits, e)
incandescence, f) dome scarp, g) fresh landslide scar.
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Background
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Telica volcano is a persistently active basaltic to basaltic-andesite stratovolcano in the
Maribios Range of western Nicaragua (Geirsson et al., 2014; Witter et al., 2016), part of the
northwest-trending Central American Volcanic Arc (Figure 1a). The active Holocene crater lies
to the west of pre-historic eruptive centers (Figure 1), with eruptive products dating to ~330 Kya
(Carr et al., 2007). A shallower pit lies immediately to the west of the active crater, often
appearing in our pictures and point clouds (Figure 1). The active crater shares morphologic
characteristics with other summit pit or explosion craters (Roche et al., 2001), at roughly 200 m
deep and 400 m in diameter with steep or over-steepened walls exposing volcanic stratification
of the edifice, and near-flat floors (Figure 2). Previously, Telica’s summit crater has been
described as forming by typical pit crater processes: initial roof collapse into a depressurized
magma chamber, followed by sustained formation with slower subsidence of the crater floor and
wall collapse along pre-existing, outward-dipping fault structures (Roche et al., 2001). In recent
persistent activity, fumaroles nearly always emanate gas from the crater walls and the main vent
with varying SO2 content (de Moor et al., 2017). Temperatures measured by INETER (Instituto
Nicaragüense de Estudios Territoriales) within the crater generally range from lows of ~120℃ to
highs of ~590℃. Intermittent periods of incandescence in the vent have been frequently noted
following eruption, indicating relatively high vent temperatures (Geirsson et al., 2014; Witter et
al., 2016). Variable background seismicity includes up to hundreds of low magnitude events per
day during inter-eruptive periods (Rodgers et al., 2015). This type of persistent activity presents
an interesting natural laboratory for small-scale spatiotemporal change.
Historic activity at Telica ranges from VEI 1-4 eruptions, with low-level (VEI 1-2)
phreatic activity characterizing eruptions of the past few decades. The only documented lava
flow occurred in 1529 (Global Volcanism Program, 2013). Recently, phreatic activity has
dominated with solely non-juvenile material ejected up to the 2015-2016 eruptive sequence
(Geirsson et al., 2014). Thirteen VEI 1-2 eruptions occurred during the photo collection period
from 1994 to 2017 (Global Volcanism Program, 2013). Two VEI 2 eruptions occurred prior to
2000, on July 31st, 1994 and May 21st, 1999 (Global Volcanism Program, 2013). The latter
continued into the early 2000’s, with column heights up to ~5 km and vent movement to the
south of the active crater floor (Rodgers et al., 2013). From 2001 to 2008, seven VEI 1 eruptions

occurred with reported ash emission (Global Volcanism Program, 2013). The largest VEI 2
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eruptive sequence after 1990-2000 lasted from March 7th to June 14th, 2011, with maximum
column heights of 1.5-2 km above the crater rim (Geirsson et al., 2014). Another VEI 1 eruption
occurred on September 25th, 2013 with gas and ash emission (Global Volcanism Program, 2013).
The May 7th, 2015 to May 11th, 2016 VEI 2 eruptive sequence consisted of three main eruptive
phases (P. La Femina, Personal Correspondence). The final phase moved the vent to the
southeast and threw meter size bombs from the crater that killed livestock up to 1 km from the
summit (P. La Femina, Personal Correspondence).
Telica’s discrete phreatic explosions result from failure of a pressurized seal (Self,
Wilson, & Nairn, 1979). Two separate mechanisms of sealing have been proposed based on
numerous observations (Geirsson et al., 2014; Rodgers et al., 2015; INETER Buletin Annual,
2013; Roman et al. 2016). Surficial vent-covering landslides noted by INETER lead to the first
hypothesis that these landslides seal and pressurize the volcanic system prior to eruption
(INETER Buletin Anual, 2013). A similar process has been linked to explosive activity at nearby
Masaya volcano, involving collapsed crater wall breccia and blocking of exposed caverns in the
active crater (Rymer et al., 1998). At the same time, x-Ray diffraction analysis revealed
hydrothermal minerals in the 2011 ejecta, and decreases in both the temperature and SO2 flux of
crater fumaroles were recorded prior to eruption (de Moor et al., 2017; Geirsson et al., 2014).
Long-period seismicity also decreased in the months before the 2011 eruption, suggesting
reduced fluid flow in the hydrothermal system (Geirsson et al., 2014; Rodgers et al., 2015).
These observations lead to the second hypothesis of sealing by widespread hydrothermal
mineralization throughout Telica’s hydrothermal system.

7

METHODS
This study uses: 1) visual observations from published reports and available photos
spanning 1994 to 2017, 2) Structure-from-Motion (SfM) analysis of a subset of photos from
2011 to 2017, and 3) observational analysis of photos and differential analysis of SfM derived
point clouds to correlate changes in crater morphology with persistent activity and low-level
explosive eruptions.
Visual Observations from Photographs and Photographic Panoramas
Observations of Telica’s crater from our photo dataset include the crater’s general
appearance, presence of incandescence in the active vent region, descriptions of fumarole
locations and activity, and notable mass movements. Photos of the crater have been taken
predominantly from the same general area on the east rim since 1994, although several periods
include observations from around the entire crater and from drone images. Table 1 summarizes
these observations, and the sources and dates for the images are listed in supplementary material
(Table S 1). The photographs and/or panoramas are presented in Figure 2. Persistent degassing
from fumaroles often obstruct the view of the crater; therefore, images with extensive volcanic
gas did not contribute to the observations and analysis. In addition to the photo dataset, previous
visual accounts described in INETER Bulletins, Global Volcanism Program Bulletins, and
published papers extend the analysis back in time and bridge gaps not covered by available
photos.
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Table 1. Summary of observations from the photo dataset.
Time
Feb-1994

Incandescence Observed
No

General Texture of Deposits
Blocky.

Crater Fumarole Location
Base of NW wall

Jun-1994
Nov-1999

No
Yes

Blocky.
Inner crater rim and pit packed
down.

N wall; vent; NW wall
Vent; NW wall

Nov-2009

Yes

Blocky.

Gas filled

Mar-2010
May-2011
Aug-2011

Yes
No
Yes

Blocky.
Ash.
Ash with some blocks.

Gas filled
Surrounding inner crater
N wall; NW wall; S wall;
near vent

Nov-2011
Feb-2012

Yes
No

Smooth and talus.
Ash with some talus.

N to NW wall; vent
Gas filled

Sep-2012
Mar-2013
Sep-2013

No
Yes
No

N to NW wall; vent
Near vent; some on S wall
Near vent, E wall

Oct-2014

No

More talus.
Packed down with some talus.
Packed down with more talus in
inner crater.
Similar to Sep-13.

May-2015

No

Ash covered.

Minimal, NW wall

Nov-2015

No

N to NW wall, near vent

Dec-2015

No

Packed down with some evenly
scattered talus.
Ash covered, a little talus.

Mar-2016
May-2016

No
No

Ash with some talus.
Ash with talus, likely from
crater wall collapse.

Minimal, NW wall
Minimal, near vent landslide

Nov-2017

No

Talus-strewn.

Vent; S wall; N wall; NW
wall

Gas filled

NW wall; S wall; near vent

Notable Shape Changes
Vent appears as a blown out tube in the NNE of
the active crater.
Vent more covered by blocks.
Area around vent, now located in the south, is
more excavated with 2 patches of
incandescence.
Fissure vents with incandescence. Widened vent
pit.
Vent covered with talus.
Everything ash covered.
Excavated vent, similar to 1999 but one patch of
incandescence. Dendritic drainage pattern first
appears (continues).
More talus, inner crater bench less sharp.
Inner crater bench more eroded, vent covered in
ash and talus.
Talus covered crater. Inner bench cut sharper.
Incandescence is scattered in inner crater.
Scattered talus.
Similar to Sep-13. Last observation of dendritic
drainage.
Everything covered by light ash, including vent.
Pit surrounding vent.
More excavated around talus covered vent. Pit
crater in 1st bench above vent.
Small landslide introduced more ash and talus
into crater.
Talus and ash fill vent.
Small landslide on crater wall near 2015
location, does not fully reach vent. Vent clear.
Pit crater gone.
Fresh landslide scar and talus pile to N. Viscous
dome under talus.
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Dense Point Cloud Construction using Structure-from-Motion
Dense point clouds were constructed in Agisoft Photoscan Professional (2016) for
periods with sufficient photo coverage: August 9th, 2011, March 21st, 2013, December 12th,
2015, March 29th, 2016, May 14th, 2016, and November 22nd, 2017. Table 2 provides point cloud
information, including the number and sources of photos used for construction, the number of
final points, and general comments. Figure S 1 shows the dense point clouds for each period. We
followed the basic software workflow to create dense point clouds without ground control points
(Agisoft PhotoScan, 2016). For May 2016, we followed the workflow for photo alignment with
ground control points (Agisoft PhotoScan, 2016). Photos with excessive gas were omitted, and
the sky and flank were masked from all images prior to photo alignment to ensure dense point
cloud construction of the crater only. We completed photo alignment with generic, pre-pair
selection at high quality, and dense point cloud construction at high quality. Volcanic gas within
the crater caused floating points appear in some point clouds (Table 2), but did not detract from
the overall analysis. All point clouds, with the exception of May 2016, were exported with local
coordinates in *.las format.
Table 2. Point cloud construction information including number and source of photos, number of points,
and general remarks.
Model Date

August 9th, 2011

Number of
Photos
89(1)

Number of
Points
19,974,888

Point Cloud Notes

Only inner crater, no western shallow pit

March 21st, 2013

136(1,2,3)

13,754,527

Similar to 2011, some floating points from gas

December 12th, 2015

85(2)

17,506,856

March 29th, 2016

70(4,5)

17,723,525

May 14th, 2016

71(6)

14,776,574

Western shallow pit visible, some floating points
from gas
Contains the most floating points from gas, one
disconnected section of the shallower western pit
Western shallow pit visible

198(2)

60,523,099

Only inner crater, no western shallow pit visible,
some floating points from gas
(1)
Mel Rodgers, (2)Peter La Femina, (3)Halldor Geirsson, (4)Diana Roman, (5)Michael Scott, (6)Kendal Wnuk

November 22nd, 2017

We georeferenced the May 2016 model to provide an absolute scale for the cloud
comparisons. Photos for this model were taken at four locations on the east crater rim. GPS
coordinates were taken with the photos at each location using a WAAS enabled Garmin GPSX-

60c, with accuracy reported at ~± 1 m. Following photo alignment in Agisoft, the camera
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locations grouped around these coordinates. One photo per location was assigned to an imported
place marker in the WGS 84 (EPSG::4326) coordinate system (Figure 3). The remaining photos
were filtered with the Agisoft tool to their respective markers, georeferencing was updated, and
photo alignment was re-optimized to account for the updated GPS information. This point cloud
was exported in *.las format with the WGS 84 (EPSG::4326) coordinate system, providing an
absolute scale in later analyses (i.e., point cloud differencing).

Figure 3. Point cloud (background image) and dense point cloud (inset image) following photo
alignment in Agisoft Photoscan Professional for May 14th, 2016. The blue planes represent photos
linked to their aligned locations. Ground control points were assigned to all but one photo group
with place markers containing true coordinates to georeference the point cloud.
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Point Cloud Alignment
The dense point clouds were imported into Cloud Compare (CC) software for
alignment and differencing (CloudCompare Version 2.6.1). The variable number of photos and
conditions during photo collection resulted in inconsistent regions of overlap from one time

period to another (Figure S 1). Alignment was completed between designated reference and nonreference point clouds, though all were connected in the same frame to the georeferenced May
2016 point cloud. We segmented visibly dissimilar sections of the non-reference cloud to better
match similar sections, and to minimize alignment error. Therefore, fine alignment with the
built-in CC tool generally included the inactive shallow western pit crater and/or the upper crater
walls. The December 2015, March 2016, and November 2017 point clouds were directly aligned
to the May 2016 georeferenced point cloud. The August 2011 and March 2013 point clouds
contained neither the upper bench nor the high crater walls, complicating alignment to the
georeferenced cloud. The March 2013 cloud properly aligned with only the August 2011 cloud,
and the August 2011 cloud visibly matched and aligned best with the December 2015 cloud.
Therefore, to ensure overall alignment to the georeferenced point cloud, the August 2011 cloud
was aligned to the December 2015 cloud after the December 2015 cloud was aligned to the
georeferenced cloud (i.e., May 2016), and the March 2013 cloud was then aligned to the August
2011 cloud. Once similar segments were aligned, we applied the transformation matrices from
each individual alignment to the remaining portions of the segmented clouds, and merged the
pieces back together. The cloud alignment pairs and associated rms errors output by CC software
are listed in Table 3.
Table 3. Model alignments and associated rms errors reported in Cloud Compare software.

Aligned Model
May 2016
December 2015
March 2013
May 2016
May 2016

Aligned Model
December 2015
August 2011
August 2011
March 2016
November 2017

Fine Alignment rms Error
0.362008
0.556224
0.616687
0.516206
0.349941

Point Cloud Differencing
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Point cloud differencing provides a quantitative measure of change in crater
morphology between photo sampling periods. Differencing was computed following the Multiscale Model to Model Cloud Comparison (M3C2) method outlined in Lague et al. (2013), and
implemented as a Cloud Compare plugin. This approach computes the surface normals of a
designated reference point cloud from a set of core points. The normal for each core point is
averaged over the points within a “normal scale” of specified diameter about the core point (see
figure 3 of Lague et al., 2013). All points of the reference cloud were designated core points in
our analyses. A cylinder oriented along the normal with a chosen “projection scale” diameter
determines the average distance between the two compared clouds (Lague et al., 2013). We
differenced successive point clouds, designating the older of the two as the reference cloud. This
allowed a time-progressive analysis of change in crater morphology. A total difference from
2011 to 2017 was also computed. The normal scale was set to 10 m for all calculations to
account for the large surface roughness caused by boulders, and the projection scale was set at 5
m. We set the maximum calculation depth to 50 m to detect the full change between periods and
limit computational run time, then set the registration error for each comparison to the rms error
reported from the fine alignment (Table 3). Without a direct alignment rms error for the
compared clouds in the August 2011 to December 2015 or the August 2011 to November 2017
difference, the rms errors were combined for each alignment that contributed to the difference
(i.e., the August 2011-December 2015 rms error was added to the December 2015-May 2016 and
May 2016-November 2017 rms errors for the total August 2011 to November 2017 difference).
The results of our M3C2 differences are pictured in (Figure 6 [a-f]) with a color scale
in 5 m change increments to more than account for GPS, photo alignment, and point cloud
alignment errors. Values of change in the following sections report the lower bound of the 5 m
change increment. Significant change maps were computed with the M3C2 results to provide an
estimate of accuracy for detected change (Figure S 2[a-f]). If the distance between the clouds is
at or above the 95% confidence interval, which is defined by the registration error, when
compared to roughness and point density in that area, the result of the M3C2 calculation at that
point is significant (CloudCompare Version 2.6.1).

Point Cloud 2.5D Volume Change
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We computed volume estimates between successive point clouds with the 2.5D volume
calculation tool in Cloud Compare. To minimize error introduced during alignment, only the
points of significant change, as calculated with the M3C2 differences (Figure S 2 [a-f]), were
differenced with the corresponding later point cloud in time. This yielded estimates of volume
loss and addition between the significant points of change on the compared point clouds. The
incompleteness of our point clouds leaves large chunks of volume unaccounted for, particularly
in the vent area where the largest volume material accumulates; so, calculated volume change is
considered a minimum estimate.

14

RESULTS
Visual Observations of the Crater
The active crater of Telica volcano is most often
viewed from the east from ease of access. Therefore, our
visual observations are predominantly of the southern,
western and northern sections of the caldera. Images
collected from circumnavigating the crater (e.g., Figure S 3)
and from drone imagery have provided observations of the
over-steepened eastern crater wall.
Distinctive recurring features within the crater
comprise: high-temperature fumaroles from the crater walls
and vent area, hydrothermal alteration and mineralization,
incandescence in the vent region, and wall collapse (Table 1;
Figure 2). Notably, fumaroles on the upper northwest and
south crater walls (Figure 4 [a-e]) have been observed
throughout the study period and were recognized prior to this
work. The earliest instance of the northwest fumarole within
our photo dataset occurred in 1994, but images from 1968
show it is a longer-lived feature (Figure 5). The south
fumarole is less frequently documented in photographs, but
appears in early sketches dating to 1990 (Bulletin of the
Global Volcanism Network, 1991). Talus piles may often be
traced to a recent landslide scar, as in December 2015, March
2016, and November 2017 (Figure 2). Crater wall collapse
Figure 4. (a-e). Northwest fumarole pictured in (a) 1994, (b)
1999, (c) 2015, and (d) 2017. South fumarole also pictured in
2017. Note that the image from 2017 also shows high fumarole
activity toward the north, a feature also frequently noted
throughout the INETER Bulletin observations.

correlates spatially with locations of the long-lived high-temperature fumaroles. Hydrothermal
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mineralization is intermittently visible within the crater, appearing on the crater walls and floor
with the telltale yellow coloration of sulfur and sulfur-mineral deposits; this feature is
particularly evident in 2017 (Figure 2). Ejected blocks also show extensive hydrothermal
alteration. Incandescence often occurs in the vent following VEI 1-2 phreatic explosions, as
captured in the August 1999 crater image (Figure 2).
The morphology of the crater changes frequently through time as a result of background
mass wasting and low-level explosive eruptions. The largest change observed from 1994 to 2017
was vent migration from the base of the north-northeast crater wall toward its location on the
south-central crater floor in August 1999 (Figure 2 [1994, 1999]). In August 1999, August 2011,
and November 2015, the ~50 m diameter pit surrounding the vent was wider and had steeper
walls (Figure 2). At other times, such as all of
2012 and 2013, ash and talus partially or fully
covered the main vent up to the level of the
surrounding crater floor (Figure 2). In
November 2017, an erupted dome filled the
vent area in addition to talus (Figure 2).
When not dominated by blocks, ash deposited
from the VEI 1-2 phreatic explosions coated
Figure 5. High north fumarole captured by Robert the topography of the crater; the May 2015
Citron in 1968. These photos also show fumarole
photo is a good example of this (Figure 2).
activity from the northwest crater wall.

M3C2 Differencing
Results from the M3C2 analyses are shown in Figure 6 (a-f), summarized in Table 4, and
described for each period below. The differences in Figure 6 are divided into 5 m change
increments, with the lower bound of change reported in the following results. The discussed
results are significant for every period, as shown in the maps of significant change (Figure S 2
[a-e]).
Our differencing analyses indicate mass loss from the crater walls and the vent region, as
well as addition of mass to the crater floor and the vent region. From August 9th, 2011 to March
21st, 2013, we observe ~15 m of subtracted material along the southern crater wall, and ~40 m of
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addition at the vent (Figure 6a). From March 21st, 2013 to December 12th, 2015, we observed the
greatest magnitude of change between any period. Significant mass loss occured along the
southeast and west-northwest crater walls, with a maximum of ~25 m from the southeast wall
and ~15 m from the west-northwest. Subtraction also occurred from the crater floor, ~40 m
southeast of the 2013 vent location and coincident with the location of the 2015 vent, indicating
southeastward vent migration. We observed ~40 m of added material over the 2013 vent, with
~15 m of material also accumulated on the crater floor to the northeast. From December 2015 to
March 2016, we observed only ~ 5 m of subtraction near the vent. From March 2016 to May
2016, little to no change occurred. From May 2016 to November 2017, subtraction along the
northwest wall reached ~15 m, and the inner crater around the vent filled or uplifted by ~35 m.
We also observed ~5 m talus piles on the northwest and east crater floor.
Total change is calculated in the long-term difference between 2011 and 2017 (Figure
6f). The M3C2 difference shows subtraction from the southeast (~40 m) and north to northwest
(~20 m) crater walls, and maximum addition of >50 m over the 2011 vent. Overall, subtraction
dominates the steep walls, while addition occurs near the vent and beneath collapse scars on the
crater floor. These results correlate well with our visual observations of the raw photos. It is
important to note that while both addition and subtraction occur, most of the crater surface
remains unchanged from 2011 to 2017. If anything, this difference shows slightly more
subtraction overall (see the curve to the right of the scale bar in Figure 6f).
Table 4. M3C2 results of maximum and minimum change with lower bound increments reported (Figure
6), noted subtraction over the vent, and eruptions during the encompassing timeframe.

Comparison

Max
Addition (m)
Max
Subtraction
(m)
Subtraction
around vent?
Eruptions

Aug-11 to Mar-13 to Dec-15 to
Mar-13
Dec-15
Mar-16
40
40
0

Mar-16 to
May-16
0

May-16 to
Nov-17
35

Aug-11 to
Nov-17
50

15

25

5

0

15

30

No

New Vent

Yes

No

No

--

None

1 VEI 1
2 VEI 2

Continued
low level
eruption

Continued
low level
eruption

Dome
Formation

--
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Figure 6. (a-f). M3C2 difference results for (a) August 2011 to March 2013, (b) March 2013 to December 2015, (c) December 2015 to
March 2016, (d) March 2016 to May 2016, (e) May 2016 to November 2017, and (f) August 2011 to November 2017. Results are projected
on the older of the compared clouds, and show change moving forward in time. As indicated in the M3C2 difference scale, warm colors
correspond to addition and cool colors correspond to subtraction.

18
2.5D Volume Change
Results of the 2.5 D volume calculations are presented for each successive point cloud
comparison in Table 4. The volume difference was reported for significant points only (Figure S
2[a-f]) as either added or subtracted volume. For every period, with the exception of March 2016
to May 2016, more volume was subtracted through time. All added or subtracted volumes fall
within the 103 to 105 m3 range (Table 5). And when averaged over time, a volume change
between 1.9x104 and 4.1x105 m3/yr is removed from the active crater walls and floor (Table 5).
These volume change rates are considered a minimum, because gaps in our point clouds most
often neglect points of maximum addition (i.e. over half of the vent in Figure 6a). We find little
relationship between the amount of subtracted material and eruptive or non-eruptive periods of
activity.
Table 5. 2.5D volume calculations for the significant points of change in each time-successive
comparison.

Comparis Aug-11 to Mar-13 to Dec-15 to
Mar-16 to May-16 to Aug-11 to
on
Mar-13
Dec-15
Mar-16
May-16
Nov-17
Nov-17
2.5 D
-8.35 ×10�3�-4.78 ×10�4�-1.09 ×10�5�1.63 ×10�4� -1.38 ×10�4�-1.48 ×10�5�
Volume
Change
(m3)
Added
2.15 ×10�4� 1.13 ×10�5� 2.76 ×10�4� 6.20 ×10�4� 7.22 ×10�4� 1.12 ×10�5�
Volume
(m3)
Subtracte -2.99 ×10�4�-1.78 ×10�5�-1.36 ×10�5�-4.57 ×10�4�-8.59 ×10�4�-2.60 ×10�5�
d Volume
(m3)
Minimum -1.89 ×10�4�-6.48 ×10�4�-4.09 ×10�5�-2.74 ×10�5�-5.73 ×10�4�-4.17 ×10�4�
Subtracti
on Rate
(m3/yr)
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DISCUSSION
Telica exhibits background persistent activity and sub-decadal, low-level explosive (VEI
1-2) activity that allows an analysis of morphologic change contributing to summit crater
formation and eruption mechanisms. We qualitatively and quantitatively analyze changes the
active crater using visual observations and point cloud differencing from 1994 to 2017. Further
observations specific to the vent area can constrain previously proposed mechanisms of sealing
prior to eruption: (1) widespread hydrothermal mineralization throughout the hydrothermal
system, and (2) vent blocking landslides, in the hopes of understanding the volcanic system to
provide better warning time prior to eruption.
Background Mass Wasting of the Crater
Consistent patterns of mass wasting related to background activity are evident in the
M3C2 analyses. Material is subtracted from the crater walls and added to the crater floor, often
covering the main vent. The time periods from August 2011 to March 2013, March 2013 to
December 2015, and May 2016 to November 2017 show this mass wasting pattern best (Figure 6
a,b,e). Between August 2011 and March 2013, no explosions occurred. Therefore, this pattern of
material movement from the walls to the floor is correlated to background mass wasting in the
presence of typical persistent activity. The March 2013 to December 2015 difference also shows
this pattern, though coincident with eruptions that removed at least 10 m of material from the
2015 vent on the crater floor. From May 2016 to November 2017, a small volume, highly
viscous dome erupted over the existing vent, uplifting breccia from a crater wall landslide
(Figure 2, 2017). No known explosions are associated with this event, and we observe the typical
mass wasting pattern in the M3C2 differences along with the dome emplacement.
This mass wasting pattern occurs at a higher rate near long-lived persistent crater wall
fumaroles. Both our observations and those presented in the Global Volcanism Program
Bulletins (e.g. August 2009 Bulletin Report) support this correlation. Crater wall collapse near
fumaroles appears in the March 2013 to December 2015, December 2015 to March 2016, May
2016 to November 2017, and summative August 2011 to November 2017 M3C2 results. A
fumarole high on the northwest wall has been noted as early as 1968 (Figure 5) and as recently as

2017 (Figure 4). The M3C2 differences show more overall mass wasting from the area directly
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beneath the fumarole, corresponding to ~20-25 m of collapse from 2011 to 2017 (Figure 6f),
whereas most of the crater wall ranges from 0 to 5 m of collapse during the same period.
Similarly, persistent fumarole activity and collapse coincide in the south (Figure 2). A new
fumarole was noted in this location after collapse in April 2006 (Global Volcanism Program,
2009); however, that fumarole likely relates to the pre-existing one referenced in earlier sketches
from 1990 and observations from our photo dataset (Global Volcanism Program, 1991; Figure
2). Another persistent fumarole exists high on the north crater wall, with at least 15 m of collapse
from 2011 to 2017. This has been noted as an active collapse region for decades (Global
Volcanism Program, 1999, 2000). While collapse can occur anywhere with steep terrain, areas
near fumarole consistently show more material subtraction (at least 15 m) than the surrounding
crater walls, which generally show small (0 to 5 m) amounts of subtraction in the same amount
of time.
Presence of persistent fumaroles causes hydrothermal weakening of the wall rock,
which expands the over-steepened crater walls that are characteristic of summit craters. In each
area of noted persistent fumarole activity, collapse occurs haphazardly, and not along pre-defined
structures as observed in other summit pit craters (Rymer et al., 1998). At nearby Masaya
volcano (Figure 1a), continued collapse is noted along outward dipping faults, structurally
related to initial caldera formation (Rymer et al., 1998). In contrast, preferential collapse at
Telica likely results from hydrothermal weakening of the wall rock by fumarole activity.
Previous studies discuss the weakening effect of hydrothermal alteration in volcanic edifices that
contributes to increased mass debris flow susceptibility (Finn, Sisson, & Deszcz-Pan, 2001; van
Wyk de Vries, Kerle, & Petley, 2000). Although these studies focus on flank alteration and
instability, the same process can extend to bedrock weakening and wall collapse in active
volcanic craters. Hydrothermally altered ejecta from Telica further support the existence of
extensive alteration (Geirsson et al., 2014). In a morphologic context, this weakening contributes
to the observed over-steepened walls, permitting collapse of altered material without predefined
fault structures in such a way that expands and undercuts the crater walls to sustain summit crater
formation (Figure 2).

Morphologic Change with Explosive Activity
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Sub-decadal VEI 1-2 eruptions from Telica disrupt the typical mass wasting pattern by
ejecting material from new and existing vents, and contribute to sustaining summit crater
morphology. These eruptions are hazardous to the surrounding community, ejecting ~1 m
diameter blocks at least 1 km away from the active crater, and remain poorly predicted. The
eruptive process provides a mass balance in summit explosion crater formation by removing
material sourced from crater wall collapse, maintaining the characteristic summit crater
morphology of steep crater walls and flat floors (Roche et al., 2001).
Morphologic change on the crater floor from 1994 to August 1999, including vent
movement, likely resulted from the VEI 2 eruptions of July 31st, 1994 and May 21st, 1999 that
continued into the early 2000’s. Point cloud construction and comparison was not possible from
our June 1994 or August 1999 photos, but the vent moved from the north-northeast corner
toward its current location following the May 21st, 1999 VEI 2 phreatic eruption (INETER
1999). The expression of the vent changed to a more cone-like appearance, resembling an
explosion crater (Roche et al., 2001). Assuming these eruptions contributed most to the
morphologic change since 1994, VEI 2 eruptions at Telica can both excavate a large amount of
material surrounding the vent, and redirect the shallow subsurface hydrothermal system, in effect
moving the active vent within the crater.
Although no differences were computed between August 1999 and November 2009,
seven VEI 1 eruptions visibly altered the area surrounding the vent to mimic the larger structure
of the active crater. Background mass wasting likely contributed to the observed talus on the
crater floor, but by 2009 the explosion pit of 1999 appeared less conical and wider, with steeper
sides and a flatter base around the vent. While the eruptions may have excavated material from
the vent area, the formation of steeper sides and a flatter floor mimic the larger active crater
structure. This suggests low-level VEI 1 explosions and background fumarole activity that often
occurs near the vent can produce the general form of summit craters (i.e. steep walls and flat
floor) without direct magmatic activity.
We observed little explosion-related alteration of the inner crater from the phreatic VEI
2 eruptive sequence from March 7th to June 14th, 2011 (Geirsson et al., 2014) or the VEI 1
eruption of September 23rd, 2013, indicating that not all explosive activity results in notable
change (Figure 2). The subtraction observed in the August 2011 to March 2013 M3C2 difference

(Figure 6a) corresponds to the general mass wasting pattern, as does the near-complete vent
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infill. Ash coated the crater in May 2011, indicating a general reworking of material, but little
else was noted. Explosion-related change that would appear in the M3C2 difference may have
been masked by subsequent activity.
The three main phases of the 2015 to 2016 eruptive sequence moved the vent again and
significantly altered the crater in a manner consistent with eruptive activity. INETER noted a
change in vent location after the May 7th, 2015 explosion (Figure 6b; INETER Boletin 2015).
The new vent moved ~50 m southwest from the 2013 location of the vent. The second phase of
eruption, beginning on September 23rd, 2015, erupted blocks and a ~4 km ash plume. The most
explosive phase began on November 22nd, 2015, and ejected meter-sized blocks that killed 12
horses and 12 cows up to 1 km from the active crater. This phase of activity widened the vent
area further, with encroaching landslide deposits sourced from the southern crater wall (Figure
2). The same wall collapsed more between the December 2015 and March 2016 visits to the
crater (Figure 6c), and continued low-level residual activity in May further removed material
around the vent, including recent landslide breccia (Figure 6d). Overall, this eruptive sequence
recorded the second case of vent relocation associated with VEI 2 activity, demonstrating the
potential to redirect the main shallow conduit system. Furthermore, this period reaffirms that
subtraction of material from the crater floor, distinct from the mass wasting pattern of nonexplosive activity, occurs only with explosive eruption.
The eruptive process at Telica balances the background mass wasting process to
sustain characteristic summit crater morphology, particularly as an explosion crater. The oversteepened crater walls result from collapse of hydrothermally altered bedrock, preferentially near
persistent fumaroles, while explosions eject material from the crater floor. From August 2011 to
November 2017, the crater floor, except the vent area, generally did not change in depth. The
greatest addition of ~15 m in the east appears mostly from a fresh collapse event (Figure 6e), and
the subtraction of ~15 m in the southwest corresponds to general widening of the crater. The
rough estimated volume change from the 2.5D volume calculation is on the order of 103-105 m3,
which overlaps with estimates of the single 2011 eruptive sequence (Geirsson et al., 2014). From
tephra volume estimates, the 2011 eruption ejected 104-105 m3 of material from the active crater,
and a rough calculation of the vent cone excavated as a result of this eruption was ~20,000 m3
(Geirsson et al., 2014). Note that our calculated minimum volume change from 2011 to 2017 is

on the same order of magnitude as that produced from a single eruption. Explosive activity
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excavates cone-like explosion pits of material from the active vent, and background mass
wasting steepens the walls of the crater and deposits material on the crater floor, to be ejected in
subsequent eruption and/or compacted to form the roughly flat crater floor. Because no effusive
activity occurred, with the exception of highly viscous dome formation in 2017, this balance of
background mass wasting and ejection of material surrounding the vent during phreatic eruptions
can sustain summit crater morphology without the formation of lava lakes or pit crater roof
collapse (Geshi et al., 2002; Roche et al., 2001). This formational process indicates Telica’s
current crater could have formed exclusively by phreatic-explosion processes, classifying it as a
summit explosion crater.
Analysis of Sealing Mechanisms
From this observational analysis, it is difficult to evaluate fully the proposed eruption
mechanisms: (1) hydrothermal mineralization of the conduit at some depth (Rodgers et al. 2013;
Geirsson et al. 2014) and (2) shallow blocking of the vent by inner crater landslide debris
(INETER Buletin Anual, 2013). However, we observe and consider patterns for the latter.
The visual observations and M3C2 differences show occasional covering of the vent,
but do not exclusively indicate that landslide talus cover is the main cause of pressure build-up
leading to eruption. Prior to the May 2011 and September 2013 eruptions, available photos
(Figure 2) show complete coverage over the vent, supporting the vent-blocking landslides
hypothesis, followed by eruptive clearing. A 2013 INETER Bulletin proposed clearing of this
debris-blocked conduit as the mechanism for the September 1, 2013 VEI 1 eruption. However,
we observe many outlets for pressure release from highly active crater wall fumaroles (Figure 2),
and covering the main vent by landslides alone may not provide sufficient blocking for pressure
build-up with explosive potential. Nevertheless, talus over the vent is often removed during
eruption, contributing to ejecta hazards that should not be discounted.
Widespread hydrothermal mineralization throughout the volcanic system remains a
more probable mechanism for sufficient pressure buildup prior to eruption, though
mineralization within landslide talus could contribute. Only the May 2015 and 2016 photos show
absence of fumarole activity that could suggest deeper sealing by hydrothermal mineralization.
Though it should be noted that high temperature bedrock interaction with meteoric water could
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continue to produce fumaroles despite deeper sealing. Still, the multidisciplinary observations of
the 2011 and 2015-2016 eruptive sequences indicate sealing at depth supported by hydrothermal
mineralization evident in ash samples, a decrease in fumarole temperature and SO2 content prior
to eruption, and cessation of low frequency seismicity (Roman et al. 2016, and references
therein). A combination of hydrothermal mineralization at depth and within the porous vent
blocking landslide talus presents a more probable cause for pressure build-up. While this may
characterize recent activity at Telica, it should be noted that new dome formation in 2017
indicates changing magmatic processes that may affect the proposed model of sealing.
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CONCLUSION
Non-explosive, background persistent activity and poorly predicted low-level (VEI 1-2)
explosive activity subject Telica’s active crater to frequent morphologic change, contributing to
summit explosion-crater formation. We utilize a photogrammetric approach to observe and
calculate change related to both types of activity from 1994 to 2017. Photo observations and
quantitative M3C2 differences (2011 to 2017) reveal a trend of material addition on the crater
floor and over the active vent of up to 40 m, and subtraction along the crater walls of up to 25 m
(Figure 6). Within this pattern, preferential subtraction occurs near long-lived persistent crater
wall fumaroles. Subtraction on the crater floor exclusively occurs with eruptive activity, and
includes new vent formation within the active crater (i.e. from the May 21st, 1999 and May 7th,
2015 phreatic explosions). This results in sustained summit explosion crater formation, with
characteristic similarities to calderas or summit pit craters that also maintain flat crater floors and
steep walls; however, their formation by roof collapse into a de-pressurized subsurface chamber
(Geshi et al., 2002; Simkin & Howard, 1970) is different than the mechanism of sustained
formation we describe for Telica of steepening by hydrothermal weakening of wall bedrock,
collapse, and subsequent crater floor clearing during eruption.
Our observations support widespread hydrothermal system sealing as the primary
mechanism of pressure build-up prior to eruption, as opposed to primary blocking by ventcovering landslide talus. While vent-covering talus may not sufficiently seal the whole
hydrothermal system for pressure-buildup with explosive potential, it remains an ejecta hazard,
and could contribute to the widespread hydrothermal system sealing supported by pre-eruptive
observations in Geirsson et al. (2014) and Roman et al. (2016). Future analyses would benefit
from more frequent observation and more complete, georeferenced photo datasets that include
the eastern crater wall. Closer observation and monitoring of the vent, hydrothermal system, and
future eruptions and eruptive products should also be considered coincidentally to provide the
best possible understanding and warning for Telica’s eruption processes and hazards. This is
particularly true in light of recent dome formation that indicates Telica’s altered magmatic state.
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SUPLEMENTARY MATERIAL
Tables
Table S 1. List of available photos for this study, with photo source. Bolded entries were used for point cloud
construction.
Name
Current Institution
Date
Nbr. of Images
Peter La Femina
The Pennsylvania State University
Feb-94
26
Peter La Femina
The Pennsylvania State University
Jun-94
41
Peter La Femina
The Pennsylvania State University
Nov-99
36
Peter La Femina
The Pennsylvania State University
Nov-09
106
Mel Rogers
University of Oxford
Nov-09
77
Peter La Femina
The Pennsylvania State University
Mar-10
54
Haldor Geirsson
University of Iceland, Reykyavik
Mar-10
9
Mel Rogers
University of Oxford
Mar-10
176
Mel Rogers
University of Oxford
Jun-10
46
Mel Rogers
University of Oxford
Jan-11
108
Haldor Geirsson
University of Iceland, Reykyavik
May-11
14
Mel Rogers
University of Oxford
Aug-11
383
Haldor Geirsson
University of Iceland, Reykyavik
Nov-11
49
Mel Rogers
University of Oxford
Feb-12
90
Mel Rogers
University of Oxford
Jul-12
196
Haldor Geirsson
University of Iceland, Reykyavik
Sep-12
34
Halldor Geirsson
University of Iceland, Reykyavik
Jan-13
18
Mel Rogers
University of Oxford
Mar-13
221
Haldor Geirrson
University of Iceland, Reykyavik
Mar-13
62
Peter La Femina
The Pennsylvania State University
Mar-13 21, 2 videos
Peter La Femina
The Pennsylvania State University
Sep-13 1 videos
Haldor Geirsson
University of Iceland, Reykyavik
Sep-13
45
Diana Roman
Carnegie Institution for Science
Oct-14
4
Diana Roman
Carnegie Institution for Science
May-15
207
Peter La Femina
The Pennsylvania State University
Dec-15
147
Peter La Femina
The Pennsylvania State University
Dec-15 3 videos
Geoffroy Avard
National University of Costa Rica
Nov-15
36
Michael Fend
Unknown
Nov-15
27
Dianna Roman
Carnegie Institution for Science
Mar-16
54
Michael Scott
Unknown
Mar-16
30
Kendall Wnuk
The Pennsylvania State University
May-16
494
Peter La Femina
The Pennsylvania State University
Nov-16
413
Peter La Femina
The Pennsylvania State University
Nov-17
212
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Figures

(a)

(d)

(b)

(e)

(c)

(f)

Figure S 1. (a-f). Dense point clouds for (a) August 2011, (b) March 2013, (c) December 2015, (d)
March 2016, (e) May 2016, and (f) November 2017.Scale bar in meters.
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(a)

(b)

(c)

(b)
(d)

(e)

(f)

Figure S 2(a-e). Significant change maps for the corresponding M3C2 results: (a) August 2011 to
March 2013, (b) March 2013 to December 2015, (c) December 2015 to March 2016, (d) March 2016
to May 2016, (e) May 2016 to November 2017, and (f) August 2011 to November 2017. If the
distance between the clouds is at or above the 95% confidence interval, which is defined by the
registration error, when compared to roughness and point density in that area, the result of the
M3C2 calculation at that point is considered significant. Scale bar reads 250 m.
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Figure S 3. Photo from Telica’s western rim, taken by Geoffroy Avard on November 21st, 2015.
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