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We document remarkably efficient thermo-mechanical erosion by a small-volume lava flow. Downcutting 
by a basaltic-andesite lava flow on the steep-sided Momotombo volcano, Nicaragua, occurred at 100 
times the rate commonly reported for thermal erosion in lava flow fields, even though this flow was 
small-volume (0.02 km3) and effused at a low rate for <1 week. The lava flow incised into the pyroclastic 
substrate up to 30 m, with erosion depth controlled primarily by thermal reduction of substrate hardness. 
We show that incision depth decreases, approximately exponentially, with distance along the flow path, 
until erosion stopped and the flow became constructional. This transition occurs 650 m from the vent on 
a slope averaging a 32◦ incline. Results indicate that syn-eruptive erosion is an important morphological 
process on some steep-sided volcanoes that are predominantly composed of layered pyroclasts. Rapid 
erosion and incision increased flow run-out for the 1905 flow, which in turn directed the flow and run-
out of the 2015 lava flow. Mapping and understanding these features is critical for improving lava flow 
hazard assessments and provides insight into the construction and growth of composite cones.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Lava flows are responsible for altering landscapes on geolog-
ically short timescales. The overwhelming majority of lava flows 
construct topography by building raised channels and/or com-
pound flow fields, both of which evolve through time and along-
flow (Kerr et al., 2006; Dietterich and Cashman, 2014). The mor-
phologies of flow features are mainly determined by the composi-
tion and effusion rate of the flow, as well as the pre-existing and 
syn-eruptive topography (Richardson and Karlstrom, 2019; Bilotta 
et al., 2019). These factors also control the thickness of lava flows, 
which in turn influence a flow’s run-out distance and inunda-
tion hazard potential (Kilburn and Lopes, 1988; Dietterich et al., 
2017). A small fraction of channelized flows and lava tubes erode 
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into older surfaces during emplacement via thermal, mechanical, 
or thermo-mechanical processes (Greeley et al., 1998; Fagents and 
Greeley, 2001; Kerr, 2001; Siewert and Ferlito, 2008; Hurwitz et al., 
2010, 2013).

The 1905 eruption of Momotombo volcano, Nicaragua, pro-
vides an example of thermo-mechanical erosion by a small vol-
ume (<0.02 km3) lava flow on a steep-sided edifice (Figs. 1 and 
2). We first document the morphology of the channel using a 
combination of satellite and terrestrial radar generated digital el-
evation models (DEMs) from 2012–2017. Erosion depths from the 
1905 flow are then calculated by reconstructing pre-channel to-
pography, extracting cross-sectional profiles, and calculating the 
maximum difference between the measured and modeled surfaces 
normal to the channel. We use these results to test thermal and 
thermo-mechanical models of erosion. Model inputs are informed 
by observations from Momotombo’s most recent eruption in 2015, 
which we capture with a range of satellite and ground-based ob-
servations. We find the channel was thermo-mechanically eroded 
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Fig. 1. Momotombo area map. The most recent volcanism (a lava flow emitted dur-
ing the 2015-2016 eruption) is noted by a light-grey overlay. The 1905 eruption is 
noted by a dotted line. The area shown in Fig. 4 is noted by the white box. Note 
the widely dispersed flows that underlie the 2015 and 1905 flows. Their distribu-
tion suggests that no incised channel existed at the time of their emplacement to 
direct flow paths. Background image from GoogleEarth.

by a lava flow that erupted in 1905. Additionally, we assert that 
thermo-mechanical erosion is an important morphological process 
on some steep-sided volcanoes composed predominantly of lay-
ered pyroclasts. This study is the first to look at lava flow erosion 
on steep sided slopes, expands our knowledge of the rate at which 
syn-eruptive erosion occurs, and mathematically couples thermal 
and mechanical models of erosion.

2. Background

2.1. Erosion by lavas

Erosion by lava has been hypothesized for the formation of 
rilles on both Mars (Carr, 1974; Dundas and Keszthelyi, 2014) 
and the Moon (Hulme, 1973; Head and Wilson, 2017; Wilson and 
Head, 2017), canali on Venus (Baker et al., 1992; Williams-Jones et 
al., 1998), and channels on Io (Schenk and Williams, 2004). Stud-
ies of active erosion by flowing lava have occurred on the island of 
Hawai‘i during the 1972–1974 Mauna Ulu eruption and the initial 
stages of the 1983-2018 Pu‘u O‘o eruption, where erosion rates of 
4 cm depth/day and 10 cm depth/day were observed in lava tubes 
via skylights, respectively (Peterson et al., 1994; Kauahikaua et al., 
1998). Erosion by turbulent komattite flows during the Archean, 
responsible for large Ni-sulphide ore deposits, is also widely noted 
(Williams et al., 1998; Beresford et al., 2002; Staude et al., 2017).

Thermal erosion
Thermal erosion occurs when lava moves with sufficient flux 

and temperature to melt and incise the underlying terrain (Kerr, 
2001). Thermal erosion by flowing lava requires the complete or 
Fig. 2. Pre and post 2015-2016 eruption images of the Momotombo channel and 
summit. A) A pre-eruption image of the channel, where the dashed line shows 
the approximate transition between erosional and constructional behavior. B) Ma-
jor changes in morphology can be seen in and around the summit crater, where 
the 2015 lava flow first filled and was then partially excavated during subsequent 
explosions in 2016. The pre-existing floor of the channel has been paved over by 
a lava flow and appears less ’rough’ than the pre-eruption channel floor. Images 
A and B from Google Earth. C) The summit crater prior to the 2015-2016 erup-
tion, with white lines bounding the channel. Textures within the channel indicate 
downslope flow. Image from INETER. D) The summit area on 6 April, 2016. Several 
hundred small explosions have partially excavated a small dome from December, 
2015. Blocks have been deposited atop the recent lava flow and a fine, grey layer of 
ash from repeated pyroclastic density currents coats the channel.

partial melting and assimilation of a substrate into the overriding 
flow. A lava flow’s total available thermal energy (Ethermal), sourced 
from advection and crystallization, is modeled as:

Ethermal = ml[cp l(Tl − Ts) + φF ] (1)

where ml is the mass of the erupted lava, cp l is the specific heat 
capacity of the lava, Tl is the erupted temperature of the lava, Ts is 
the inital temperature of the environment into which heat is being 
transferred (the substrate in this case), φ is the mass fraction crys-
tallization, and F is the latent heat of fusion (Wooster et al., 1997). 
Lava flows are an open system where available thermal energy 
is eventually balanced out by heat loss through conduction, con-
vection, and radiative heat transfer. Studies of the thermal energy 
balance of lava flows on Mt Etna show that upwards of 85% of en-
ergy was retained during the initial phases of the eruption, which 
can be used to further bound the amount of energy available to 
melt and erode the substrate (Wooster et al., 1997; Patrick et al., 
2004). The presence of multiple heat sinks also highlights the fact 
that not all available thermal energy can be partitioned into erod-
ing the substrate, so we need to quantify heat transfer between 
the base of the lava flow and substrate. The rate of conductive heat 
transfer into the substrate (i.e., the growth of a thermal boundary 
layer) can be modeled as:

dy

dt
= ηT

√
κ

t
(2)

where y is the depth into the substrate, t is the duration of the 
flow, ηT is a dimensionless similarity variable, and κ is the ther-
mal diffusivity (Turcotte et al., 2002; Fagents and Greeley, 2001). 
Thermal diffusivity is based on the relationship between thermal 
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Fig. 3. Simplified model of thermal boundary formation. The energy required to melt 
a pyroclast-rich substrate is less than that of a lava flow because of a lower density; 
we can therefore substitute the peak glass transition temperature (1013 K) as the 
minimum temperature required to initiate melting for such substrates (Giordano et 
al., 2005). The formation of the thermal boundary layer shows the transition be-
tween the temperature of the lava (Tl) and the substrate (Ts). This layer defines the 
boundary between a thermally softened substrate (H1) and the unaffected substrate 
(H2). The height of the lava flow is noted by h and the slope of the edifice by θ .

conductivity (k), substrate density (ρs), and specific heat of the 
substrate (cps), shown as:

κ = k

ρscps
(3)

The dimensionless similarity variable, ηT , is related to the com-
plementary error function (er f c) and a dimensionless temperature 
ratio (θr ),

ηT = er f c−1θr (4)

The dimensionless temperature ratio, θr , is a measure of the re-
lationships between the temperature at the onset of thermo-
mechanical erosion of the substrate, Te and the temperature of the 
lava, Tl , shown as:

θr = Te − Ts

Tl − Ts
(5)

The growth of this boundary layer, which controls the rate of ther-
mal erosion into the substrate, is illustrated in Fig. 3 and described 
in Equation (2).

Mechanical erosion
Mechanical erosion occurs when the wearing material (the lava 

flow) is harder than the substrate (the edifice) (Sklar and Dietrich, 
1998; Siewert and Ferlito, 2008; Hurwitz et al., 2010). This rela-
tionship is captured by the wear coefficient, k, determined by the 
relationship between the wear volume, the sliding distance of the 
flow, the normal load, and the hardness of the wearing material. 
For similar material on Mt Etna, a range of 10−2-10−3 for k has 
been calculated (Siewert and Ferlito, 2008). For context, a range of 
k∼10−1–10−5 characterize abrasive and erosive wear (Zum Gahr, 
1998). The early stages of an eruption are most conducive to ero-
sion because flow velocity is often highest and basal friction is also 
high because of the vertical load (Siewert and Ferlito, 2008; Hur-
witz et al., 2010). Mechanical erosion as a function of substrate 
hardness can be modeled as:

H = kρghvtsinθ
(6)
dchannel
where H is the hardness of the substrate, ρ is the density of the 
lava flow, h is the thickness of the lava flow, v is the velocity of 
the lava flow, θ is the slope of the edifice, and dchannel is the depth 
of erosion. This equation implies that the depth of an eroded chan-
nel will be constant, so long as the velocity of the flow is constant. 
If the depth of the channel changes with distance, then either the 
velocity of the flow is changing, or the hardness, H , is changing, 
or both. Given that velocity changes in lava flows are readily ob-
served and erosion appears to be a rarer phenomena, it’s likely that 
a change in hardness is the driving factor for this process. Hard-
ness, the ability of a material to resist deformation, is equivalent 
to approximately one-third of the tensile strength of the material 
(the yield strength). The yield strength is an exponential function 
of temperature, which means that H can also be modeled as a 
function of temperature:

H ≈ ae(−bTi−e)

3
(7)

where a and b are flow-dependent variables that vary with magma 
composition and e is Euler’s number. This relationship describes 
softening of the substrate as its temperature, starting at Ti and 
ending at Te , increases over time. This means that mechanical 
lava erosion models presented in Siewert and Ferlito (2008) can 
be reworked to become thermo-mechanical models. We note that 
experimental data have indicated that the Arrhenius relationships 
shown in Equation (7) break down around the glass transition 
point (Miller, 1963; Gottsmann and Dingwell, 2002).

2.2. Geology of Momotombo and recent activity

Momotombo (1,297 m) is located at the southern end of the 
Cordillera de Los Maribios in central Nicaragua (Fig. 1). The ed-
ifice is composed primarily of basaltic to basaltic andesite lavas, 
cinders, and other tephra that erupted during the last 4,500 years 
(Kirainov et al., 1988). Sixteen historical eruptions have been doc-
umented, the majority of which have been strombolian to violent 
strombolian (Volcanic Explosivity Index (VEI) 1-2), with several 
plinian events (up to VEI 4) (Global Volcanism Program, 2017). A 
VEI 4 eruption in 1605-1606 and large earthquake in 1610 led 
to the abandonment of city of León (Viejo), the capital of the 
region at that time (Sapper, 1925). Though the specific morpho-
logical changes to the edifice from the 1605-1606 plinian event 
are not well documented, it’s possible that serious damage to the 
structural integrity of the summit occurred given the impact on 
surrounding municipalities (Sapper, 1925). The subsequent steady 
activity throughout the 1800’s rebuilt the summit from cinders, 
agglutinate, and channelized lava flows, as shown in photographs 
from the late 1800’s and early 1900’s (Vincent, 1890; Interconti-
nental Railway Commission, 1898; Sapper, 1925). Ngauruhoe (New 
Zealand) (Hobden et al., 2002), Izalco (El Salvador) (Carr and Pon-
tier, 1981), and Cerro Negro (Nicaragua) (Hill et al., 1998; Court-
land et al., 2012) have built moderately sized pyroclastic cones 
in only a few hundred years and can provide further insight into 
rapid rates of edifice construction.

The 1905 eruption (VEI 2) occurred between January 16–21 
(Sapper, 1925). The basaltic andesite lava flow was accompanied 
by an eruptive column of sufficient height to deposit ash 15 km to 
the west on the city of León. The effusive component consisted of 
an eruptive volume of <0.02 km3 of basaltic andesite (Fig. 1). In-
termittent explosions occurred that sent incandescent blocks and 
bombs “a great distance” from the crater (Sapper, 1925). First per-
son accounts also describe destruction to the summit during the 
eruption, which may have resulted in the drainage of a small sum-
mit lava lake (Sapper, 1925) (Fig. 2). The 1905 eruption was fol-
lowed by 110 years of quiescence, which ended on 30 November, 
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Fig. 4. Elevation contour difference measured from the 2012 and 2017 TDX DEMs. 
Elevation contours at 20 m intervals were mapped from the TDX datasets; the grey 
contours represent the 2017 elevations (post 2015-2016 eruption), and the black 
represent the 2012 elevations. Slight contour variations exist in areas not impacted 
by the 2015-2016 eruption because of the different look angles of the TDX data 
pairs and georeferencing uncertainties. The white infill shows the area covered by 
the 2015 lava flow and the thick dashed line shows the approximate area of transi-
tion between erosion and construction (∼650 m).

2015. A small volume basaltic andesite lava flow was emplaced 
between 1 December and 7 December, 2015, and was followed by 
several months of intermittent explosions (Global Volcanism Pro-
gram, 2017).

3. Methods and results

3.1. Digital elevation model generation

3.1.1. TanDEM-X Satellites
Digital elevation models (DEMs) were generated from TanDEM-

X Satellites (TDX) and collected on 24 October, 2012 and 18 March, 
2017. These DEMs, which also capture the change in topography 
because of the eruption in 2015–2016, allow us to obtain base-
line measurements for the 1905 channel (Fig. 4) and determine if 
any erosion occurred during the most recent eruption. The bistatic 
mode of TDX allows these two satellites to fly in tandem forma-
tion and observe the same ground point simultaneously (Krieger 
et al., 2007). We note that the flight paths for these acquisitions 
were not the same, which resulted in an offset because of a head-
ing difference of ∼21◦ .

GAMMA software (Werner et al., 2000) was used to process the 
TDX SAR images to generate DEMs with the InSAR (Interferomet-
ric Synthetic Aperture Radar) technique (e.g., Deng et al., 2019). A 
30-m SRTM (Shuttle Radar Topography Mission) DEM provided in-
dependent ground control points. Two (range) by two (azimuth) 
pixel multilooking was used to reduce speckle noise. The final 
DEMs have a spatial resolution of 5 × 5 meters with a vertical 
precision of <2 m.

3.1.2. Terrestrial radar
We employed terrestrial radar interferometry (TRI) to assess 

the level of noise in our topographic profiles (described below) 
from the 2017 TDX acquisition. Although this comparison does 
not give us a direct assessment of noise for the 2012 DEM (the 
model from which we are measuring channel incision depths), it 
allows direct comparison with the 2017 TDX data. TRI is a ground-
based scanning radar that measures the amplitude and phase of a 
backscattered microwave signal. A GAMMA real aperture radar op-
erating at Ku-band (1.74 cm wavelength) was used for this study. 
The TRI has one transmitting antenna and two receiving anten-
nas, which allows for topographic mapping with a single scan (e.g. 
Dixon et al., 2012; Caduff et al., 2015; Voytenko et al., 2015; Xie 
et al., 2018; Deng et al., 2019). The resolution of the range mea-
surements is ∼1 m, and the azimuth resolution varies linearly with 
distance (e.g., 1.8 m at 1 km distance, 7 m at 4 km). The spatial cov-
erage of TRI is smaller than the satellite data, but covers most of 
the region of interest for this study. Details of TRI data processing 
for DEM generation are given in Strozzi et al. (2012) and Xie et al. 
(2018). TRI surveys were conducted in December 2015 and April 
2016. We use results from the 2016 campaign because it occurred 
towards the end of the eruption period and is temporally closer 
to the 2017 TDX acquisition. The TRI DEM has a 5 × 5 m resolu-
tion with an accuracy <5 m and covers the incised portion of the 
channel (Fig. S1).

3.2. Channel profiles and depth calculation

Previous GIS-based methods used to determine paleotopogra-
phy of volcanic terrains (e.g., Germa et al., 2015) interpolate miss-
ing topography by connecting high points in elevation. Studies 
of fluvial channel erosion in steep terrain generally do not deal 
with incision into conical edifices (Robl et al., 2008; Fox, 2019). 
Additionally, these approaches model down-section and not cross-
section morphology, which we require to accurately measure in-
cision depth and extract cross-section profiles. We developed an 
elliptical least-square best-fit contour method to obtain incision 
depths along the channel on Momotombo’s steep slopes to fill this 
application gap. We use this method to obtain channel depths and 
cross-channel profiles from the 2012 and 2017 TDX DEMs and the 
2016 TRI DEM. Our depth measurements are minimum values, as it 
is likely that the eroding flow would have emplaced some volume 
of lava within the channel. We also use this method to determine if 
any incision occurred during the 2015 lava flow. Additionally, com-
paring the post-2015 TDX and TRI DEMs provides an indication of 
noise within our channel measurements.

This approach measures incision depth against modeled pa-
leotopography created from optimized elliptical contours. A path 
down the channel’s center was defined with a sampling density 
set to the resolution of the DEM (5 m for this study)(Fig. S2a). 
The widths of the channel and levees, determined visually, were 
masked out in order to separate their signal from the overall signal 
of the cone. A refined elliptical fit for the uppermost contour of the 
channel path was calculated by minimizing the mean-squared dif-
ference between the actual elevation contour and an elliptical con-
tour. This optimized ellipse was then used to calculate a fit to the 
elevation contour below. This second recalculated ellipse was then 
fit to the next elevation contour, and so forth, until the end of the 
designated channel path was reached. The output of this process 
is a modeled paleotopography with no channel or levee structures 
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Fig. 5. Elliptical contour fit incision depth process (from 2012 DEM). The original 
elevation contours at 20 m intervals are noted in grey, the modeled fit in black. Inci-
sion depths, with arrows that indicate the horizontal distance between the modeled 
paleotopography and the current point of corresponding incision. Incision is deepest 
at the summit and decreases downslope until ∼650 m, where the channel transi-
tions into constructional features.

(Fig. S2b). The incision depth was calculated against the modeled 
paleotopography. The normal vector to the paleotopographic model 
was calculated at each point, spaced 5 m apart along each ellipti-
cal contour. As before, the normal vector was calculated by fitting 
a plane to 8 adjacent points (three from the contour above, three 
from the contour below, and two adjacent points from the same 
contour) (Fig. S2c). The DEM was then re-orientated such that the 
z-axis was coincident with the calculated normal vector. The inci-
sion depth was returned as a weighted average of the constituent 
points, with weighting criteria based on the distance of the points 
to the center of the plane (i.e., the point closest to the center had 
the greatest weight) (Fig. S2d). This process was repeated for each 
point along the contour, and then for every contour. This process 
allowed us to measure the incision depth throughout the chan-
nel while removing the conic signal of the edifice (Fig. 5). Incision 
depth varied from 35 m at the summit rim and tapers off to 0 at 
∼600 m elevation. We calculate the eroded volume of the chan-
nel to be 4 × 105 m3. A profile of each cross-channel contour was 
calculated for the 2012 and 2017 TDX and 2016 TRI DEMs (Fig. 7).

Results show the pre-2015 eruption channel extended down 
the northeast side of the edifice from the summit and incised into 
the summit (Fig. 5). The 2015 lava flow follows the same path as 
the pre-eruption channel (Fig. 7). The elliptical contour fit method 
was also applied to the 2016 TRI DEM. Data gaps within the DEM 
were filled using a regularized spline with tension interpolation 
method in QGIS and the same process described above was uti-
lized. We provide the code for this method (S1) and an additional 
code for a circular fit method in the Supplemental Documentation 
(S2).

4. Discussion

4.1. Channel origins

The difference between modeled paleotopography and the 2012 
TDX DEM shows that a channel has cut into the edifice. The dis-
tribution of lava flows beneath the 1905 units, shown in Fig. 1, 
implies that no structure existed in this location prior to 1905 to 
consistently direct the path of subsequent lava flows (as was the 
case for the 2015 eruption). No historical reports note a leveed lava 
channel on the NE flank of Momotombo prior to the 1905 erup-
tion (Vincent, 1890; Intercontinental Railway Commission, 1898; 
Sapper, 1925). Examination of the area surrounding Momotombo 
shows no down-slope deposition of sufficient volume to support a 
channel having carved into the NE edifice prior to the 1905 erup-
tion by environmental erosion (e.g. hydrologic erosion) and then 
in-filled by subsequent lava flows. The rest of the edifice is sim-
ilarly devoid of any large-scale drainage features (e.g. barrancas, 
rilles, or gullies). DEM analyses show the channel width is uniform 
from summit to low on the slopes (Fig. 4). Incised channels on 
other volcanoes (e.g., Merapi, Nevado del Ruiz) are generally much 
wider at the mouth, less consistent in width, and are less lin-
ear than Momotombo’s channel because they are related to more 
violent hazards (e.g., pyroclastic density currents and lahars). Re-
sults also show it was unlikely that erosion occurred during the 
2015 lava flow, given that it flowed over the armored channel and 
not a variably consolidated slope of cinders and spatter/aggluti-
nate (Fig. 7). In the absence of evidence that suggests otherwise, 
we conclude that channel most likely formed during the emplace-
ment of the 1905 lava flow.

4.1.1. Thermal erosion
The total energy emitted by the 1905 lava flow, calculated us-

ing Equation (1), is about 7 × 1016 J for an eruptive volume of 
2×107 m3. Taking into account the energy balance between heat 
sources (85% retained) and sinks (15% lost) described in Wooster 
et al. (1997), we calculate that 6 × 1016 J is the minimum amount 
of the original energy that remained within the flow. Although the 
length of time used to calculate this ratio for the Mount Etna erup-
tion was greater than the duration of the Momotombo eruption, it 
is helpful to place a first order constraint on how much thermal 
energy is lost into the environment. We calculate the total energy 
needed to fully erode the channel is about 2 × 1014 J, by substitut-
ing the mass of the eroded section of the channel into Equation (1). 
Although we find that sufficient energy exists within the system 
to erode the substrate, we note that not all of the energy present 
is available for this purpose. Had all of this energy been used to 
erode, the thermal loss would have been sufficiently great that the 
emplaced flow would be much thicker and shorter than what is 
observed. Modeling the depth of heat transfer into the substrate 
as a function of time using Equation (2) estimates the growth of 
the substrate thermal boundary layer at 8.8 cm per day when we 
account for the reduced density of cinders in our thermal diffusiv-
ity calculation (∼1000 kg m−3 for our study area). Thermal erosion 
rates in Hawaiian tubes and channels can reach ∼10 cm per day 
(Kauahikaua et al., 1998); given the lower temperature of lavas 
erupted on Momotombo, a slower rate of thermal boundary layer 
growth makes sense. Given the short duration of the 1905 erup-
tion (<1 week; Sapper, 1925), thermal erosion by itself is unlikely 
to have formed the observed morphology.

4.1.2. Thermo-mechanical erosion
Conceptually, once the near-subsurface reaches the threshold 

temperature, which we assert is the glass transition (Te , which is 
about 1013 K for basaltic rocks, Giordano et al., 2005), the hotter 
subsurface material begins to creep/flow and is transported down-
hill by the lava flow. This implies that the thermal boundary layer 
reaches some critical thickness and is then eroded away mechan-
ically by the lava flow. While this process surely contributes to 
incision of the channel, it cannot fully account for the observed 
depths. It is possible H varies with distance along the channel be-
cause the underlying substrate changes from very soft material at 
the top of the cone to harder material lower on the flanks. We 
reject this because the surface of the edifice is a relatively uni-
form slope without major lithologic changes. These results help us 
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understand how the material hardness of the substrate, H , is re-
duced over time as the lava flow moves downslope. Hardness is 
related to measurable mechanical properties (e.g., uniaxial com-
pressive strength, shear/tensile strength, shear modulus). Siewert 
and Ferlito (2008) report H as being approximately 1/3 of the ten-
sile strength of rock. Assuming this to be valid, and that tensile 
strength is approximately 1/10 of the compressive strength (e.g., 
Jaeger et al., 2007), then the value of H of the cinders (∼4 ×106 Pa) 
corresponds to compressive strength in the region of ∼120 MPa. 
For comparison, basaltic lavas can have compressive strengths of 
over 300 MPa (e.g., Farquharson et al., 2016).

We assume that the growth and removal of the thermal bound-
ary layer over time can be approximated as a steady state process, 
captured by the depth of incision at each point along the channel. 
An exponential was fit to the incision depth data to extract the 
quadradic function of dchannel in terms of incision depth and ele-
vation (Fig. 9). We solve for H and find that the transition from 
erosion to construction happens around 4 × 106 Pa. Modeling the 
results in this way suggests that the hardness of the substrate 
increases as a function of time, but note that we use depth as 
proxy for time. Realistically, the deepest incision points are clos-
est to the vent because they have been exposed to erosive work 
for a greater amount of time. The function modeled from Equa-
tion (6) tackles that problem from the opposite perspective (i.e., 
it models the decrease in erosive depth, which suggests increase 
in hardness). We know that temperature is increasing in the sub-
strate based on the relationships described in Equation (2), which 
decreases the hardness, so we revise these results and report them 
as a decrease in hardness over time to more accurately reflect the 
physical processes controlling the incision depth. Detailed histori-
cal observations list the eruption duration as six to seven days in 
length (Sapper, 1925). The effusive phase of the 2015 eruption per-
sisted for the same amount of time, but emplaced the majority of 
the lava within the first two days. Collectively, these observations 
allow us to place constraints on the rate of change of hardness 
(Fig. 9). Future work involves laboratory determination of the ten-
sile strength and hardness of Momotombo lavas and cinders to 
refine these results.

4.2. Channel growth

We calculate that the eroded volume is equal to roughly 2%
of the total volume of the 1905 lava flow. Given the low eruptive 
temperature of basaltic andesites, it is unlikely that this material 
was fully assimilated into the flow. As the material heats and soft-
ens it is likely dragged downslope along the base of the flow for 
a short distance and then re-deposits, which creates a scalloped 
type signal for the measure of incision depth against elevation 
(Fig. 6). The thicknesses of subsequent lava flows will respond to 
this subtle topographic variability (i.e., more lava will be deposited 
in the troughs, less on the crest), which we find to be true for 
the 2015 flow (Fig. 6). We find no physical evidence of entrained 
substrate fragments at the base of the 1905 flow. Although other 
authors have noted geochemical evidence for assimilation of the 
substrate into the flow (e.g., Williams et al., 2004), geochemical 
similarities between recent Momotombo eruptive products make 
this an unlikely scenario for Momotombo. We also note a strong 
correlation between incision and lack of developed levees in the 
2012 TDX DEM, which suggests that erosion began early on dur-
ing the eruption (Fig. 7, conceptualized in Fig. S2F). This implies 
that levee bounded incised channels are not thermo-mechanically 
eroded, which is an important consideration for studies of incised 
channels on other planetary bodies.

Similar channels observed on the Moon exhibit nested rille 
structures (Hurwitz et al., 2013). These features might indicate 
that the tendency for extant channels to become catchments for 
Fig. 6. Calculated channel depths at 20-m elevation intervals before and after the 
eruption, using the elliptical fit method described in Fig. 5. Calculated channel 
depths and slopes at 20-m elevation intervals before and after the eruption. White 
and red dots are channel depths of the pre- and post-eruption channel, respectively. 
The difference of the two DEMs gives us the thickness of the 2015 lava flow. The 
grey shading indicates the elevation range where erosion dominates (>650 m). (For 
interpretation of the colors in the figure(s), the reader is referred to the web version 
of this article.)

later lava flows at Momotombo also exists for lower sloped, larger 
volume lava flows on the Moon. If this pattern of repeated oc-
cupation of rilles on the Moon was common then in addition 
to nested rilles, partially-infilled shallow rilles should exist, simi-
lar to the current channel at Momotombo, which has now been 
partially filled with the most recently erupted lava. While it is cer-
tainly possible that nested rilles might form from a single effusive 
eruption, we note that the channels on Momotombo have simple, 
single grooved, shapes. This could be in part due to the small vol-
ume of the flow and its short eruption timeline, or because of the 
high slope compared to rille-present lunar environments, which in-
creases the efficacy of mechanical erosion (Williams-Jones et al., 
1998). However, our findings that substrate hardness plays a key 
role in thermomechanical erosion and that this hardness signifi-
cantly decreases around the glass transition indicates that thermo-
mechanical erosion by lavas through low sloping, unconsolidated 
regolith might play a larger role than previously hypothesized.

4.3. Morphologic implications

The depth of a thermally eroded channel is limited by the effi-
ciency of heat transfer across the boundary between the lava flow 
and the substrate, the rate of heat transfer in the subsurface, and 
the duration of an eruption (Kerr, 2001); when combined with 
morphologic studies of emplacement conditions (especially time), 
a constraint can be placed on the maximum depth of erosion. 
Channels whose incision depth exceeds this threshold indicate a 
preferential hardness ratio of the substrate to the flow (i.e., it is 
softer than the overriding flow) and can therefore be used to de-
termine the presence of pyroclastic rocks and other easily eroded 
terrain (e.g., unconsolidated regolith and alluvial deposits) on plan-
etary surfaces that can only be observed remotely. Large flows on 
the Moon, in particular, may be worth revisiting in light of these 
findings (Hurwitz et al., 2013). Additionally, this suggests that the 
rate and depth of heat transfer for areas susceptible to incision 
may present a higher than normal hazard for buried infrastructure 
(Tsang et al., 2019).

A 1528 drawing of Momotombo, Infierno de mamea by Oviedo, 
shows a similar channel on the volcano’s west side. A channel 
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Fig. 7. Momotombo lava channel profiles. The left figure shows channel profiles from 
the 2012 TDX DEM and an overlay of the lava flow from 2015. The 2012 profile is 
noted by the solid black line, with the 2015 lava flow (imaged by the 2017 TDX ac-
quisition) by the red polygon. The grey shading illustrates the transition of channel 
into a constructional feature at ∼650 m. The profiles have been visually adjusted to 
match up topography in order to account for the 21◦ difference in acquisition an-
gles. The right figure shows the difference between the 2016 TRI DEM and the 2017 
TDX DEM. Comparison of the post-eruption profiles estimates the relative noise of 
the DEMs.

Fig. 8. Substrate thermal boundary layer. At one day, we calculate the thermal 
boundary layer for a flow on Momotombo to grow to 8.8 cm. Thermal erosion 
rates in Hawaiian tubes and channels can reach ∼10 cm per day (Kauahikaua et 
al., 1998); given the lower temperature of lavas erupted on Momotombo, it is rea-
sonable to assume a slower rate of thermal boundary growth.

Fig. 9. Incision depth fit models. A: Depth is used as a proxy for time in order to 
constrain the hardness (H) of the eroded substrate. The red line indicates the expo-
nential fit to the eroded depth as a function of elevation. The dotted line indicates 
the transition from erosion (below) to construction (above). B: Substrate hardness 
as a function of time and distance. Time elapsed is the total time the substrate is 
in contact with flowing lava. The grey shading illustrates the transition of channel 
into a constructional feature at ∼650 m. We model the change of H as a function of 
time and distance for different values of the wear coefficient, k = 0.01, as the solid 
red line and k = 0.001 as the dotted red line.

on the northern flank (likely emplaced during an eruption in the 
second half of the 1800’s (Sapper, 1925)) is also incised into the 
cone, and has been infilled by cinders from subsequent eruptions, 
which suggests the processes of slope incision and subsequent in-
fill occurs with relative frequency on Momotombo. The preferential 
diversion of lava flows into incised channels for future events sug-
gest that lava flow hazards on some steep-sided volcanoes are 
influenced by the creation, infill, and eventual abandonment of 
these structures. The channel may limit the lava flow hazard for 
the western flank if the next eruption is similar in size. Under-
standing the evolution of these features has important implications 
for lava flow hazards and growth patterns and erosion of com-
posite volcanoes. Similar features can be found on Sierra Negra 
(Galápagos). Syn-eruptive erosion suggests a strength differential 
in the materials that construct some volcanic cones, which can 
indicate increased susceptibility to internal structural instabilities. 
Incision into cinder cones via flowing lava likely plays a major role 
in their destruction, which in turn impacts subsequent flow inun-
dation patterns (see Table 1).

5. Conclusions

We use satellite (TDX) and terrestrial radar (TRI) DEMs to obtain 
a detailed record of recent changes to the edifice of Momotombo 
Volcano from 2012–2017, during which a VEI-2 eruption occurred. 
We describe a unique lava channel that incised 25–35 m into the 
northeast sector of the volcano near the summit and transitions 
into a constructional channel roughly halfway down the edifice. 
We assert that this feature formed erosively during the emplace-
ment of a lava flow in 1905 and note a direct correlation between 
a lack of levees and incision depth. Thermal erosion alone was un-
able to account for the full depth of incision and we suggest that 
thermo-mechanical erosion is the likely cause. We examine inputs 
from mechanical models of erosion and determine that, based on 
the relationship between material hardness and shear strength, 
these models should be re-classified as thermo-mechanical. We 
propose that the transfer of heat into the substrate decreases the 
hardness of the material, which encourages it to flow more readily 
and excavate, in agreement with modeling approaches by Hup-
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Table 1
Momotombo erosion model variables, input parameters, and sources.

Variable Meaning Value (units) Source

N/A volume of 1905 lava flow 2 × 107 (m3) this study (DEM analysis)
N/A volume of eroded channel 4 × 105 (m3) this study (DEM analysis)
ρ density of 1905 lava 2600 (kg m−1) this study
ρs density of cinders 1000 (kg m−1) this study
cl specific heat capacity for lava 1400 (J kg−1) this study (MELTS)
Tl lava temperature 1325 (K) this study (FLIR)
Ts initial substrate temperature 300 (K) this study (FLIR)
φ mass fraction crystallization 50% this study (sample)
F latent heat of fusion 2.5×105 (Jkg−1) analogous flow, Siewert and Ferlito (2008)
y depth into substrate see Fig. 8 this study
t eruption duration 2–5 days Sapper (1916)
κ thermal diffusivity 2.5 × 10−7 m2s−1 this study
ηT similarity variable 0.3 this study
kT thermal conductivity 0.2 (Wm−1K−1) Connor et al., 1997
c specific heat capacity for cinders 800 (J kg−1 K−1) this study (MELTS)

ef rc complementary error function 0.4286 this study
θr dimensionless similarity variable 0.7 this study
Te temperature for erosion initiation 1013 K Giordano et al. (2005)
k wear coefficient 0.01–0.001 analogous flow, Siewert and Ferlito (2008)
h lava flow thickness (in channel) 3 m this study (2015 flow)
v average lava flow velocity 0.25-1.75 (m s−1) this study
θ slope locally variable: 5-35◦ this study (DEM analysis)

dchannel depth of erosion 0-30 (m) this study (DEM analysis)

Model output Meaning Value (units) Source

Ethermal total thermal energy of 1905 flow 7 × 1016 (J) this study
Eeroded thermal energy required to erode channel 2 × 1014 (J) this study

H substrate hardness see Fig. 9B this study
pert et al. (1984) and Williams et al. (1998). We establish that the 
critical temperature at which this occurs is lower than previously 
thought, likely at the glass transition temperature (1013 K), instead 
of the liquidus of a given lava. We calculate the total eroded vol-
ume to be 4 × 105 m3 and determine that erosion is likely to occur 
when the hardness of the substrate is less than 4 × 106 Pa. Deeply 
incised channels control the distribution of future flows and can 
also be used to infer the material properties of the substrate into 
which they are excavated.
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