
  

  

   

  

 

 

The International Union of Speleology and the Volcanic Caves Commission

by George Veni, President, International Union of Speleology

education, and funding, and how you can get involved.
the next few years, how those plans will benefit cave exploration, cave research, management, 
the UIS, the role of the Volcanic Caves Commission and other commissions, the UIS’ plans for 
and good international communication among its members. This presentation is an overview of 
Commission is a very active commission with symposia every two years, a newsletter, website, 
commissions—specialinterest groups that focus on over 20 topics. The Volcanic Caves 
national speleological organization. Many UIS accomplishments are achieved by its 
exploration and cave science. It is comprised of 54 member countries, each represented by their 
The International Union of Speleology (UIS) is essentially the United Nations of cave 
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Abstract 
The Lava Beds National Monument Photomonitoring Project has been active for over 25 years. 
The project started in 1989 with the goal of setting up a photomonitoring system that could be 
carried on by monument staff. Due to limited staff availability, the project was restarted in 2008 
with volunteers doing the field work. The project also changed from using film for the capture 
and storage of the photographic data to using digital capture and storage. During this time, 
much has been learned about how to use photography to monitor changes in the lava tubes of 
the Monument.


Significant results include:

   Baseline photos for the study of the disappearance of ice in Merrill Cave.

   Documenting the general disappearance of ice in the park.

   Validation of the assumption of low continuing impact of visitors in class 1 caves.

   Detection & documentation of vandalism of petroglyphs in Symbol Bridge Cave.


Background 
The Lava Beds (LABE) Photomonitoring Project began in 1989 and has continued since then in 
various forms under the auspices of the National Park Service and the Cave Research 
Foundation (CRF). The CRF is a Kentucky based US non-profit organization that serves as a 
liaison between volunteer researchers and land management units of the US government.


The project started as an extension to a then new monument cave management plan. Its goal 
was and still is to produce a time series of reproducible photographs of specific locations in the 
caves for use as an input to monument management decisions.


Photomonitoring volunteers work with monument management to select monitoring sites, and 
to curate and interpret the data. Sites are selected based on anticipated impacts and the ability 
of photos to show those impacts.


� �



LABE Cave Management Plan: 
The LABE Cave Management Plan identified four management classes for caves:


 	 Class 1: Open to the public with trails, stairs, and parking.

 	 Class 2: Open to the public but not advertised.

 	 Class 3: Closed. Not discussed with the public.

            Class 4: Unique issues require a specific management plan, e.g. Mushpot Cave


Initial Project (1989 - 1995) 
The initial project, conducted by Bill Frantz, worked with 
monument staff to select from one to three stations each in 
16 caves, with at least one cave from each management 
class. These sites were then photographed using color 
slide, color print, and black and white negative films. By 
using three types of film, it was hoped that at least some of 
the photographs would survive the ravages of time. The 
objective in site selection was the reproducibility of each 
photo, including framing & lighting. It was not anticipated 
that this protocol would cover a large number of sites.


A photographic protocol was introduced and documented, 
designed to make it easy to reproduce the framing and 
lighting of each picture in later years. Each site was 
surveyed marking the locations of the camera and the 
flash. The orientation, 3 F stops, shutter speed, and lens 
focal length were also recorded. (see figure 1). The intent 
was that monument staff would curate the data and 
periodically re-shoot the photos and evaluate the results. 
The photographs and site information were kept in a 
binder in the monument's resource office.


After the end of the initial project, the monument 
conducted some re-photography. However limitations in 
time and personnel made it difficult to do so systematically or consistently. In spite of these 
difficulties, the monument staff was able to add new stations as developments in the 
monument pointed to the need for additional monitoring.


It also proved difficult to manage and catalog the burgeoning mass of data. Comparing 
monitoring photos made at different times was difficult, hindering the ability to derive 
meaningful information from them.


Due to the staff limitations, and the difficultly of working with the data, as time passed, the data 
fell into disuse, and its existence was forgotten. When the ice floor in Merrill Cave developed a 
hole , the photomonitoring data was retrieved because one of the stations included a 1991 1

photograph of the area where the hole appeared. It became a baseline for tracking and 

 Janet Sowers lead a study of the ice hole in Merrill cave. The results were presented in the 1

Lava Tube Symposium at the 2003 National Speleological Society convention in Porterville 
California. There is an abstract of the talk in the program for that convention.
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Figure 1: Early Photomonitoring Form



studying the disappearance of the ice. It should be noted that the then current Resource staff 
was unaware that it had this set of baseline data. (A sequence of photographs of this station 
can be seen in figure 2.)
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Figure 2: Merrill cave ice 

1991 1998

2000 2009



Project Restart (2008-Present) 
In 2008, because of the proven value of photomonitoring during the ice floor investigation, the 
project was refreshed and revitalized by Bill & Peri Frantz in cooperation with the monument. 
The new project addressed the successes and failures of the original project, and the 
emergence of new digital photo-technologies. Digital photography techniques were adopted 
for both image creation and image storage.


All existing photos were scanned to make digital copies. Unfortunately, because of a need to 
minimize digital storage usage, the initial scans were predominately low resolution and 
included multiple exposures in a single scan. Since storage usage is no longer an issue, part of 
the current project activities are to rescan the photographs at higher resolutions with one 
image per scan.


The existing archive was reorganized and evaluated to preserve and enhance its the value by 
making it compatible with the new protocols. The existing binders of photographs, negatives, 
and slides are being reorganized removing obsolete material. Each new scan is based on a 
single exposure, color image.


A naming protocol for managing the photo files on mass storage devices was developed along 
with computer techniques for tracking and managing the archive. Each file name includes the 
date of the photo, a code for the cave, and a site number. The project reports regularly on the 
status of this new archive.


The field techniques and protocols were updated by converting the project to digital 
photography and a color checking card to achieve color and exposure consistency. In addition, 
a new station form was created which had space for multiple repetitions of the photograph as 
the site was rephotographed over the years, reducing the need to enter redundant data. (See 
figure 3.)


Established stations were rephotographed to test the new photomonitoring protocols. These 
photographs provide a bridge between the protocols. The photographs were analyzed to 
determine if there were any significant artifacts due to the change in protocols. None were 
observed.


After reviewing the stations set up by the old project, it became obvious that some of them, in 
the more visited caves, needed to be rephotographed more frequently than others. A new part 
of project management is determining, in consultation with monument management, the 
appropriate intervals for reshooting each individual station. Also, some stations were added 
and some were dropped because the monitoring was demonstrated to be a high impact 
activity. The data from the dropped stations is being retained should there be a need to resume 
monitoring.


Some stations are at the entrances of caves. These stations may need to be rephotographed in 
the same season to achieve meaningful comparisons. Protocols were adapted for those 
stations to include seasonal controls.


The use of photo editing software makes it easier to match photographs of the same site so 
they can be meaningfully compared. Where it is useful, the old photographs have been 
adjusted to make them more consistent with the new protocols. This includes color and 
exposure adjustment. This process is still being formalized.
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Photographers now have the responsibility for the initial analysis of a site's photographs and 
for bringing any observed problems to the attention of the Monument staff.


In 2009, vandalism was noted in a site in Symbol Bridge cave while the site was being 
rephotographed. The damage was documented and reported to monument management. Just 
taking a close look at sites can occasionally reveal changes without the need to compare 
photographs. Having a photomonitoring site encourages such close examination.


� �

Figure 3: New Photomonitoring Form



Significant Results: 
The progress of ice disappearance from the former Merrill Ice Cave (Now Merrill Cave) has 
been well documented.


The general trend of ice disappearance in the monument has been documented.


Class 1 caves have exhibited a low level of additional damage over the years, validating their 
status in the Cave Management Plan.


The vandalism of petroglyphs in Symbol Bridge Cave has been documented.


Lessons Learned: 
Photomonitoring can cause significant damage to pristine caves. A site in one class 3 cave 
was removed from regular monitoring for this reason. The original photographs provide a 
baseline should monitoring become necessary in the future.


The conversion from film to digital was a great improvement in our ability to reproduce and 
archive photographs. Digital editing software makes it easy to correct the exposure and color 
balance.


The landmarks used to relocate a site may change, such as the removal of the walkway in 
Merrill Cave as shown in the 2009 photograph. (See figure 2.) This problem is more likely when 
using artificial landmarks, or infrastructure such as walkways and ladders. These items may be 
removed as part of normal monument management, making it difficult to relocate a site. 
Selection of future sites will strongly prefer natural landmarks for site location.


Changes in monument personnel can cause loss of information about the photomonitoring 
data. It is useful to have regular contact between photomonitoring personnel and monument 
management, so that the results of individual site changes can be captured and transmitted to 
the ever changing management personnel .
2

With a long term project, the principle investigators grow old and need a plan to turn the 
project over to younger investigators.  Both Bill and Peri find that they are now aging and need 
to train younger replacements. When suitable replacement project leaders have been identified, 
we will provide training. We note that other CRF projects in the Monument, such as Ice Level 
Monitoring, have been passed to the next generation.


 For data redundancy, and to allow working off-site, photo monitoring volunteers should 2

maintain at least one separate copy of all data give to the Monument.
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Volcanic Caves of Central Oregon: 
 
Ron Delano 
 
Central Oregon is a predominantly volcanic landscape that presents many classic features of 
recent volcanic activity including numerous volcanoes of various types and stages, two major 
calderas and ample evidence of recent lava flows. There are over five hundred known lava caves 
spread over an extensive area. There are also "erosional piping caves" formed in volcanic ash 
formations. While lava tubes are common and numerous, these caves rarely exceed one mile in 
length. In select caves, ice formations form which are quite picturesque. Photographic examples 
of area caves will be presented. 
 



 
 
Emplacement of the basalt of Mammoth Crater 
 
By Julie Donnelly-Nolan (jdnolan@usgs.gov), John Tinsley (jtinsley@usgs.gov), and Duane 
Champion (dchamp@usgs.gov), all at USGS, 345 Middlefield Road, Menlo Park CA 94025 
 

The basalt of Mammoth Crater (bmc) covers ~250 km2 in northern California, USA, 
including about two-thirds of Lava Beds National Monument, where it hosts most of the park’s 
iconic lava-tube caves. The eruption took place ~35,000 years ago from several vents on the 
north flank of Medicine Lake volcano, a large shield-shaped composite volcano (Donnelly-
Nolan, 2010 geologic map, https://pubs.usgs.gov/sim/2927/) located in the southern Cascades 
rear-arc. Although most of the erupted volume is basalt (<52 wt.% SiO2), the unit is 
compositionally zoned and early vent-related lava has SiO2 contents as high as 55.9 wt.%. Lava 
was distributed via lava tubes across a broad E-W area on the lower north flank of the volcano 
forming a radial pattern reminiscent of the tentacles of an octopus. The vents, aligned N-S to 
NW-SE, are located at elevations as high as 1600 m (5,300 ft), and fed distal parts of the flow 
field at elevations <1250 m (4100 ft). The most primitive samples (SiO2 as low as 48.4 wt.%, 
MgO as high as 9.61 wt.%) were mostly transported by lava tubes to distal locations. K2O 
contents of the primitive samples are as low as 0.15 wt.%, an order of magnitude lower than 
the ~1.5 wt.% contents of the high-silica samples.  Despite the compositional range of the lavas, 
most samples contain few visible crystals, thus limiting the ability to map the emplacement 
sequence in the field.  Paleomagnetic sampling of 25 sites yielded a single common direction of 
magnetization indicating that only decades were likely needed to emplace the full flow field.  A 
similar study of the ~12,500-yr-old basalt of Giant Crater (Donnelly-Nolan et al., JGR, 1991) on 
the south flank of the volcano revealed a less common remanent magnetic direction showing a 
small angular variation (Champion and Donnelly-Nolan, JGR, 1994) indicating as little as a 
decade for emplacement of that 200-km2 lava field.  In the Giant Crater case, higher silica lavas 
also built the vent area and lower-silica lava with high MgO contents was transported to distal 
areas by lava tube, but the lavas displayed petrographic variation and were emplaced one lobe 
atop another in a graben allowing for direct stratigraphic control of the compositional variation 
through time.  

The recent discovery of a major lava-tube cave at the south margin of Lava Beds 
National Monument has led to new chemical sampling in that cave and in other caves, as well 
as collection and analysis of new samples at the primary vent where late stage magma 
withdrawal created the 100-m-deep Mammoth Crater.  Seventy chemical analyses allow 
characterization of the compositions present along each of the major lava tube systems.  
Together with a few stratigraphic relations derived from fieldwork and from air photo analysis, 
we propose an eruptive sequence. Initially, a small shield built at the location of Mammoth 
Crater and adjacent vents to the north.  Surface flows extended to the NW and west and a lava 
tube formed on the east side of the shield and carried lava eastward through what is now the 
enlarged channel of Hidden Valley. Lava thence flowed through the new cave, and east as far as 
~20 km from vent, but never having SiO2 contents lower than 51 wt.%. The distal flow field 
produced by this lava tube is overlain by much more primitive lava from the tube system that 



runs through the Visitor Center area, east through Craig Cave, and then NE ~25 km from the 
vent.  A sample recently collected from a solid outcrop on the NE wall of Mammoth Crater has 
the low-SiO2, high-MgO composition of the distal NE lavas.  Farther to the north, vents opened 
at and near Modoc Crater and fed lava tubes northward, with one set on the west side of the 
earlier Schonchin Flow, and another including Skull Cave around the east side.  Compositional 
data indicate that the samples from these lava tubes have higher TiO2 contents than those from 
the southern tube and from the Visitor Center-Craig Cave tube. Air photos indicate that lava 
associated with the Skull Cave tube is younger than lava from the Visitor Center tube.  Another 
compositionally distinctive lobe was fed to the west from Mammoth Crater through Upper Ice 
Cave.  This high-FeO, high-TiO2 lobe is partially buried by younger lava flows, but can be traced 
~20 km to the NW.  The much higher FeO content (~1.3-1.5 wt.%) relative to the other erupted 
lavas (~0.9-1.1 wt.%) suggests a higher density, possibly indicating that this lobe might be the 
last-erupted from the subjacent magma reservoir. 
 
 



 

 

Estimation of the yield strength and lava flows structure of Mt.Fuji by lava tube 

cave height and lava tree mold depth 
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Abstract:  

Many lava tube caves and lava tree molds exist in the lava flows of Mt. Fuji. Lava tube cave and lava 

tree mold coexists in Suyama Tainai lava flow, Ganno-Ana lava flow and Aokigahara lava flow.. Only lava 

tube cave exists in Subashiri-guchi lava flow located in the high altitude. Only lava tree mold exists in 

relatively thin lava flow such as Takamarubi lava flow, Higashisuzuka-South lava flow, Ohbuchi marubi 

lava flow,Kenmarubi I and Kenmarubi II lava flows. By using Bingham flow model, the yield strength of 

the Mt. Fuji lava flows was estimated from the hollow height of the lava tube cave and the depth of the lava 

tree mold, and compared each other. Then, the lava flow structure of these Mt.Fuji’s is also discussed based 

on the apparent difference of these yield strength.  

The lava flow is modeled by Bingham fluid flowing on the inclined plane or in the inclined cylindrical 

pipe with gravity potential. For the lava flow of density ρ, and yield strength fB, with slope angle α, under 

the gravity g, the lava flow critical(stop) condition is H=nfB/ (ρ g sin α) where H is the lava thickness.  

The case of lava which flows on the incline plane with a free surface is n=1, and the case of lava which 

flows through an inclined circular tube is n=4. The yield strength is obtained from fB =Hc (ρ g sin α)/4,for 

n=4, where Hc is the lava tube cave height, and from fB=Ht (ρ g sin α) for n=1, where Ht is lava 

thickness(depth of tree mold). 

The followings are conclusions from the results, (1) The yield strength obtained from the lava flow 

thickness (the depth of the tree mold) is an apparent yield strength, because the lava flow has caused 

inflation and repeated accumulation of lava. (2) The minimum yield strength can be obtained from the 

thickness of the toe or the lobe in the front edge of lava flow. (3) The true yield strength of lava can be 

obtained from the hollow height of the lava tube cave. (4) The lava tube cave can be formed when a lava 

flow caused an increase of the thickness more than 4 times of the simple flow due to inflation of lava. 

 

1.Introduction 

Many lava tube caves and lava tree molds exist 

in lava flows of Mt. Fuji. Lava tube cave and 

lava tree mold coexists in Suyama Tainai lava 

flow , Ganno-Ana lava flow and Aokigahara 

lava flow.. Only lava tube cave exists in 

Subashiri-guchi lava flow located in the high 

altitude. Only lava tree mold exists in relatively 

thin lava flow such as Takamarubi lava flow, 

Higashiusuzuka-South lava flow, 

Ohbuchimarubi lava flow, Kenmarubi I and 

Kenmarubi II lava flows. The yield strength of 

the Mt. Fuji lava flows was estimated from the 

hollow height of the lava tube cave and the 

depth of the lava tree mold and compared each 

other by using Bingham flow model. The lava 

flow structure of these Mt.Fuji is also discussed 

based on the difference of these yield strength. 

A considered model for lava tree mold is shown 

in Fig.1, and used model for lava tube cave is 

shown in Fig.2. 

 

 

 

 

 

Fig.1 Lava tree mold and lava depth Ht, 

Apparent yield strength fB= Ht(ρg sinα) 

 

 

 

 

 

 

Fig2 Lava tube cave and cave height Hc, 

Yield strength fB= Hc(ρg sinα)/4 

 

2.Considered hydrodynamic model 

The lava flow is modeled by Bingham fluid 

flowing on the inclined plane or in the inclined 

Hc 

Ht 
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cylindrical pipe with gravity potential(see 

Fig.3). For the lava flow of density ρ, and yield 

strength fB, with slope angle α, under the 

gravity g, the lava flow stop condition is 

H=nfB/ (ρ g sin α) where H is the lava 

thickness. The case of lava which flows on the 

incline plane with a free surface is n=1(see 

Fig.4)), and the case of lava which flows 

through an inclined circular tube is n=4(see 

Fig.5). The yield strength is obtained from 

fB=H (ρ g sin α) for n=1, for free surface flow 

where H is lava thickness(depth of tree mold), 

from fB =H (ρ g sin α)/4,for n=4, where H is the 

lava tube cave height, for circular tube1). 

 

 

Fig.3 The lava flowing on the inclined plane or 

in the inclined cylindrical pipe with gravity 

potential 

 

 
Fig.4 Lava flow on the incline plane with a free 

surface(n=1) 

 

 

Fig.5 Lava flow through an inclined circular 

tube(n=4) 

 

3.Estimation of the apparent yield strength by 

the lava flow thickness (the tree mold depth) 

 

The yield strength fBt= Ht (ρ g sin α) is estimated 

from the lava flow stop condition of the free 

surface of lava flow of lava depth Ht which is 

equivalent of the depth of lava tree mold. Slope 

angle α is estimated from a contour line of the 

map. Some examples of lava tree mold depth 

and apparent yield strength together with photo 

and figures are shown for following several lava 

flows 

[Suyama tainai lava flow]2) 

 

Fig.6 Lava tree mold depth of Suyama tainai 
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Fig.7 Yield strength of Suyama tainai lava flow 

 

Fig.8 Lava tree mold of Suyama tainai lava flow 

 

[Gannno ana lava flow]3,4) 

 

Fig.9 Lava tree mold depth of Ganno ana 

 

Fig.10 Yield strength of Ganno ana lava flow 

 

Fig.11 Lava tree mold of Ganno ana lava flow 

 

[Takamarubi lava flow]5) 

 

Fig.12 Lava tree mold depth of Takamarubi 
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Fig.13 Yield strength of Takamarubi lava flow 

 

 

Fig.14 Lava tree mold distribution in the lower 

edge of Takamarubi lava flow. 

 

 

[Kennmarubi-I lava flow]6,7) 

 

Fig.15 Lava tree mold depth of Kenmarubi-I 

 

Fig.16 Yield strength of Kennmarubi-I 

 

[Ohbuchi marubi lava flow]8) 

 

Fig.17 Large tree mold of Ohbunchimarubi 
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Fig.18 Large tree mold of Ohbunchimarubi 

 

Fig.18 Adjuscent large tree mold  

 

 

Fig.19 Tree mold depth of Ohbuchimarubi 

 

Fig.20 Yield strength of Ohbuchimarubi 

 

The results are surmmarised for lava flows of 

Mt.Fuji in Table.1. The apparent yield strength 

obtained from the lava depth shows higher value 

than those obtained from the lava tube cave 

hollow height. It seems that the lava flow caused 

a deviation from simple flow due to inflation and 

repeated accumulation of lava, consequently, 

indicates higher value of apparent yield strength. 

 

4.Estimation of the yield strength by the lava 

tube cave 

 

When the lava tube cave hollow height is made 

Hc, the lava surrender value will be fBc= Hc (ρ g 

sin α)/4. The height of lava tube caves and slope 

angles for Suyama Tainai Cave (see 

Fig.21~Fig.23), for Subashiri Tainai Caves and 

for Ganno-Ana Cave  are indicated in Table.1. 

The estimated lava yield strength are also shown 

in Table 1. The yield strength shows relatively 

low value between 0.8x103 N/m2 and 

3.2x103N/m2. 

 
0

1

2

3

4

5

6

850 900 950 1000

Elevation(m) VS Tree mols depth(m)

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

850 900 950 1000

Elevation(m) VS Yield strength 

fB(N/m2)



 

 

 

Fig.21 Inside of Suyama tainai cave  

 

Fig.22 Entrance of Suyama tainai cave 

 

5.Summary 

(1) The yield strength obtained from the lava 

flow thickness (the depth of the tree mold) is an 

apparent yield strength, because the lava flow 

has caused inflation and repeated accumulation 

of lava. (2) The minimum yield strength can be 

obtained from the thickness of the toe or the lobe 

in the front edge of lava flow. (3) The true yield 

strength of lava can be obtained from the hollow 

height of the lava tube cave. (4) The lava tube 

cave can be formed when a lava flow caused an 

increase of the thickness more than 4 times due 

to inflation of lava.  
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Table.1 Estimation of the yield strength of Mt.Fuji lava by lava tube caves height and lava tree mold 

depth 
Name of 
lava flow 

SiO2 

Wt
% 

Slope 
angle:
α 

Height of lava tube 
cave：Hc 

Yield strength 
obtained from 
Hc: 
fB= Hc(ρg 
sinα)/4 

Depth of lava 
tree mold：Ht 

Apparent yield strength 
obtained from Ht: 
fB= Ht(ρg sinα) 

Suyamatai
nai 

51.4 10 ° 1.0ｍ～1.8ｍ 
(Subashiritainai 
cave) 

1.1x103～
1.9x103N/m2 

0.2m～2.2ｍ 9.4x102～9.4x103 N/m2 

Gannoana 51.1 5 ° 1.5m~2.0m 
(Nagara Ana cave) 

0.8x103～
1.1x103N/m2 

1.8ｍ～5.4ｍ 3.8x103~1.2x104N/m2 

Aokigahar
a 

51.3 3° 
~10° 

2m~10m(Karunizu 
cave,etc.,) 

1.6x103～
3.8x103N/m2 

3.3m~5.3m 8.0x103~1.3x104N/m2 

Subashirig
uchi 
 

50.9 20° 
15° 

1m 
2m 
(Subashiritainai 

cave) 

2.1x103N/m2 

3.2 x103N/m2 
No lava tree 
molds 

― 

Takamaru
bi 

50.9 3.5 ° No lava tube caves ― 1.9ｍ～5.9ｍ 2.8 x103~8.8 x103N/m2 

Higashius
uzukamin
ami 

51 9° 
 

No lava tube caves ― 1m~2m 3.8x103~7.6x103N/m2 

Kenmarub
i-I 

51.1 4° No lava tube caves ― 2.1m～5.5m 3.6x103~9.3x103N/m2 

Kenmarub
i-II 

51.2 4 ° No lava tube caves ― 2ｍ～6ｍ 3.4x103~10.1x103N/m2 

Oobuchi 
marubi 

51.2 7.7° No lava tube caves - 0.4m~5m 1.3x103~1.65x104N/m2 

 

 

Fig.23   Lava tube cave of Suyama tainai lava flow  
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Abstract 
 
We compared indirect and direct impacts of human activity on bacterial diversity of overlying 

soils to microbial mats in lava caves in Lava Beds National Monument. We worked with LABE 

personnel to select seven lava caves to cover a range of parameters including the extent of human 

visitation. Bacterial communities are distinctly different between surface soils and caves, with 

only an 11.2% overlap, showing that the bacteria in the cave are not simply a subset of surface 

microbes infiltrating into the cave. There was little evidence of direct human impact in LABE 

caves. Two microbial mat samples with probable direct human impacts were distinctly different 

from the surface soil and microbial mat communities, and from each other. Bacteria usually 

associated with humans were very limited; only one Staphylococcus and Streptococcus, and 25 

Enterbacteriacae detected from any LABE cave or surface sample. Indirect effects of human 

visitation showed minimal differences in mat community richness among caves. Our high 

visitation (about 30,000 people a year) and low visitation (up to 10 visitors some years) caves are 

comparable in terms of alpha diversity and show no major differences in microbial community 

structure. In contrast, in Carlsbad Cavern, a karst cave, with over 400,000 visitors per year, 

studies showed differences in bacteria and fungi on and off the tourist trails. There was a general 

decrease with distance from the entrance, but with a peak in the Lunchroom where visitors rest, 



eat, and wait for the elevator to return to the surface. The authors concluded that humans were 

important sources of non-indigenous microorganisms into Carlsbad Cavern, and recommended 

mitigation steps. What we may be seeing is a threshold of visitors before we see indirect human 

impacts; finding the threshold merits further study. 

 



Lava tube mineralogy, Medicine Lake Volcano, California 
 
Bruce Rogers (USGS, ret.)  
Western Cave Conservancy,  
PO Box 230 
Newcastle, CA 95658 
 
Medicine Lake Volcano is located in northeastern California at an 
elevation of about 2680 m.  It is the largest Cascadian volcano in volume. 
Lavas ranging from 2Ma to about 900 years old carpet the volcano.  
Within Lava Beds National Monument, the Basalt of Mammoth Crater 
(~36,000 ybp) and the Valentine Flow (~12,500 ybp) are the two major 
lava tube flows.  The 12,500-year old Giant Crater flow and Burnt Lava 
Flow (2,950 ybp) on the southern side of the volcano are also a major 
lava tube producing flow.   
 
Seventeen cave minerals and mineraloids present include ice, calcite, 
barite, gypsum, cristobalite, opal-a’, “amorphous” silica, quartz, 
silhydrite, “basalt,”  “andesitic basalt,” pyrolucite, romanechite, two very 
unstable, undescribed hydrous sodium sulfite and hydrous sodium 
sulfo-carbonate salts, plus uric acid and amberat.  The ice is seasonally 
frozen ground and seepage rainwater.  The calcite was derived primarily 
from adjacent seasonally dry, high calcium lake sediments.  The sulfates 
were derived from volcanic sulfur deposits combining with adjacent dry 
lake sediments.  Most of the silicate minerals origin is solution of 
unstable pumice and ash carpeting the volcano and subsequent rapid 
evaporation of modestly saturated groundwater.  The romanechite and 
pyrolucite apparently is derived from limited solution of iron-manganese-
bearing basalts.  The uric acid and amberat are byproducts of woodrats.   
 
Speleothems include stalactites, draperies, spathites, helictites, 
stalagmites, flowstone, moonmilk, coralloids, crusts, and conulites.  The 
lava speleothem-like decorations may be either primary and 
contemporary with tube formation or secondary from a re-melt episode.   



 

 

Yield strength and lava tube cave height estimated from pits  
and lava flows of the Moon and Mars 
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Abstract:The vertical pit, Marius Hills Hole (MHH) of the Moon, found by Haruyama et al(2009) has 

several lava layers in it’s cross-section as reported by Robinson et al(2012) through LRO observation. As 

for pits of Mars, the cross sectional thickness is also reported from Cushing(2012) on the vertical pit in 

Martian Arsia Mons. On the other hand, the lava flow thickness of the Moon and Mars have been observed 

from the surface appearance of the lava flow from which lava yield strength were estimated, though these 

yield strengths had widely spread values. Here, the yields strengths are estimated from the thickness of the 

lava layers in a vertical pit and compared with those estimated from the lava flow surface appearance 

thickness. The height of lava cave tube possibly located under the vertical pit of the Moon and Mars should 

be estimated by using the proper value from the comparison of the yield strengths. 

Image data of vertical pits size in the neighborhood of Elysium Mons obtained by HiRISE with Mars 
Reconnaissance Orbiter are listed by Y.Goto et al of JAXA(2017). Possible existence of a lava tube 
cave under these vertical pits are predicted by using proper yield strength estimated from the lava flow 

surface appearance thickness. 

 

1.Introduction  

 
The vertical pit, Marius Hills Hole (MHH) of the 
Moon, found by Haruyama et 
al(2009,2010,2012)(1~3) has several lava layers 
in it’s cross-section as reported by Robinson et 
al(2012)(4) through LRO observation. As for pits 
of Mars, the cross sectional thickness is also 
reported from Cushing(2007,2012)(5,6) on the 
vertical pit in Martian Arsia Mons. On the other 
hand, the lava flow thickness of the Moon and 
Mars have been observed from the surface 
appearance of the lava flow from which lava 
yield strength were estimated, though these yield 
strengths had widely spread values. Here, the 
yields strengths are estimated from the thickness 
of the lava layers in a vertical pit and compared 
with those estimated from the lava flow surface 
appearance thickness. The height of lava cave 
tube possibly located under the vertical pit of the 
Moon and Mars should be estimated by using the 
proper value from the comparison of the yield 
strength. 

 

2.Bingham fluid model for lava tube cave 

 

The lava flow is modeled by Bingham fluid 
flowing on the inclined plane or in the inclined 
cylindrical pipe with gravity potential(7). For 
the lava flow of density ρ, and yield strength fB, 
with slope angle α, under the gravity g, the lava 
flow stop condition is H=nfB/ (ρ g sin α) where 
H is the lava thickness. The case which flows 
on the incline plane with a free surface is n=1, 

for the case of n=2, flow between infinite 
width parallel plates and the case which 
flows through an inclined circular tube is n=4.  

 

 

Fig.1 Lava flow model on the inclined plane 

1)Surface lava flow for n=1 

The case which flows on the inclined 
plane with a free surface is n=1 
Flow stop condition is as follows:H=1fB/(ρg 

sinα). Flow model is shown in Fig.2. 

 

Velocity distribution is following 

for τw＝(ρg sinα)H >fB, 

u=[z(2H-z)-2hBz)](ρg sinα )/2ηB  

（0<z<H-hB） 

u= (H- hB)2[(ρg sinα)/2ηB]  

 （H-hB<z<H） 

for τw＝(ρg sinα)H < fB, 

u=0 

 

Here,ηB is Bingham viscosity, 

From the flow stop condition as simple 

flow: H=1fB/(ρg sinα), the yield strength of 
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lava can be obtained by  putting the lava 

depth H. 

 

Fig.2  Lava flow on the inclined plane with a 

free surface 

 

2）For the case of n=2, flow between infinite 
width parallel plates 
Flow stop condition is as follow:H=2fB/(ρg 
sinα). Flow model is shown in Fig.3. 
 

 

Fig.3  Lava flow between infinite width 
parallel plates 

 

Velocity distribution u is following. 

for τw＝(ρg sinα)Ｈ/2 > fB, 

u=(H/2-hB/2)2(ρg sinα)/2ηB  

（-hB/2<z<hB/2） 

u=[(H/2)2-z2-2hB (H/2-z)](ρg sinα )/2ηB 

（H/2>z>hB/2） 

u=[(H/2)2-z2-2hB (H/2+z)](ρg sinα )/2ηB  

（-H/2<z<-hB/2） 

for τw＝(ρg sinα )Ｈ/2 < fB, 

u= 0 

 

Here, ηB is Bingham viscosity, hB is z=hB where 

the shear stress is equal to fB. 

From H=2fB/(ρg sinα),the yield strength can 

be obtained by putting lava tube cave 

height H. In this case, as flow is between 

infinite parallel plates, it should be H<<ｄ. 

Here, d is width of the flow pass.  

 

3) for the case of n=4, flow in the circular tube 

Flow stop condition is as follows:H=2R=4 fB /(ρg 

sinα). 

Flow model is shown in Fig.4. 

Velocity distribution u is following. 

for τw＝(ρg sinα)R/2 > fB, 

u=(R-rB)2(ρg sinα)/4ηB           r<rB 

u=[R2-r2-2rB (R-r)](ρg sinα )/4ηB  r>rB 

for τw＝(ρg sinα)R/2 < fB, 

u= 0 

 

Here,rB is r =rB where the shear stress is 

equal to fB. From H=4fB/(ρg sinα),the yield 

strength can be obtained by putting lava 

tube cave height H. 

 

 

Fig.4  Lava flow in the circular tube 

 

3.The yield strength estimated from stratified 

lava layer in the cross section of the vertical 

pit  

 

Marius Hills Hole (MHH) consists of 4m-12m 
thickness of stratified lava layer in a vertical pit 
section(an average of 6m thickness(see 

z 
r 



 

 

Fig.5)(Robinson,2012)(4). 
When average thickness of H=6m and slope 
angle α=0.31 degree in Rille-A 
area(Greeley,1971)(8) are used for the lava flow 
stop condition of Simple flow, the yield strength 
is given as fB= ρ gsin α H=131 Pa 
(Honda,2017)(9) where the lava density is 
ρ=2.5g/cm3 and surface gravity is g=162 cm/s2. 
On the other hand, the thickness of the stratified 
lava layer of the ceiling section of vertical Pits-I 
at the foot of north area in Arsia Mons is found 
to be H=3m(see Fig.6) (Cushing,2012)(6). The 
stop condition of Simple flow of lava where 
slope angle of pit-I area is α=0.28deg gives the 
yield strength fB=136 Pa(10). For this estimation, 
the lava density ρ =2.5g/cm3 and surface gravity 
g=371 cm/s2 are used. 

 

Fig.5 Schematic of Marius Hills Hole 

 

                68m 

                                             4m 

                                             3m 

 

                                             30m 

 

 

Fig.6 Schematic of the skylight of the volcano-
tectonic fracture system (I):dust layer:4m, 
bedrock overhang:3m,the depth at the edge of 
the shadow:37 m. extracted and simplified from 
Fig.8 of G.E.Cushing: 
Journal of Cave and Karst Studies, April 2012 

 

4.Estimation of the lava tube cave height 

under the pit for MHH and Arsia Mons 

 
The lava tube cave height Hc under the MMH 
and the skylight of the volcano-tectonic fracture 
system (I) of Martian Arsia Mons will be 

estimated by the lava flow model on the inclined 
surface with slope angle α. The flow 
critical(stop) condition of the lava is expressed 
as Hc=nfB/ (ρ g sin α) , where ρ is density, g is 
gravity, For the case of n=2, Hc is cave height 
between infinite width parallel plates, and for the 
case of n=4, Hc is cave height in the circular tube 
(Hulme,1974). The used yield strengths as 
proper value would be those obtained from the 
lava layer in the pit hole. For the MHH, for n=2 
and n=4, Hc=12m and 24m respectively. As the 
observed Hc is 17m, n will be about 3. This 
possibly shows the cross section of the lava tube 
cave under MHH is rectangular(Honda,2017)(9). 
For the skylight of the volcano-tectonic fracture 
system (I) of Martian Arsia Mons, for n=2 and 
n=4, Hc=6m and 12m respectively(see Table.1).   

 

Fig.7 Lava tube cave height of Arsia Mos 

 

Fig.8 Lava tube cave height of Arsia Mons 
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Fig.7 and Fig.8 show lava thickness (n=1)and 
lava tube cave height(n=2 and n=4) of Arsia 
Mons for the case of the yield strength of 
1.363x103dyne/cm2. 
Table 2.and Table3 show the skylights of North 

foot of the cone of Arsia Mons and the skylights 
of north flank of the cone of Arsia Mons. 
Estimated lava tube cave heights are added and 
compared with the depth of skylights(11). 
The depth of the pits in Table 2 is much higher 

than the lava tube cave height.So,the pits shown 
in Table.2 will not be the skylight of the lava 
tube cave though the small lava tube cave 
network exist under the pits. 
 The depth of the pits in Table 3 is comparable  

with the lava tube cave height. So,some of the 
pits shown in Table.3 will be the skylight of the 
lava tube cave. 
  

5.The yield strength obtained from the 

surface appearance thickness of the lava flow 

and comparison 

 

Lots of yield strength of lava were obtained for 
lava flows of the Moon and Mars by using 
Simple flow stop condition (Hulme,1974)(7), but 
these values are widely scattered. Table 4 and 
Table.5 show the minimum and maximum value 
for the Moon and Mars ever obtained(12~22). The 
minimum value 100 Pa in the Moon is near the 
yield strength 131 Pa which is obtained from 
cross sectional layer thickness of the MHH. 
When the yield strength shows a bigger values, 
it seems that a lava flow manifests Multiple flow 
or Inflation of lava instead of Simple flow, then, 
the yield strength is considered as an apparent 
yield strength. The yield strength indicates the 
smaller value for the lower slope 
angle(Honda,2017)(10). The minimum value 120 
Pa is near 136 Pa which is obtained from cross 
sectional layer thickness of the skylight of the 
volcano-tectonic fracture system (I) of Arsia 
Mons of Mars.  
 Lava yield strength of lava flow of Mars as a 
function of slope angle are estimated by the 
outer appearance of the lava flow thickness for 
Arsia Mons(Fig.9 and Fig.10)(12),Pavonis 
Mons(Fig.11 and Fig.12)(17), 
Ascraeus Mons(Fig.13 and Fig.14)(20), and 
Elysium Mons(Fig.15 and Fig.16)(21).  Table 5 
shows the range of the obtained yield strength of 
the lava flow of Mars including Elysium 
Planitia(22). The minimum values obtained are 
almost between 100Pa(1x103dyne/cm2) and 

200Pa(2x103dyne/cm2).  
Low values of low slope angle show that the 
flow is near simple flow, and high value of 
higher slope shows that the flow is inflated or 
multiplied. For the lower slope angle, it seems 
probably to converge into the true yield strength. 
 
[Arsia Mons(Moore et al (1978))] 

 

 
Fig.9 Lava flow thickness of Arsia Mons South 
Flank. (Moore et al (1978) 

 

 

Fig.10 Arsia Mons South flank Yield strength:fB 

(Moore et al(1978))：Minimum:1200dyne/cm2, 

Maximum:27000dyne/cm2,eq1:fB=H(ρgsinα), 

eq2: fB =H2ρg/Wf,  eq3: fB =2Wb (ρgsin2α), 

Here,H is lava flow thickness,Wfis lava flow 

width,Wb is lava levee width.(Moore et al(1987): 
fB=1.2x103dyne/cm2~2.7x104dyne/cm2) 
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[Pavonis Mons] 

 
Fig.11 Lava flow thickness of Pavonis Mons, 

Baloga etal(2003) 

 

 

Fig.12 Yield strength of lava flow of Pavonis 

Mons,Baloga etal(2003),：from H,α、fB is 

estimated by T.Honda: 
fB=0.93x103dyne/cm2~1.9x104dyne/cm2 

[Ascraeus Mons] 

 

Fig.13 Lava flow thickness of Ascraeus 

Mons,Hiesinger etal(2007) 

 

 
Fig.14 Yiels strength of Ascraeus mons,Hiesinger 

et al(2007), 
fB=1.99x103dyne/cm2~1.26x106dyne/cm2 
eq1:fB=H(ρgsinα), eq2: fB =H2ρg/Wf, eq3: fB 

=2Wb (ρgsin2α), Here,H is lava flow thickness,Wf 

is lava flow width,Wb is lava levee width. 
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[Elysium Mons] 

 

Fig.15 Lava flow thickness of Elysium 
Mons,Pasckert et al(2012) 
 

 

Fig.16 Yield strength of lava flow of Elysium 

Mons, Pasckert etal(2012) , 

fB=1.84x103dyne/cm2
2

~2.7x105dyne/cm2
2

 

 

6.Possible existence of lava tube caves under 

the pits and lava yield strength of Elysium 

Mons 
 
As shown in Fig.14, the lava flow thickness of 
the neighborhood of the Elysium Mons is 

obtained by J.H.Paschert et al(21) .By using this 
lava flow thickness H, the yield strength can be 
obtained from fB=H (ρ g sin α) as shown in 
Fig.15. The used value for density is ρ 
=2.5g/cm3, for gravity is g=373cm/s2. The 
calculated yield strength decreases from 
upstream to downstream from 2.63x105 
dyne/cm2 to 1.84x103 dyne/cm2. These values 
are considered to be an apparent yield strength 
because of a deviation from simple flow 
structure due to lava flow inflation or lava flow 
accumulation. For estimation of lava tube cave 
height, the minimum value of 1.84x103 
dyne/cm2 for 0.1 degree and for 11.3 m of lava 
thickness is used so that the influence of 
inflation or accumulation is considered as 
minimum. 
 
The depth and diameter of the pits are listed by 
Y. Goto et al(23) as shown in the left column of 
Table 6. The slope angle at the position of the 
pits are estimated from a contour line of 
Elysium volcano in the geologic map (24). The 
limiting conditions used for estimation of the 
lava tube cave height is the Hc=4fB/(ρ g sin α) 
and Hc is indicated in the right column of Table 
6. There is a possibility that a lava tube cave 
exists under the vertical pit because it's H>>Hc 
at all vertical pits. 
 
There is a possibility that a lava tube cave exists 
under the vertical pits of Elysium Mons, but its 
cave height is small compared with the vertical 
pit depth. Many lava tube caves may intersect in 
the lava layer through the vertical pit. The 
vertical pits would be regarded as the pit crater 
similar to devil's throat(25,26) of Hawaii Kilauea 
instead of skylight of a lava tube cave. 
 

7.Summary 

From the cross sectional observation of lava 
layer of the vertical pit, Marius Hills Hole (MHH) 

of the Moon and of the vertical pit in Martian Arsia 

Mons, the yield strength of lava flow is 

estimated,then,height of the possible lava tube 

cave is predicted. On the other hand, from the 
remote surface appearance of the lava flow for 
the Moon and Mars. the minimum yield strength 

of lava flow of Arsia Mons,Pavonis Mons, 

Ascraeus Mons and Elysium Mons is estimated, 

then, the height of the possible lava tube cave of 

Elysium Mons as an example is predicted. 
For the two methods of estimation of the yield 

strength,there is still a concern whether the 
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yields strength obtained from surface 
appearance is not minimun or the yield strength 
obtained from cross sectional observation 
contains still an influence of lava inflation. 
Therefore, on site sampling and 
chemical/physical examination is necessary to 
obtain the true yield strength. With the true yield 
strength, the lava tube cave height can be 
predicted. 
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Table1 Estimated lava yield strength observed from stratified lava thickness of the pits 
Lava flow area Lava layer 

thickness (n=1) 
Slope 
angle 

Estimated Yield strength Possible cave height 

Moon, 
Marius Hills Hole 

6m 0.31 deg 131Pa(1.31x103dyne/cm2) 12m(n=2) ~24m(n=4) 

Mars,Arsia Mons, the skylight of the 
volcano-tectonic fracture system (I) 

3m 0.28 deg 136Pa(1.36x103dyne/cm2) 6m(n=2) ~12m(n=4) 

 
Table 2 Skylights(Pits) of North foot of the cone of Arsia Mons 

Pit Name of 
Arsia Mons2) 

Diameter2) Minimum 
depth2) 

Elevation2) Slope angle Estimate of H 
for n=4 

Estimate of H 
for n=2 

Estimate of H  
for n=1 

Annie 225m 101m 11055m 3.1 deg 1.2m 0.6m 0.3m 
Dena 162m 80m 9100m 3.5 deg 1.0m 0.5m 0.25m 
Jeanne 165m 75m 9970m 1.0 deg 3.4m 1.7m 0.85 
Wendy 125m 68m 15500m 3.5 deg 1.0m 0.5m 0.25m 
Chloe 252m N/A 5700m 1.7 deg 2.0m 1.0m 0.5m 
Abbey 100m N/A 111500 3.5 deg 1.0m 0.5m 0.25m 
Nikki 180m N/A 111500 1.0 deg 3.4m 1.7m 0.85m 

from G.E.Cushing etal(2007):Geophys.Res.Letters,Vol.34,L17201 

 
Table3 Skylights(Pits) of north flank of the cone of Arsia Mons 

Feature5) Number of 
skylight5) 

Minimum 
depth5) 

Total  
Length5) 

Average 
Slope5)  

Estimate of H 
for n=4 

Estimate of H 
for n=2 

Estimate of H 
for n=1 

A(Tube-fed) 4 ~10m >35km 0.12 deg 28m 14m 7m 
B(Tube-fed) 4 ~18m 32.5km 0.23 deg 14.8m 7.4m 3.7m 
C(Tube-fed) 9 ~24m 71.0 km 0.25 deg 13.4m 6.7m 3.4m 
D(Tube-fed) 5 ~10m >19 km 0.46 deg 7.4m 3.7m 1.9m 
E(Tube-fed) 4 ~12m >15 km 0.31 deg 10.9m 5.5m 2.8m 
F(Tube-fed) 32 ~23m 47.0 km 0.34 deg 10m 5m 2.5m 
G(Tube-fed) 5 ~19m >55 km 0.54 deg 6.3m 3.2m 1.6m 
H(Tube-fed) 1 ~15m >35 km 0.45 deg 7.4m 3.7m 1.9m 
I(Tectonic 
fracture) 

9 >35m >100 km 0.28 deg 12m 6m 3m 

from G.E.Cushing(2012): CANDIDATE CAVE ENTRANCES ON MARS,Journal of Cave and Karst Studies, April 2012 

 
Table4 Minimum and Maximum lava yield strength estimated from lava flow thickness by outer appearance 

Lava flow area Min .yield strength Max. yield strength  References 

Moon,Mare Imbrium 100 Pa(1.0x103dyne/cm2) 400 Pa(4.0x103dyne/cm2) Moore et al(1975),Hulme et al(1977) 

 

Table.5 Minimum and Maximum lava yield strength obtained from lava flow thickness by outer appearance 
Mars Volcano name Min.yield strength Max.yield strength References 

Arsia Mons 120 Pa 
(1.2x103dyne/cm2) 

5.19 x104 Pa 
(5.19x105dyne/cm2) 

Moore et al(1978),Warner et al(2003),Hiesinger et 
l(2015) 

Pavonis Mons 93 Pa 
(0.93x103dyne/cm2) 

1.3 x 104 Pa 
(1.3x105dyne/cm2) 

Baloga et al(2003), Hiesinger et al(2008) ,Hiesinger 
et al(2015) 

Ascraeus Mons 199 Pa 
(1.99x103dyne/cm2) 

1.3 x 105 Pa 
(1.3x106dyne/cm2) 

Zimbelman(1985),Hiesinger et al(2007),Hiesinger et 
al(2008) 

Elysium Mons 184 Pa 
(1.84x103dyne/cm2) 

2.63 x104 Pa 
(2.63x105dyne/cm2) 

Pasckert et al(2012), Hiesinger et al(2015) 

Elysium Planitia 100 Pa 
(1.0x103dyne/cm2) 

500Pa 
(5.0x103dyne/cm2) 

Vaucher et al (2009) 

 
Table 6 Pit depth of Elysium Mons: H and Estimated lava tube cave height: Hc  

*Pit 
number 

*Diameter *Depth
:H 

Slope Angle 
(Estimated by contour) 

Tube height of circular tube cross section forn=4, 
 Hc=4fB/(ρg sinα), (fB is1.84x103 dyne/cm2) 

Remarks 

1 358.8m 98.7m 0.6° 7.5m H>>Hc 

2 88.0m 12.5m 1.0° 4.5m H>>Hc 

3 121.5m 42.0m 0.6° 7.5m H>>Hc 

4 140.5m 63.2m 1.0° 4.5m H>>Hc 

5 243.8m 61.1m 0.6° 7.5m H>>Hc 

6 143.5m 29.2m 0.6° 7.5m H>>Hc 

7 17.1m - 0.6° 7.5m - 

8 192.0m 42.1m 1.0° 4.5m H>>Hc 

9 254.8m 84.8m 0.6° 7.5m H>>Hc 

10 94.5m 69.9m 6° 0.76m H>>Hc 

11 110.3m 17.7m 6° 0.76m H>>Hc 

12 115.2m 25.2m 6° 0.76m H>>Hc 

* Yuki Goto et al(2017): List of Hole Pits taken by MRO HiRISE at the foot of Elysium Mons on Mars,JAXA-RM-16-008 
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