
- w 

71-25,127 

HATHEWAY, Allen Wayne, 1937-
LAVA TUBES AND COLLAPSE DEPRESSIONS. 

The University of Arizona, Ph.D., 1971 
Geology 

University Microfilms. A XEROX Company. Ann Arbor, Michigan 



LAVA TUBES AND COLLAPSE DEPRESSIONS 

by 

Allen Wayne Hatheway 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF MINING AND GEOLOGICAL ENGINEERING 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 
WITH A MAJOR IN GEOLOGICAL ENGINEERING 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1971 



THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

I hereby recommend that this dissertation prepared under my 

direction by AI ten Wayne Hatheway 

entitled Lava Tubes and Collapse Depressions 

be accepted as fulfilling the dissertation requirement of the 

degree of Doctor of Philosophy 

Dissertation Dir or Date 

After inspection of the final copy of the dissertation, the 

following members of the Final Examination Committee concur in 

its approval and recommend its acceptance*." 

4-//B /-7I 

f/sr/r' 

*ic 
This approval and acceptance is contingent on the candidate's 
adequate performance and defense of this dissertation at the 
final oral examination. The inclusion of this sheet bound into 
the library copy of the dissertation is evidence of satisfactory 
performance at the final examination. 



PLEASE NOTE: 

Some pages have small 
and indistinct type. 
Filmed as received* 

University Microfilms 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements 
for an advanced degree at The University of Arizona and is deposited in the 
University Library to be made available to borrowers under rules of the Library. 

Brief quotations from this dissertation are allowable without special 
permission, provided that accurate acknowledgment of source is made. Requests 
for permission for extended quotation from or reproduction of this manuscript in 
whole or in part may be granted by the head of the major department or the Dean of 
the Graduate College when in his judgment the proposed use of the .material is in 
the interests of scholarship. In all other instances, however, permission must be 
obtained from the author. 

SIGNED 



PREFACE 

The impetus for the present study came in July, 1964, when the Ranger 

VII lunar photographic mission produced large-scale imagery of Mare Cognitum. 

Dr. G.P. Kuiper, Director, Lunar and Planetary Laboratory (LPL), University of 

Arizona, reported (1965) that certain dimple craters discovered on the last Ranger 

VII frames were probably analogous to terrestrial collapse features found on lava 

flows. 

On February 20, 1965, Ranger VIII impacted on Mare Tranquil Iitatis 

after transmitting a series of over 7000 pictures of the lunar surface. Kuiper, Strom 

arid LePoole (1966) detected more collapsed features. In the same report, but using 

Ranger IX imagery, the same team reported that rrlies in the Alphonsus region were 

negative surfictal features of possible internal origin. 

Aware of several areas of collapse depressions and lava tubes in New 

Mexico, Kuiper implemented a terrestrial analog study in April of 1966. The 

i 

Bandera lava field of Valencia Country, New Mexico was of immediate interest to 

Kuiper. The frontispiece, a low oblique photograph by the Strategic Air Command, 

shows a portion of the lava field, about eight km wide in the foreground. Kuiper 

proposed a joint investigation of the features in cooperation with Dr. W.C. Lacy, 

Head, Department of Mining and Geological Engineering, University of Arizona. 

The author was offered the task of direct investigator. Appointments were tendered 



Frontispiece. Lava tubes and cinder cones of the Bandera lava field, New Mexico 



as Graduate Research Assistant in Mining and Geological Engineering (1966-68) 

and as Research Associate, LPL (1968-69). A significant portion of the research 

was supported by NASA Contract NG2 - 02 - 002 - 002. 

The author is thankful for the guidance of Drs. Lacy and Kuiper, as 

well as that provided by Professor Robert Strom and Dr. W.K. Hartmann of LPL. 

A.K.Herring collaborated in the field study of the Bandera lava tubes of New 

Mexico (Hatheway and Herring, 1970). And, without the presence of the author's 

father, C.W. Hatheway, other field work in remote sections of New Mexico would 

not have been possible. 

Drs. W.C. Peters and J.F. Abel, Jr. of Mining and Geological 

Engineering, and Dr. H.A. Sultan of Civil Engineering helped to formulate the 

field and laboratory approach to the elastic analysis. Professors R .L. Sloane and 

P.B. Newlin provided guidance and equipment for X-ray diffraction and field 

topographic and stereophotogrammetric mapping. 

Mr. F.A. deWeiss aided in formulation of the discussion on hydrodynamic 

aspects, while Drs. E.B. Mayo and B.E. Nordlie of the Deportment of Geology 

supplied an alternative interpretation of mode of formation of the Bandera lava tubes. 

Thin-section and photomicrography facilities of the Arizona Bureau of 

Mines were made available to LPL through the offices of Msrs. G.H. Rosevear and 

R.T. O'Haire. Thin-section analysis was accomplished at the University of 

California, Los Angeles, by kind permission of Dr. J.M. Christie. 
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A wealth of material concerning the Australian sites was loaned by 

Professors C.D. Oilier (University of Papua and New Guinea) and E.B, Joyce 

(University of Melbourne). 

Much of the drafting is the work of Barbara Vigil and Alice Agnieray 

of LPL. Indebtedness, over countless instances, is due Msrs. S. Larson and 

J. Fountain, managers of the LPL photographic facility. Glass diapositives, used 

in stereoplotting, were a gift of the Eastman Kodak Company, Rochester, New York. 

And finally, for obtaining the difficult-+o-acquire publications and the 

many topographic maps utilized, thanks are due to the always-cheerful librarian 

of LPL, Faye Larson. 
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ABSTRACT 

Lava tubes, occurring mainly in alkali and high-alumina basalts, are 

found on the sides of gently sloping shield volcanoes, as well as in relatively thin 

sheet flows. Collapse depressions result from failure of very short lava tubes (a few 

hundred meters long), under gravitational stressing. 

Extensive field studies were made at six locations in California and New 

Mexico. Quantitative data are presented to describe the features and to support a 

thermoelastic stress analysis. Physical property values for the basalts hosting tubes 

and depressions were degraded appropriately with respect to temperature and used 

in a computer program devised to predict the nature of the stress field responsible 

for the collapse features. 

The tubes originate at the toes of individual flow units, in contrast to 

the fact that the flow units issued from vents at higher elevations. Tubes begin in 

the form of evacuating bodies termed mobile cylinders. As hydrostatic pressure 

acting within the flow unit exceeds tensile strength at the toe of the flow, lavas 

issuing from the unit are supplied by creation of a hydrodynamically-ideal cylinder. 

Basalt is freed in an upslope movement as the cylinder continually searches out a 

position of maximum gradient within the flow unit. In most cases, growth of the 
* 

cylinder continues until the source area or vent is reached. The cylinder continues 
« 

to move downslope and passes completely from within its circular sheath. The 

result is q newly formed lava tube. 

xxv i 



Since lava tubes form under this toe-to-head impetus, branching tubes 

join in an upslope direction; opposite in sense to the behavior of fluvial systems. 

Lava tubes are often pseudo-mean drous, exhibiting smooth, sinuous patterns, in 

response to irregularities and obstacles on the pre-flow surface, and in deference 

to locally-enlarged pockets of low-viscosity lava. 

Profiles are characterized by uniform gradients in the range 4°31' to 

0°35'; more commonly less than 2°. Indications point to a lower boundary gradient 

of 0°38' to 0°35'; with only collapse depressions occurring below, in the range 

0°38' to 0°22\ 

Basaltic host rocks are generally of intersertal to intergranular texture. 

They are also characteristically crystal-damaged and porphyrific to a greater degree 

than other adjacent flow units which were more viscous and do not contain tubes or 

depressions. 

The study is presented in review of the subject and contains comprehensive 

references to lava tubes and collapse depressions as reported in the world literature, 

as well as available chemical analyses. Geologic maps and numerous aerial and 

terrestrial stereographic photographs document the character of the features. 



CHAPTER 1 

INTRODUCTION 

Lava tubes and collapse depressions owe their existence to the presence of 

fluid transport conduits contained within the interiors of basic lava flows of 

relatively high fluidity. These cylindrical bodies of thermally-insulated lava move 

down gradient and are released at ruptures along the flanks, or, more commonly, 

at the toes of flows. Drained conduits form chains of collapse depressions or long 

segments of collapsed lava tubes, depending largely upon the size and depth of the 

original tube. The resulting geomorphic surfaces are characteristic and recognizable 

at a glance (Fig. 1). 

A thorough review of the literature indicates that the tubes and depressions 

almost always occur in olivine basalts. 

1.1 Organization of the Dissertation 

The terrestrial analog study initiated by Kuiper, in 1966, had as a primary 

goal, the production of a review work; a single reference available to scientists 

wishing to speculate on the nature and origins of supposedly similar lunar features. 

The dissertation attempts to fulfill this requirement. 

Individual chapters have been written to provide selective information. -

Initially, theory of origin and morphology of hava tubes and collapse depression 

are discussed. Succeeding chapters describe physical and chemical properties of 

1 



Figure 1 

Collapse depressions on the Jornada del Muerto lava field, Socorro 
and Sierra Cos., New Mexico. 

Depressions, oblate and circular in plan, formed over lava tubes 
draining the interior of a plateau-type flow unit of olivine basalt (arrow 
denotes direction of flow). Pseudo-depressions formed along the margins 
of the flow unit and also in interior areas where individual flow tongues 
spread and rejoined to leave windows to the underlying flow unit, which 
does not possess depressions. 

Located about four km northeast of Casa Grande Ranch (Figs. 109 
and 110). (Scale: 1 cm = 148 m; photograph by USAF, 1965). 



Fig. 1. Collapse depressions on fhe Jornada del Muerto lava field 
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the host rocks and the mechanisms by which the features are most likely formed. A 

summary of lunar implications is followed by brief descriptions of worldwide 

occurrences, resulting from a comprehensive search of the literature. The remain

ing six chapters present detailed field studies at six lava fields in California and 

New Mexico. 

Each chapter contains conclusions drawn from material presented therein. 

The Table of Contents should be used to determine which aspects of the study are 

of primary interest to the reader. 

„ 1.2 Previous Workers 

Lava tubes were first described by the U. S. Geological Survey in the 

late 19th and early 20th centuries. G. K. Gilbert, in 1890, made the first of 

the reports, at the Tabernacle and Ice Springs lava fields, in central Utah. The 

following year, J. S. Diller (1891) described a collapsed lava tube at Snag Lake, 

16 km northeast of Lassen Peak, California. The last of this triumvirate, 

I. C. Russell, in his monumental survey work of the Pacific Northwest, recorded 

collapsed lava tubes on the Snake River Plain (1902), and in southeastern (1903) 

and central Oregon (1905). 

Over the next three decades, speleologists compiled a substantial number 

of descriptions and sketch maps of lava tubes. 

Collapse depressions came to light in 1936, hand in hand with the 

development of the concept of flow units. R. L. Nichols examined the Holocene 

lava field at Laguna Pueblo, about 97 km west of Albuquerque, New Mexico. 



4 

Nichols explained the sequences of layered basalt as resulting from'contemporaneous 

flow of a laminar or slightly turbulent nature. A distinct series of parallel 

(occasionally intertwining) layers were defined as a flow unit. Since the flow 

laminae were exposed within collapse depressions, Nichols concluded that the 

depressions were collapsed segments of internal drainage tubes lying within 

individual flow units. 

At the same time, Skeats and James gave the name basaltic barrier to 

depressions at Byaduk, Victoria. Their work, published in 1937, included, In 

addenda, recognition of Nichols' studies. The terms lava plateaux and lava 

tongues were introduced to describe features commonly associated with collapse 

depressions (Fig. 1). 

Nichols supplemented his work with a more detailed study of the 

depressions (1939a) and with a plane table survey of a portion of the lava field at 

McCartys, Valencia Co., New Mexico (1946). The latter paper dealt with the 

mode of formation using the Theory of Elasticity and assumed values of Young's 

modulus and tensile strength of the basalt. 

Australian geologists C. D. Oilier and M. C. Brown (1965) have expanded 

the theory to apply also to lava tubes in general. 

1,3 Sites in the Western United States 

Collapse features are commonly obscured or destroyed by erosion and 

formation of residual soil within perhaps 100,000 years of existence. For this 

reason the numerous references in the literature are confined to lavas of late 
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Pleistocene to Holocene age. Many of the reports are perfunctory, omitting 

quantitative data, but all have been indexed on Figure 2. Important locales 

have been studied in detail and appear as separate chapters, while other 

interesting locations are discussed and illustrated in Chapter 11. 

1.4 Worldwide Distribution 

Chapter 11 also presents details of generally well documented occurrences 

of depressions and lava tubes in Mexico, the Azores and Leeward Islands, Iceland, 

E. Africa, Australia, the South Pacific, and Japan. 



Figure 2 

Index map: Collapse depressions and collapsed lava tubes of the 
western United States. An addendum appears as Appendix A. 
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CHAPTER 2 

LAVA TUBES 

When alive and active, lava tubes provide a fluid connection between 

the frontal (lower-elevation) and upper (source) portions of the flow unit. 

Ideally, the tubes are nearly circular in cross section and may or may not have 

contained flowing lava after the original evacuation of the tube. Collapse 

depressions (discussed in Chapter 3) form in the failure of short-length lava tubes. 

Because of the excessive temperatures involved, observers of active lava 

tubes have only been able to take furtive glances through small breaks in the roofs 

of tubes. Two instances of first-hand observation have been reported, both in 

Hawaii. Wentworth and MacDonald (1953, p. 45) report that H. T. Stearns, in 

1935, and G. A. MacDonald, in 1942, saw this activity in small distributory 

tubes on Mauna Loa. 

2.1 Classification 

Basaltic volcanic activity has been summarized by MacDonald (1967) as 

producing free flowing lava spreading over relatively large areas and traveling for 

long distances. A very small proportion of the magma consumed in an eruption 

consists of pyroclastic materials. Thickness of the flow units varies as an 

undetermined proportionality to viscosity (Robson, 1967), and is influenced by 

chemical composition, temperature, and volatile content. In the case of the 

7 
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tholelites of Iceland, Walker (1963, p. 36) reported that flow units tend to 

Increase in thickness with decreasing slope, but come eventually to a terminal 

thickness of about 14 m as compared to an ultimate thickness of about six m for 

olivine basalts. 

In general, basaltic eruptions take the form of either 1) rounded shield 

volcanoes, or 2) broad, flat plateaus and plains (MacDonald, 1967). Realizing 

that most lava tubes occur in the second category, Oilier and Brown (1965, p. 220) 

proposed a classification of lava tubes in Victoria. To the classification may be 

added a fourth type, representing the occurrence of collapse depressions 

(Chapter 3): 

1) on the flanks of volcanoes 

2) within flows occupying topographic depressions (valleys) 

3) on wide plains or on smaller plains associated with nearby volcanoes 

4) as short-length tubes within lava plateaus represented by single 

flow units. 

Specific examples of each type have been located'and studied in the 

field. These locations, as they refer to the above classification, and as they 

appear in this study, are: 

1) Deer Mountain lava tube, Bandera lava field, New Mexico 

(Chapter 12) 

Bat Caves lava tube, Jornada del Muerto lava field, New 

Mexico (Chapter 14) 



9 

2) McCartys basalt- (terminal end), Bandera lava field, 

New Mexico (Chapter 13) 

Hambone lava tubes, California (Chapter 17) 

3) Bandera lava field, New Mexico (Chapter 12) 

Jornada del Muerto lava field, New Mexico (Chapter 14) 

Amboy Crater lava field, California (Chapter 15) 

Pisgah lava Held, California (Chapter 16) 

Lava Beds National Monument, California (Chapter 17) 

4) All above locations. 

2.2 Mechanism of Formation 

Two theories of lava tube formation have been formulated with respect 

to two distinct sets of circumstances. The earliest (Wentworth and MacDonaid, 

1953) applies to open lava channels developing a solidified crust while flow 

remains beneath. This subsurface flow tends to create a circular tube which may 

remain intact after evacuation of the lava. Such tubes have been reported to 

range from a few cm to more than 15 m in diameter (MacDonaid, 1967). The 

process involves continuous movement of lava from higher to lower elevations and 

applies only to short tubes a few hundred meters in length. 

A second theory, advanced by Oilier and Brown (1965), has been 

amplified as a result of the current study. An explanation is offered for formation 

of alj lava tubes a kilometer or more in length (to 28 km in the case of the 

Bandera Crater lava tube. Oilier and Brown concluded that MacDonald's theory 
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did not adequately account for the genesis of larger and longer lava tubes. The 

walls of tubes in the Western District of Victoria were found with a succession of 

flow layers indicating that this "layered lava" was associated with laminar flow. 

Shear occurred between laminar bodies of lava affected by differential cooling 

and attendant fractional crystallization. As illustrated in Figures 3 and 4, such 

flow layers become thicker, from top and bottom, toward the center portion of the 

flow unit in response to the general temperature gradient. Flow layers nearer the 

top probably reached the solidus at the time shear began. Interior layers will flow 

at velocities in excess of those closer to the upper and lower surfaces of the flow 

unit. All field study sites and appropriate references indicate that lava tubes and 

collapse depressions form only in flow-layered lavas. 

T = 0° C (+) T = 900° C (+) 
i ^ 

Free air | 

•• •** • • • • • «* 

~ Nf 
• 

W h «* mm 

/! 
i » V 1 ? 1 
1, A Z 1 i 

'! 1 u j 
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Figure 3. Generalized temperature gradient within a flow unit. Flow 
layers are developed as shear occurs between laminar bodies of basalt. 



Figure 4 

Flow layers comprising a single flow unit. Exposed in the wall of a 
collapsed segment of the Bandera Crater lava tube, New Mexico. 

The central layer (0.5 m thick) shows the characteristic features of a 
flow layer: definite upper and lower contacts/ greater vesicularity at the top, 
vertical columnar jointing (the planes of which do not extend across 
individual flow layers), and gas pocket partings in the horizontal plane. 
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Fig, 4, Flow layers comprising a single flow unit. 
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It is evident that confusion exists in defining flow units and flow layers. 

Skeats and James (1937) were in agreement with Nichols1 flow unit concept, but 

thought that the individual flow layers they observed were, indeed, flow units. 

MacDonald (1967) has also erroneously stated that, in the vertical section, some 

larger lava tubes extend across several flow units (i.e., flow layers). 

Further confirmation of the existence of gross cylindrical flow structure 

was detected on Buckboard Mesa, Nevada Test Site (Lutton, Girucky, and Hunt, 

1967). Figure 5 shows that a dense core of basalt was sheared into layers which 

increased in vesicularity in an outward radial direction. Polar plots were made of 
j 

data observed in 36-inch diameter calyx drill holes and along the exposed edge of 

the mesa. 

The lava, 61 m thick, may be comprised of several individual flow units, 

erupted rapidly and serially, which could have melded into an homogeneous body. 

The flow was extended by movement of the more mobile centrally-located cylinder. 

There are indications that the cylinder bifurcated into down-slope subsidary tubes 

to feed several advancing lobes of the flow. 

Hydrostatic pressure of the molten interior finally exceeds the strength of 

the solidfying flow front, and streams of fluid lava are liberated. The new flow 

units are supplied by lava moving through and out of the conduits. As long as the 

supply is sufficient to replace the tava pouring out of the rupture, a mobile 

cylinder is present and filled with lava. When the supply ceases, the cylinder 

evacuates and the open tube is formed. 
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b. INFERRED CONDITION AT 
SITES 3 AND II 

«. INFERRED CONDITION AT 
SITES * AND 7 

C. INFCRMD CONDITION AT SULK? tITC 

Fig. 5. Relief internal cylindrical flow structure preserved in olivine 
basalt at Buckboard Mesa, NTS (from Lutton, Girucky and Hunt, 1967, p. 51). 
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Although uncommon, the 61 m of basalt at Buckboard Mesa is a reasonable 

thickness for a massive outpouring of lava containing a mobile mass in its center* The 

Lava River tube (Oregon) was observed by Williams (1923) to lie at depths of 24 to 

27 m (a portion of this figure may be made up of later overflow). 

2.3 Cross-sectional Shape 

Prandtl's boundary-layer concept for fluid flow, of 1904, states that 

"for fluids having relatively small viscosity, the effect of internal friction in a 

fluid is appreciable only in a narrow region surrounding the fluid boundaries" 

(Streeter, 1966, p. 233). This narrow region is ideally arranged symmetrically 

around the fluid body in a circular fashion; hence, creation of lava tubes of 

circular cross section. However, this idealized cross section can be modified in 

several ways (Fig. 6). Even over relatively short segments of lava tubes, sections, 

vary greatly in response to localized conditions at time of formation (Fig. 7). 

This shape would deviate locally wherever pockets of lesser viscosity 

are encountered. Perhaps many of the chambers assigned by some as "gas cupolas" 

could have formed in this way. Fluid dynamics still dictate that changes in 

viscosity be smooth and transitional, and therefore only regular curvilinear shapes 

can occur naturally during formation of the tubes. 

A second form of modification of the ideal circular shape would arise at 

bends in tubes (Fig. 8). F. A. deWeiss (of LPL) noted that the tensile fracture -

pattern mapped at Area 7 on the McCartys basalt (Fig. 55), suggested that the 

underlying tube may have been slightly sinuous and of varying width. Preferential 



Figure 6 

Lava tubes in cross section; olivine basalts of the Lava Beck National 
Monument, Modoc and Siskiyou Cos., California. For locations, refer to 
photogeologic map, Fig. 136. (Photographs by NPS, 1966) 

a) Indian Well Cave, Mammoth Crater(l) lava tube. The open 
recess appears slightly elliptical, however, this shape is not indicative of 
the original geometry of the tube. Spailing of the roof has displaced the 
opening upward, leaving only a thin arch of overlying flow layers. The 
arch in this case is about 2 m thick. 

b) Valentine Cave, Ice Caves lava tube. An ideal circular 
shape is preserved, with intact contraction blocks in the ceiling, a flow 
line on the far wall, and solidified lava making up the floor. 

c) Hopkins Chocolate Cave. The triangular shape may have 
resulted from plastic deformation of the wall rock or may be the result of 
later filling of a larger tube having an irregular roof formed in remelting 
(see Fig. 9). 

d) Niched Catacombs Cave, Mammoth Crater (I) lava tube. 
An elliptical cross section occurs at the bifurcation of a central tube into 
three tributary tubes. Roof height at background is about 3 m. 



Fig. 6. Lava tubes in cross section 
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Figure 7. Profiles along a short reach of the Tickner Cave lava tube, Lava 
Beds National Monument, California ( Survey by T. Rohrer, from 
Lange, 1965, p.49; Sec. 4, T44N, R4E). 
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B) 

A) Original section; equal 
velocity pattern 

Condition at a bend. After continuous 
flow, increased components of velocity 
acting against the outer edge of the tube 
result in increased friction and enlargement 
of the tube in a preferential direction. 

Figure 8. Velocity distribution and modification of a circular cross section. 

Figure 9. Cross section of Hartung's tunnel, Graciosa Island, Azores ( Saucier, 
1966 ). The basalt has been remelted in stages by successive flow 
through the tube. 
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enlargement of the tube would then occur wherever bends created an increased 

velocity (and increased friction) or in areas of increased fluidity at time of 

formation of the parent mobile cylinder. 

Thirdly, plastic deformation of the tube roof may result from heat 

liberated during continued flow within the tube. Jaggar (1931) gave a colorful 

account of the blast-furnace condition maintained for weeks or months within tubes 

in the 1919 floor of Kilauea crater. Oxidation of escaping gases was fueled by 

swift flow of air through cracks and windows in the tube roof. Other instances of 

tubes having undergone obvious plastic deformation are cited by Warden (1967, 

p. 293) in the olivine basalt of Mount Lopevi, New Hebrides, and by Oilier and 

Brown (1965, p. 220) in the Mount Eccles area of Victoria. 

Warden's report details a roughly triangular shape (similar to that in 

Fig, 6c) in two small tubes up to 2.5 m in height. Warden reports circular tubes 

in older volcanic sequences on nearby islands. 

At Gothic Cave, cited by Oilier and Brown, flow layers are partly 

truncated and deformed in the roof, the sides of which rise and meet at a "sharp 

angle." Examination of a photograph furnished by Oilier indicates that the rock 

in the roof may have actually been sheared, although the greatest concentration of 

shear stress occurs theoretically along a plane at 45 degrees to the vertical 

(Chapter 9). Deformation of this type is more probably the result of stress 

concentration around a tube occurring in rock still at a high temperature, rather 

than being due to heat liberated from within the tube itself. 
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Floor blisters and buckling have been ascribed (Oilier and Brown, 1965) to 

hydrostatic lava pressure (partially from sub-floor channels). It is more reasonable 

that this deformation results from the stress field around the tube, such as that caus

ing the upbowing in mine drifts and other underground structures. 

A last type of shape modifier is that of erosion and remelting during 

successive flow in an already-formed tube. Many tubes remain partially filled, 

with relatively flat floors, a central trench, and flow lines or ledges along the 

walls (Fig. 6), while some examples (Fig. 9) have been found in which later flow 

has actually enlarged the base of the tube through thermal erosion. 

2.4 Effect of the Gaseous Phase 

There is no doubt that relatively large quantities of gases are released 

from solution as the molten lava travels and congeals. Gas cupolas such as those 

found by Skeats and James (1937, p. 273) at Harman's Cave, Byaduk, may be, as 

previously noted, merely enlargement due to the presence of pockets of gas or more 

fluid lavas. It is doubtful that gas pressure could ever reach a magnitude sufficient 

to create an updoming effect or to forcibly enlarge a lava tube. Rather, it is more 

likely that such gases would be released through developing contraction cracks and 

minor roof failures, or to be ignited and to burn in chimney vents (Fig. 89b, 

Chapter 12). By the same token the partial pressure of gas within a sealed tube 

would be insufficient to affect the stability of the tube itself with regard to the 

surrounding stress field. 
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2.5 Gradients 

The gradient of a lava tube is one of the most important characteristics 

that may be determined in an after-the-fact study. Since the tubes are rarely 

accessible for their entire lengths, it is necessary to plot the location of the tube 

on an accurate topographic map and then to reconstruct its longitudinal profile, 

assuming that its original floor lay always at a comparable depth below its surface 

expression. Table 1 presents gradient data for lava tubes in New Mexico, California, 

and Victoria. Corresponding profiles are shown in representative chapters 

describing the tubes. 

Profiles are remarkably constant over distances of hundreds of meters to 

several kilometers. Appreciable changes in gradient occur only at points where 

the underlying topography showed a break in slope. There were ho indications 

of noticeable changes in gradient trend occurring from actual changes in floor 

gradient within the lava tubes. All data given in the table are for gradients as 

they slope outwardly from the source area or visible head of each lava tube. 

Mean gradients in the range of 0°35' to 0°48' are more realistic than the 

one-degree-plus gradient measured for such tubes as Deer Mountain and Cerro 

Candelaria of the Bandera lava field (New Mexico). In these cases, specific 

segments of the tubes are influenced by their occurrence on the flank of an existing 

shield volcano (Deer Mountain) or by the fact that one tube lies on the surface of 

a small volcanic highland (Cerro Candelarfa). 



Table! 

Lava Tube Gradients 

Tube Name or Mean Gradient Upper Segment Lower Segment 
Location Deg. Percent Deg. Percent Deg. Percent 

Bandera lava field, New Mexico 
Bandera Crater 0°35' 1.0 
Cerro Can del an a 1°05' 1.9 4°311 7.9 0°48' 1.4 
Deer Mountain 1°12« 2.1 2°08' 3.7 0°411 1.2 
Twin Craters 0°48' 1.4 

Hambone quadrangle, 
California 

Giant Chimney/Giant Crater 1°12' 2.1 1°56* 3.4 0°46' 1.3 
Water Caves 1°36' 2.8 
Ice Caves 1°54' 3.3 
Hambone 1 0°44' 1.3 
Hambone LI 0Q44' 1.3 
Hambone Island 0°54' 1.6 

Lava Beds National Monument, 
California 

Modoc Crater 1°05' 1.9 
Ice Caves 2°3 5" 4.5 
Bat Butte 1°56' 3.4 
Schonckin Butte 1°56' 3.4 
Bearpaw Butte 1°52' 3.3 
Mammoth Crater 1°53' 3.3 
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In contrast, gradients on the McCartys flow (Bandera lava field), which lacks 

o 
tubes, is but 0 -*211. The surfaces of lava plateaux at Lake Corangamite (Victoria), 

contain collapse depressions, lack lava tubes, and lie at 0°- 22', 0°- 32', and 

0°- 38'. The measurements were made over distances of six to eleven km ( from 

maps presented by Skeats and James, 1937). 

2-6 Internal Stresses 

Given the condition of a filled lava tube or recently activated mobile 

cylinder, the cylinder will deliver uniform flow over its length of assumed 

identical cross-sectional area and at average velocities everywhere similar at 

any given time. It is then possible to estimate the magnitude of force acting 

against the soiidfying flow front. Since the gradients tabulated in Section 2.4 

are approximately constant for the lower portions of the tubes, hydrostatic 

pressure (P) exerted by the mobile cylinder increases nearly directly with distance 

below the cylinder head according to: 

P=Vh  

where: h = maximum elevation of the tube segment containing the mobile 

cylinder (from the tube end) 

y- specific weight of fluid lava. 

ft 
Using an average specific weight of 2.78 gm cm (Peck, 1969; melt 

from about 10 m below a 3-m crust at Alae lava lake, Hawaii), an approximate 

value of 82 kg cm"^ is developed over the 296 m head on the Bandera Crater lava 

tube for its entire 28.6 km length. Arithmetic mean values of 13 unconfined 
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compressive and tensile strength tests on lava tube and collapse depression basalts 

were 443 and 40 kg cm~^, respectively (Chapter 7). Using the temperature-

degrading technique for analyzing strength of basalt developed in Chapter 9, it 

is possible to predict strengths present at the toe of the flow. Assuming that the 

basalt is still capable of moving forward at a slight rate in the temperature range 

of 600-800°C, compressive and tensile strengths of between 340-220 and 29-19 

kg cm~^ are available. This indicates that although the tensile strength is 

exceeded, failure should come about only where the mobile cylinder toe has 

reached a thin frontal crust of perhaps two or three meters. In this thickness 

range, a combination of thermal contraction cracks and tensile fiber stress at the 

outer surface of the flow front should exceed the low tensile strength of the hot 

basalt. 

2%7 Sinuousity of Lava Tubes 

Sinuous bends, somewhat irregular for the most part, are common along 

most lava tubes (Fig. 10). Quantitative data describing bends on the Bandera lava 

field are given in Table 2. These bends are il lustrated in Figure 11. 

Although a different origin is proposed, the system of Leopold, Wolman, 

and Miller (1964, p. 295), used to measure river meanders, is ideal for the purpose 

at hand. It must be made clear that this is not an attempt to relate the processes 

of lava tube bend formation with those responsible for the development of river 

meanders; a comparison of the two systems is not valid. Time militates against 

such a comparison. River meanders are the result of a stream bed attempting to 



Figure 10 

The Modoc Crater lava tube, site of numerous sinuous bends. The 
lava tube seen here at mid-length is about 17 km long. (Photography by 
ASCS, 1955; see Fig. 136 for location) 



Fig. 10. The Modoc Crater lava tube 



Table 2 

Measurements of Sinuous Bends 
(see Fig. 11) 

Lava Tube D X a MRC W 

Bandera Crater 

Site 1 
Site 2 
Site 3 
Site 4 
Site 5 

0.0 -  1.7 km 
7.3-8.5 
7.5-9.2 

12.5 -  13.0 
13.0 -  14.4 

1100m 
817 

1480 
475 

1000 

444 m 
514 
42 

104 
114 

323 and 418 m 
114 and 400 
247 and 418 
171 and 323 
266 and 400 

19-34 m 
19-42 
27-49 
57-60 
23-30 

Deer Mountain 

Site 1 
Site 2 

1.0 -  1.4 km 
1.7-2.9 

684 m 
874 

. 228 m 
133 

76 and 532 m 
360 and 400 

19 -49 m 
15-60 

El Calderon 

Site 1 1.2 -  1.8 km 420 m 236 m 91 and 130 m 45 -78 m 

D = distance from source 
X = mean length of bend 
a = amplitude of bend, as measured above and below the length line (Fig. 11) 

MRC = mean radius of curvature 
W — channel width range for the bend 



Figure 11 

Sinuous bends along the Bandera lava tubes, New Mexico. Data 
describing the bends are tabulated as Table 2. (See Fig. 80, in rear pocket 
for relative locations.) Dashed lines represent mean lengths. 



BANDERA 

EL CALDERON 

Fig. 11. Sinuous bends along the Bandera lava tubes 
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attain near-equilibrium conditions over reaches of varying gradient. During the 

approach to equilibrium, the stream develops a series of sine curves as the system 

reduces its gradient through a process of channel lengthening. The position of 

the stream bed and rate of development is governed by velocity and discharge as 

well as by local variations in the lithology of the rock over which the stream 

flows. The process is essentially applicable to open channel systems/ and requires 

long periods of time for the adjustment to grade. 

In contrast, a lava tube is formed over a short period of time, with 

formation of a conduit under conditions requiring the tube to be located at the 

point of maximum gradient for the flow. Once formed, the tube has a relatively 

short life and physical forces of the type active in stream morphology do not have 

time to enter into the process. 

On a small scale, lava tubes also exhibit sharp deviations in trace. 

Most of the published maps of accessible tubes are reproduced to common scale 

in Figure 12. The tubes often branch in the downstream direction (or in the 

opposite sense of streams) and sometimes rejoin in a braided fashion. Pillars are 

often formed in these braided tubes. 

In those few instances of branching in the sense of streams (bifurcation 

in the upslope direction), it may be that one of the forked tubes is actually a 

subsidiary tube such as found by Oilier and Brown (1965). Staircase Cave, on the 

Mount Napier lava tube, yielded one instance of a side tube draining into the 

main conduit at an angle of about 30° from the horizontal and lying at a point 

midway up the wall of the main tube. Furthermore, the tube had a diameter of 
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1.2 m of its juncture with the main tube but was about 3 m wide at its head, just 

seven meters up gradient. Oilier (1963a, p. 334) reports similar (although 

collapsed) tubes in the Mount Hamilton area of Victoria. 

The rather common localized enlargements of tubes, as previously noted, 

probably resulted in most cases from pockets of low viscosity lava or from pockets 

of lava of identical viscosity to that forming the mobile cylinder. In the 

temperature range of fluid lava, feldspar crystallization is most responsible in 

controlling viscosity of the melt. 

2.8 Mechanism of Collapse 

Failure begins almost immediately after formation of the tubes. When 

considered from the standpoint of depth of burial and geometry, lava tubes are 

inherently stable structures. Since cooling of the basalt serves mainly to strengthen 

the rock it is likely that portions of the tubes probably undergo complete collapse 

in periods of time as short as a few weeks. Some thin surficial flows of lava may 

have come from localized ruptures, but are not generally believed to be responsible 

for blocking active tubes. 

The sequence of formation and collapse of a lava tube is shown in 

Figure 13. A description follows. 

1) As the flow advances, the outer surface cools and solidifies, 

while the interior portion remains molten and fluid. 

2) Hydrostatic pressure forces the molten interior against the 

immobile crust at the flow front, forming new flow units and 
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draining lava from the interior. 

3) Evacuation of lava creates a mobile cylinder of lava shearing 

a contact with the surrounding, more viscous lavas. 

4) Differential cooling generates vertical joints which intersect 

the horizontal planes formed by laminar flow within the massive 

flow unit. 

5) Joint cracks, moving from the surface downward, reach the 

upper surface of the tube and, when contraction in the 

horizontal direction is sufficient, blocks begin to spall from the 

roof of the tube. Some plastic deformation may also occur along 

the upper interior surface of the tube. Shear planes may develop 

along the lower interior surface in areas in which heat dissipation 

has occurred to a lesser degree and where the rock may still be 

plastic. 

6) Primary (A) and secondary (B) tensile fractures form in the 

roof arch and begin to outline a peripheral failure of the tube 

(Fig. 14). 

7) Final failure occurs along primary tensile fractures and the 

cycle is complete. The process may be assisted by seismic 

activity of a volcanic nature (Fig.' 15). 

8) OR: Plastic deflection of the roof area results in 

deformation of the tube cross section. 



Figure 14 

Collapse pit on the Bandera Crater lava tube, New Mexico. 

Stereoscopic view of a large straight-sided pit about .95 km south 
of the La Verruga spatter cones (see geologic map, Fig. 80 ). Scale is 
given by the two-meter range board placed above an aa mantle averaging 
about .5 m in thickness. The arrow denotes the approximate position of 
the original tube roof, lying at a depth of about six m in dense basalt. 
The tube is not exposed and the loose blocks filling the depression have 
broken exclusively along columnar joints. 



Fig. 14. Collapse pit on the Bandera Crater lava tube, New Mexico 
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Figure 15 

Bat Caves lava tube, Jornada del Muerto lava field, New Mexico 
(olivine basalt). 

a) The arch of the tube as it appears at the guano mine, about 
1.85 km southwest of USGS station Crater. One-foot intervals on the 
stadia rod show layering of post-tube overflow. Original surface at the 
time of tube formation was probably about 1.7 m above the base of the 
rod. 

b) Vertical walls of a collapsed portion of the lava tube. 
Roof rubble lies at the base of the wall, which is made up of two massive 
flow units (arrows denote contacts), which are, in turn, comprised of a 
series of flow layers. The upper layers in each series are more vesicular 
than the dense layers along the base of the flow units. The uppermost 
flow layer (above the top arrow) is actually post-tube overflow. 
(Refer to the geologic map, Fig. 109). 



Fig. 15. Bat-Caves lava tube 
u u 
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9) Spading occurs. 

10) The tube is filled with rubble and tilted slabs of basalt. In some 

instances this rubble fills the collapse pit to a point above the original 

roof line and the lava tube is made inaccessible. 

Rubble-filled collapse pits (Fig. 14) are characteristically straight-sided 

with flow layers exposed along the walls (Fig. 15b). finds of these pits are bounded 

by arches of stable basalt (Fig. 15a). Exposed tube openings are not commonly 

found at most locations, but the depressions often have cave-like recesses at their 

ends (Figs. 17 and 18b). 

One prominent boundary tensile fracture (Fig. 16a) lies outside a series 

of interior fractures, many of which are associated with large slabs and blocks of 

lava which have tilted inward toward the pit (Fig. 18a). 

Channels, such as the one shown in Figures 18a and 19, may form when 

the original tube width becomes enlarged along pockets of similar fluidity. Or, 

in the manner discussed in Chapter 9, shear failure occurs at a depth where the 

rock becomes susceptible to shear failure and substantial bodies of basalt slide 

into the area occupied by the lava tube. 

Many combinations of plastic and elastic failure modes were found along 

lava tubes. One such combination is illustrated in Figure 16b, in which a 

plastically-deformed tube roof (center) is covered by a younger pahoehoe flow 

from vents at nearby spatter cones. 



Figure 16 

Tensile fractures and plastic deformation along the Bandera Crater 
lava tube, New Mexico. 

a) A single most-prominent tension fracture will be found 
paralleling lava tube collapse pits. This crack lies at a distance of 
about 10 m from the walls of the pit, is about two m wide, and is 
open to a depth of about 10 m. A thin mantle of aa overlies the 
pahoehoe. 

b) Stereoscopic view of a two-stage collapse about .4 km 
south of Bandera Crater. Pahoehoe from vents near the crater flowed 
into a plastically-deformed tube segment and were followed by 
formation of a stope or chimney in the central middleground (arrow). 
The terrain is snow-covered. 



Fig. 16. Tensile fractures and plastic deformation along the 
Bandera Crater lava tube 
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Fig. 17. Recesses found at the ends of many collapse pits on lava 
tubes appear to represent the original lava tube, which is usually blocked 
and inaccessible. (Compare with Fig. 18b) 
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Figure 18 

Collapse features of the Bandera Crater lava tube, New Mexico. 

a) Aerial view of the open channel about .5 km south of Bandera 
Crater. The rubble filled channel is about 20 m deep and 150 m wide between 
the parallel tensile fractures (arrows) along its flanks. 

b) Caves lying at the end of a collapsed segment of the lava tube. 
The original tube roof was located at a depth of about six m, or slightly below 
the surface of basalt blocks seen on the floor of the depression. Flow layers 
in the roof arch are about one meter thick. 



Fig. 18. Collapse features of the Bandera Crater lava tube 
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Fig. 19. Diagrammatic section of a channel formed along the 
collapsed Bandera Crater lava tube. The channel lies just south of the 
crater and overflow levees have been built to appreciable size and volume 
at this location,identical to Fig. 18a. 
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2.9 Some Quantitative Implications 

Measurements were made of the dimensions of collapse features along the 

lava tubes of the Bandera lava field. A mirror stereoscope and hand comparator 

were utilized to obtain length and width values which were converted to actual 

dimensions using appropriate scaling factors developed by taping at the sites. 

Figures 20 and 21 give the quantitative morphology of collapse features on four 

tube systems of one lava field. 

2.9.1 Cumulative Collapse Area • 

The cumulative area of collapse, when plotted against distance from the 

source (postulated or observed) (Fig. 20), shows discontinuities which were found 

to represent local conditions such as faults or vents. At about 5 km from the 

source, the magnitude of collapse increases sharply, implying that since the flow 

units are thinner the lava tubes are much less likely to remain stable beyond this 

point. 

The Deer Mountain lava tube has anomalously large collapse pits in the 

first few kilometers of its length (Fig. 81, top, and geologic map, Fig. 80, rear 

pocket). The underlying tube was formed on a gradient of about two degrees along 

its upper extent. This high gradient would have produced an increased flow 

velocity which would tend to form a larger mobile cylinder due to an increased 

capacity of shearing between the mobile cylinder and the host lava. Such a 

larger tube would lie closer to the surface of the flow unit, and would be less 
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stable than a deeper tube of the same size. Th* tube may have been further 

enlarged and weakened by erosion and melting by continuous flow within the 

tube, resulting in breaches which now appear as surficial lava tubes (discussed 

in Section 2.10) and flows south of El Carbunculo (indicated by arrows on the 

geologic map (Fig. 81). The cumulative collapse area of the Deer Mountain 

lava tube increases at a greater rate than aiong the other tubes, whose 

gradients are much lower. All of these facts suggest that surges in the flow 

within the tube may have occurred after its formation. 

The upper segments of the curve for the Bandera Crater lava tube show 

an even higher rate of increase beyond the 13-km distance. As previously noted, 

this general trend is to be expected with distance, but it is also important to note 

that this trend was not observed for the other tubes; purely for the reason that their 

total lengths are not exposed. 

2.9.2 Ellipticity 

The ellipticity of collapse features was determined by the ratio of length 

versus widths of the pits. These data are reflected in Figure 21, where finite 

discontinuities in the overall trend are caused mainly by creation of open channels 

along the tubes. The ratio of length to width increases exponentially over the 

lower reaches of the tubes at distances of more than three to five km from the 

source. It is inferred that thinner lava flows will tend to produce tubes lying $t 

a lesser relative depth below the surface. The greater the depth of formation, the 

more stable a tube becomes with regard to the norma) and shear components of the 
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body forces surrounding it. Whatever failure occurs along these deeper tubes may 

not be observable as collapse may not extend to the ground surface. Stability may 

be adversely affected by faults or by seismic activity. Faults were observed to 

intersect tubes at locations where the tubes were totally collapsed. 

The original thickness of the roof of the Bandera Crater tube seems to 

have been about six to fifteen meters. However, this has been reduced to about 

one to two meters by spallation of the roof. To this thickness may be added the 

thin (usually less than one meter) aa or pahoehoe flows that originated from nearby 

spatter cones or from fissures in the lava tube itself. These pre-col lapse flows 

added only slightly to the stress levels involved in tube collapse. Such variations 

in thickness due to internal spoiling from the roof probably accounts for Oilier and 

Brown's observation (1964) that roof thickness at Tunnel Cave, Byaduk (Mount 

Napier lava tube)(Fig. 77 and Section 11.3.7), increased from about 3.3 m to 

5.5 and 8.5 m over a distance of less than 120 m. Apparent roof thickness is 

obviously not original roof thickness. 

Assuming a bulking factor of 1.3 volumetrically, due to loose piling of 

spoiled roof blocks, a collapsed tube could theoretically fill completely as its 

« failed roof reached a height of 1.3 its diameter, above the tube floor. Therefore, 

some larger lava tubes could become stable by reason of internal support offered by 

loose blocks of basalt originating from its own roof. This type of collapse would 

not be evident at the ground surface. 



44 

2.10 Surficiol Lava Tubes 

If the surface over which a flow unit is erupted is rough (possibly an aa 

or block lava terrain), a fairly viscous pahoehoe lava may form a positive lava 

tube. Such tubes are narrow, sinuous flow lobes resembling pressure ridges, having 

medial cracks, but being unusually long. Their lengths are due to formation of 

very few (if any) tributary flow lobes, and hence more fluid lava was available for 

extension of the tube. The long narrow ridge is never wide enough to have 

supported formation of collapse depressions. In many instances, the surficial tube 

owes its existence to the fact that it was channeled across a very subtle path in 

rough terrain. 

Such a positive lava tube is the "Hookworm," a ridge on the Jornada lava 

field (Figs. 22-24, and Figs. 114c and 115 of Chapter 14). Other examples were 

discovered on the Bandera lava field in the case of the Deer Mountain lava tube 

which became two positive surficial features about 3.3 km from its source area on 

a small shield volcano (geologic map, Fig. 80). A like tube, on the Snake River 

Plain of Idaho is shown in Figure 68c, Chapter 11. 

2.11 Lava Tubes in the Subsurface 

Lava tubes have been found in the subsurface, as exposed along the walls 

of coulees in Washington state, and as encountered by water well drilling and as 

exposed by construction activities. Most of the tubes are found filled. 

Waters (1960a, p. 354) illustrates this "war bonnet" structure of radial 



Figure 22 

The "Hookworm", a surfieial lava tube. The tube, formed as a single 
flow unit of the eighth flow, Jornada lava field, was controlled in movement 
by existing topography of the sixth flow. The massive, dense interior of the 
tube is exposed here at the terminus (Fig. 23). 

As in the case of plateaus favoring development of collapse 
depressions, the scoriaceous and vesicular surface layers are columnar-jointed 
in the upper flow layer. (Man holds a range pole graduated in 10-cm incre
ments) 



Fig. 22. The "Hookworm", a surficial lava tube 



Figure 23 

A positive lava tube and contrasting surface characteristics of 
the plateau flows (lower center) and the more viscous shield flows, 
Jornada del Muerto lava field. 

Unit eight (refer to geologic map, Fig. 24), uppermost of the 
plateau flows, appears to have been of transitional viscosity, for while 
it formed the Hookworm surficial lava tube, it exhibits few collapse 
depressions. 

Flank eruptive flows are to be found in the upper portion of 
the view, along with four linears which may be located with the aid 
of Figure 24. Other linears on and along the plateau units are cattle 
trails and jeep roads. (Scale bar represents 305 m; photographs by 
USAF) 
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Fig. 23. A positive Iovo tube/ Jornada del Muerto lava field 



Fig. 24, Geologic map segment of the Hookworm lava tube and 
surroundings, near Hackberry Well, Jornada del Muerto lava field, New 
Mexico. Scale is identical to that of Figure 23 and to that of the geologic 
map, Figure 109, Chapter 14. A key to geologic units is found as Figure 111 
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contraction jointing in filled lava tubes of the Columbia River basalt. In a 

detailed study of about 30-50 km^ in the Tieton River area of the Columbia 

Plateau, Swanson (1967) noted only one such filled lava tube. MacDonald (1967) 

adds that such tubes are rare In the Columbia River lavas and other flood basalts, 

presumably due to the fact that the massive flows retained heat for such long 

periods of time that many of the tubes closed plastically. Filled lava tubes have 

been reported also by Wentworth and MacDonald (1953) in Hawaii and in the 

olivine basalt at Byaduk, Victoria (Oilier and Brown, 1965, PI. II). 

In a groundwater study of the Snake River Plain, Stearns, Crandall and 

Steward (1938, p. 59) found that open lava tubes were found occasionally in 

water well drilling, and were prized as aquifers. Stearns is reported to have 

entered and examined one such tube at a depth of 30 m. Niccum (1967) found 

buried lava tubes and collapse depressions during construction at the National 

Reactor Test Site (vie. TIN, R30E), Bingham Co., Idaho. 

2.12 Conclusions 

The following remarks appear to apply, more often than not,to lava tubes 

in generaf. 

1) Lava tubes occur on both the upper and lower portions of shield 

volcano flanks, in valley-filling flows, and on plains of large and 

small extent. 

2) Two distinct modes of origin are indicated; the length criterion 

separating these modes seems to be about one kilometer of length. 



3) Tubes in excess of about 1000 m in length seem to form after 

evacuation of a mobile cylinder of lava within the interior of a 

single flow unit. 

4) Laminar to slightly turbulent flow at time of formation of the 

tubes has been universally preserved in the form of the omnipresent 

flow layers visible along the walls of intact and collapsed tubes. 

5) The ideally circular section of lava tubes may be modified 

to an infinite variety of shapes; all occurring quite locally and 

unpredictably. 

6) Pockets of variable viscosity are probably the cause for 

most deviations in shape. Some plastic deformation as well 

as erosion by remelting is indicated. 

7) Collapses may occur preferentially at bends along lava 

tubes, where higher flow velocity erodes tubes to increased 

diameters, tending toward instability. 

8) Gas pressure within tubes is not believed to contribute 

to deformation. 

9) Predictable, uniform gradients, generally less than 1°55' 

(3.4 percent) are the rule. 

10) Internal fluid pressure, exerted by the mobile cylinder, 

is sufficient to create a toe rupture when congealed frontal 

rock reaches a marginal thickness of one to two meters. 



11) Tubes commonly possess irregular sinuous bends in response to 

the underlying topography. 

12) Profound changes in direction are common over short distances, 

often resulting in downslope bifurcation of tubes. 

13) Partial failure of tube systems initiates within weeks of 

formation. 

14) Faulting and volcanic seismic activity influence the overall 

pattern of collapse along a lava tube. 

15) Caves exposed at some sites are not representative of the 

original lava tube, but are merely the upward displacement of 

voids created in collapse of the tube. 

16) The degree of recognizable collapse is greater along the 

lower reaches of a tube, where the conduit is buried at reduced 

depths in thinner flow units. 

17) A surficial counterpart of the lava tube appears as long, 

winding ridges, conforming to local irregularities of a 

rougher underlying topography. 

18) Lava tubes in the subsurface, although generally filled, 

are sources of groundwater and occasionally present hazards 

to construction activities. 



CHAPTER 3 

COLLAPSE DEPRESSIONS 

Collapse depressions form in the failure of miniature lava tubes. As in 

the case of their larger cousins, ruptures occur along the frontal or lateral 

margins of the flow unit. Release of more fluid, thermally-insulated interior 

lava, causes the tubes created to remove the most fluid lava available. Therefore 

the growth path of each tube depends upon the location of this most fluid lava. 

Tubes are not often aligned as linear features (as in the case of the larger lava 

tubes), but rather follow directions of maximum gradient and greatest volume of 

fluid lava. 

Upon evacuation to the interior of the flow unit, the tube may remain 

open, become slightly deformed plastically (mainly at its base), or may collapse. 

In most cases collapse is a combination of elastic and viscoelastic behavior, 

depending upon depth below the surface of the flow. This concept is discussed 

further in Chapter 9. 

3.1 Morphology of the Depressions 

Collapse depressions are instantly recognizable whether they may appear 

on the subdued surface of an old lava flow (10** years) (Fig. 1) or on a very recent 

and well preserved surface (Fig. 25a-d). Single depressions (Fig. 26) are 

generally circular in outline, but are modified as the pits form in a proximity of 
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Figure 25 

The morphology of collapse depressions. Oblique aerial views of a 
plateau of olivine basalt on the McCartys flow, New Mexico (Unit no. 18 ; 
see geologic map, Fig. 91 ) (Located in Sec. 22, T6N, R11W; photographs 
by Dr. G. P. Kuiper; views are about 175 m wide in foreground) 

a) At its southern tip, the broad surface of the plateau has given 
over to finger-like extensions of lava tongues, some of which are just broad 
enough to support depressions. The arrow denotes a wide medial tensile fracture 
common to frontal lobes. The triangular arrangement of depressions in the 
centerground occupies a secondary flow unit issued from the parent plateau in 
the upper area of the photo. (View to the N; NEi, SWi, Sec. 22) 

b) Wide fractures mark the extent of influence of collapse surrounding 
each depression. The fractures are also found bordering the margins of each flow 
unit extending from the plateau (to the right of arrow). Arrow denotes the 
trough formed at the confluence of two lobes (see also Fig. 30b). 

c) A pseudo-depression formed along the embayed edge of the 
plateau. Height of the plateau is about eight m. The lobate multiple pits in 
the background (also Fig. 25d) may be located with ease on the geologic map 
(Fig. 91 )• Arrow points to a two-meter scaip produced along an intermediate 
tensile fracture. (View to the E; SEi, NEi, NWj, Sec. 22) 

d) Multiple depressions produced over a sinuous lava tube. Leftmost 
arrow indicates loose talus rubble, while the second arrow marks a 2.5 m scarp 
below which a series of lava blocks have slumped en-echelon. 



Fig. 25. The morphology of collapse depressions 



Figure 26 

Depressions on a central lava plateau, McCartys basalt, New Mexico. 

Stereotriplet shows the relatively smooth, unbroken interior in contrast 
to the flanks, where most depressions lie. The three depressions formed as flow 
lobes broke out of the plateau. 

Other accessory features are: a pressure ridge (d) formed from the 
tongue exiting the plateau at (c); the tongue itself deflated somewhat short of 
the pressure ridge, irregular flow topography (e) resulting from outflow from 
another portion of the same plateau dnd seeming to inundate the flanks of the 
plateau (a). Depressions may not have been drained by a single instance of 
breakout flow, as suggested by the tiny breakthrough (b) in a near-surface 
tube leading to the flow lobe at (b). (Photograph by U. S. Army, 1967) 



Fig. 26. Depressions on a central lava plateau 
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mutual influence. This often occurs at the juncture of branching tributary tubes 
s 

(Fig. 55, Chapter 9). 

A set of tensile fractures, roughly parallel to the periphery of the 

depression, is always present (Fig. 27). One of these fractures will be broader 

and deeper than the others. Its position helps to define the location of the parent 

tube, which was always to the interior of this fracture. The entire surface of each 

flow unit is covered with a mesh of contraction polygons not unlike those found on 

lava lakes such as Makaopuhi (Wright, Kinoshita, and Peck, 1968). On older 

flows the fractures having greatest displacement sometimes support vegetal growth 

and thereby are prominent from the air. This pattern (discussed in Chapter 9) 

becomes most profuse in the vicinity of depressions. 

3.2 Modifying Features 

Collapse depressions appear to be modified immediately after formation 

and, less subtly, over succeeding time. Figure 28 is a plane table map of one of 

a series of depressions near the margin of a flow unit. A parent lava tube of 

perhaps 300-400 m is suggested. The large outer tensile fractures are most 

continuous parallel to the chain. 

Inspection of contours within the eight-meter pit will show that there is 

a uniform outer slope between peripheral fractures and the innermost outline of 

the pit. The slope of the pit increases again from the innermost peripheral 

fractures toward the bottom. The sides are made up of massive tilted slabs of 

basalt. 



Figure 27 

Typical tensile fractures associated with collapse depressions. 
McCartys basalt, Bandera lava field, New Mexico. The views are 
contained in the pit mapped as Figure 28. 

a) An offset of the boundary fracture, formed by the presence 
of an earlier crack. The fracture is about 20 cm wide in the foreground. 

b) Parallel tensile fractures lying on the gently-tilted inner surface 
of the pit. These cracks lie between two major fractures. Note the pahoehoe 
surface upon which the cords are parallel to the direction of flow for the entire 
flow unit. The unjointed, corded surface is about 8-10 cm thick and overlies 
a series of columnar-jointed flow layers. 

c) The innermost tensile fracture showing a wide gap formed as 
large blocks of basalt slid into the depression at the time of failure. The 
vertical fracture surface is displaced inward (to the right) at a depth of about 
one meter below the stadia rod, as the upper vesicular basalt grades into a 
more dense rock of differing physical properties. 

d) Ropy pahoehoe extruded from tensile fractures at the time of 
collapse. Arrows indicate the release point; a tensile fracture. 



Fig. 27. Typical tensile fractures associated with collapse depressions 
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A ponded floor of former tube-filling lava is present; the condition is 

not common. Lava was contemporaneously extruded from the tensile fractures 

surrounding the tilted slabs at about the four-meter elevation (Figs. 29 and 30; 

area identical to that in Fig. 28). The lava still appears extremely fresh. 

Final modification of the depression has come about through production 

of basalt rubble (Figs. 28 and 29) made up of broken joint columns. At the site 

illustrated, joint spacing is about 10-20 cm. 

The boundary between two adjacent flow lobes or plateaus is usually a 

trough; often appearing as though.it were created by the failure of an underlying 

lava tube (Figs. 25b, 30b). However, there is a subtle, but distinct difference 

between the two, mainly in the increased angle of slope and sharpness of bottom 

juncture of the flow lobe boundary, in contrast with shallower slopes and broader 

bottom areas of the true collapse depressions. 

3.3 Conclusions 

Always immediately recognizable in aerial photographs of lava fields, 

collapse depressions can relate to the observer a good deal concerning the history 

and composition of the lava. Hie morphology of these pits is very predictable, 

such that: 

1) they generally occur on lava plateaus formed of relatively 

thin flow units; 

2) they are found in a variety of shapes - nearly always in 

modification of a basic circular or oval outline;. 



3) depressions in series or in close proximity can be ascribed to 

the presence of a single or multiple-related lava tubes; 

4) a single wide tensile fracture encircles the depression at a 

distance representing the maximum zone of influence of the stresses imposed 

upon the parent tube; 

5) ropy and corded lavas are commonly found within the pits, 

signifying that some fluid lava remained within the parent tube at the time 

of collapse. 



Figure 29 

Characteristics of the inner slopes of collapse depressions. McCartys 
flow, Bandera lava field, New Mexico. 

a) The generally corded pahoehoe surface of the flow unit breaks 
abruptly along the inner ring of tensile fractures, resulting in a scarp. Below 
the scarp, large tilted blocks of basalt are covered with ropy lava extruded 
at the time of collapse. A monocline of Jurassic sandstone lies along the 
margin of the flow in the background (range pole subdivided in feet). 

b) Stereoscopic view of the northwest corner of the plane table map 
of Figure 28. Post-collapse rubble of columnar joint blocks lies across a 
surface of large slump blocks. 



Fig. 29 Characteristics of the inr\er slopes of collapse depressions 



Figure 30 

Structural troughs related to collapse depressions. Southeast margin 
of the Bandera lava field (McCartys basalt), north of Point of Malpais, Valencia 
Co., New Mexico. 

a) The axis of a small collapsed lava tube revealed by two depressions 
with intervening area represented by a sagged arch of the original pahoehoe 
surface. The surface elevation of the surrounding flow unit is several meters 
above the pits, as evidenced by the view of the horizon in the background. 

b) An alternative type of trough, resembling that of (a) above, 
but formed at the juncture of two flow units (such as in Figure 25b). The two-
meter range pole rests along the contact and against the collapsed margin 
of the left flow unit, which has been covered slightly by the later flow unit, 
lying to its right. The rightmost flow also has a slightly darker albedo. 
(Located in NW}4, NEft SV\fc, Sec 27, T6N, R11W) 



Fig. 30. Structural troughs related to collapse depressions 



CHAPTER 4 

CHEMICAL COMPOSITION 

There appear to be two main types of chemical variation occurring in 

extrusive lavas. The differences are those determined by magmatic composition 

and by slight variations between stratigraphically adjacent flow units or within 

single flow units - usually as a function of distance from the place of eruption. 

However, the larger and longer lava tubes are not generally in direct association 

with collapse depressions on individual flow units. Flow units bearing depressions 

are most often separated in time and space by those devoid of the pits. Therefore 

it appears that the most important chemical variations are slight indeed and come 

about during cyclic eruptions of serial flow units. It has been beyond the scope 

of this study to define these most subtle chemical chgnges. A review is presented, 

though, of the more general chemical classification of the rocks of interest. 
• 

4.1 A Compositional Diagram 

All available chemical analyses from the literature, representing rocks 

identified with tubes and depressions, are plotted as Figure 31, and tabulated 

in Table 3. The entire span of weighted percentages in both plots lies in the 

range 12-18 percent, with actual deviations, for the most within the basalt 

grouping of the gabbro and alkali gabbro clans. 
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Fig. 31. Compositional diagrams of rocks in which lava tubes or collapse depressions have formed 
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Table 3 

Chemical Analyses of Rocks Related to Lava Tubes end Collapse Depressions 

Locations 
1 2 3 4 5 6 7 8 

SiOj 50. 49.4 49.13 47.98 50.77 51.07 49.93 46.97 

TIO2 • • • • 1.97 1.18 1.71 1.58 1.38 2.32 

Aljog 13. 19.5 14.07 18.66 14.00 17.65 16.6? 16.71 

Fe2°3 • • 10.3 1.87 0.94 2.34 2.01 1.54 4.94 

FeO 16. • • 9.51 8.66 7.48 7.76 9.25 5.35 

MnO • • • • 0.18 0.15 0.16 0.15 0.17 0.19 

MgO 5. 6.8 7.95 9.48 6.96 5.98 8.45 7.24 

CaO 15. 10.7 8.38 9.92 9.08 8.23 8.90 9.10 

Na20 • • 2.9 3.00 2.48 3.50 3.90 2.89 3.14 

K2° • • 0.5 1.12 0.27 1.51 1.21 0.75 1.66 

• • • » 0.33 0.07 0.34 0.33 0.25 0.28 



Constituent 

Table 3 (Continued) 

Chemical Analyses of Rocks Related to Lava Tubes and Collapse Depressions 

Locations 

9 10 11 12 13 14 • 15 16 

Si02 46.87 51.36 56.18 57.25 54.56 59.14 48.2 45.9 

Ti02 2.99 2.04 • • 0.60 0.53 0.50 1.30 3.24 

A12°3 12.42 13.05 16.59 16.45 16.04 15.75 17.4 18.1 

Fe2°3 2.34 2.36 1.51 1.67 0.95 6.65 • • • 1.78 

FeO 10.54 8.89 5.51 4.72 6.07 1.35 9.35 7.92 

MnO 0.15 0.12 • • 0.10 0.17 0.35 • • 0.15 

MgO 10.31 9.45 7.62 6.74 8.71 0.56 7.7 7.34 

CaO 8.43 8.56 • • 7.65 8.89 1.42 11.1 10.90 

Na20 3.45 2.93 3.58 3.00 3.05 7.23 2.7 3.56 

K2° 1.25 0.85 1.47 1.57 0.18 4.66 0.40 1.05 

P2°5 trace trace • • 0.20 • • 0.09 0.20 0.50 

£ 



Table 3 (Continued) 

Locations of Chemical Analyses 

Location Reference 

1 Turkevich, etal., (1968), p. 148. Composition of the lunar maria consistent with Surveyor V 
and VI experiments. 

2 Anderson, C. A. (1941), p. 404. Average of six specimens of basalts; Medicine Lake Highland, 
Siskiyou and Modoc Cos., California. 

3 Hopkins, D. M. (1963), p. C74. Sample several miles north of the Gosling, Camille, and Lost 
Jim flows, Imuruk Lake area, Seward Peninsula, Alaska. 

4 Anderson, C. A. (1940), p. 486. Olivine basalt, Hat Creek flow, Shasta Co., California. 

5 Allen, J. E. (1951). Olivine basalt, Carrizozo malpais, Socorro and Lincoln Cos., New Mexico. 

6 Renault, J. R. (pers. comm., 1968) 1.5 miles southeast of Little Black Peak, Carrizozo malpais, 
Socorro Co., New Mexico. 

\ 

7 Renault, J. R. (ibid). Specimen MAC-16, from west edge of McCartys flow, Bandera lava field, 
vie. Sec. 28, T7N, R11W, near San Rafael, New Mexico. 

8 Parker, R. B. (1963), p. 21. Average of three specimens from Amboy Crater lava field, San 
Bernardino Co., California; W. H. Herdsman, analyst. 

9 Skeats, E. W. and A. V. G. James (1937), p. 250. Olivine basalt from the Stony Rises, 
Western Victoria. o-



Table 3 (Continued) 

Reference 

Skeats, E. W. and A. V. G. James (1937), p. 250. Olivine basalt from source area at Mount 
Porn don ring, Victoria. Probable upward limit for S1O2 associated with col lapse depressions at 
the site. 

Finch, R. H. and C. A. Anderson (1930), "main flow" quartz basalt (after Williams, 1932), 
reported by D. E. James (1967) as containing small lava tubes and collapse features. From 
west end of Butte Lake, Cinder Cone area, Lassen Volcanic National Park, California. 

Finch, R. H. and C. A. Anderson (ibid). Specimen of "main flow" unit taken near Cinder Cone, 
Lassen Volcanic National Park, California. 

Finch, R. H. and C. A. Anderson (ibid). Specimen from a point 0.33 mile south of Cinder Cone, 
Lassen Volcanic National Park, California. 

McCall, G. J. H. and C. M. Bristow (1965), p. 358. Kenya-type phonolite genetically related 
to the parasitic flows of vitrophyric phonolite in which lava tubes formed on the northwest flank 
of Suswa volcano, Kenya. Taken about 1.5 miles west of the tube areas and located on the 
"island block" raft inside the caldera. 

Anderson, A. T. (1969), Tables I and III. Dense, dark-brown glassy drip arid spatter from West 
Modoc Castle (spatter cone), located on the Modoc Crater lava tube, Sec. 20, T45N, R4E, 
Lava Beds National Monument. 

Saucier, H. (1966), Table I, p. 235. Olivine-nepheline basalt, Caldiera de Graciosa, Azores. 
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4.2 Classification of the Rocks 

Of the many methods for graphically portraying the chemical association 

of rocks, Jung's (1955), derived for lavas is useful for classifying the 16 analyses 

from Table 3. Figure 32 reproduces Jung's plot of the Cascade Mountain 

association (data of Anderson, of Thayer, and of Williams), and the TahiHan 

association (of Lacroix). To this diagram, and using the value of R; 
% 

R = Cq° x 100 
CaO + Na20 + I^O 

the analyses of Table 3 are added. The result shows the lavas containing tubes 

and collapse depressions to be, in seven instances, olivine basalts; in one instance 

andesite; in four cases, rocks intermediate toward andesites or basanite; and, the 

final instance of phonolite from Kenya. Peacock's alkali-lime index notation 

shows the rocks to be more alkali in nature. 

4.3 Classification of the Basalt 

Thirteen of the analyses were amenable to Kuno's (1960) method of 

distinguishing chemical fields within basalt. (Fig. 33) Using the 47.5 - 50.0 
* 

percent-silica division criterion, nine of the samples are alkali basalt with the 

remaining specimens falling in the high alumina basalt category. 
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4.4 Other Rock Types 

Only two anomalous rock types were detected in the course of the study. 

These were one instance of phonolite (Mount Suswa), and the porphyritic dacite 

in which Brice (1953, p. 39) found "initial closed depressions" in a flow 15 to 18 

m thick. At the present (1971) the Surveyor V and VI analyses are the only 

available chemical data concerning analogous lunar rocks. On the basis of 
% 

these fragmentary data, this lunar rock is chemically comparable to a basalt. 

However, the incomplete chemical anslyses preclude its assessment in terms of 

terrestrial chemical association. 

4.5 Crystallization of Basalt 

Crystallization is promoted by fosses of volatile content and contained 

heat. Offsetting these losses only slightly is the relatively small amount of latent 

and frictional heat generated within the lava and by its contact with the walls of 

lava tubes. Latent heat of crystallization is normally neglected in order-of-

magnitude calculations involving thermal behavior of lavas. 

Fractional differentiation is produced within lava flows through heat loss 

in radiation, by mechanical agitation of the crystal mesh, and by settling. 

Removal of olivine in stagnant melts and pyroxene in flowing bodies 

were observed by Peck and Wright (1966), while Bhattachar|i (1964) showed that 

the settling of intratel luric phenocrysts varies inversely as the unequal axial ratio 

of the phenocryst. The higher density of olivine (about 3.5 gm cm ) favors its 
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more rapid removal over that of plagioclase (density = about 2.6 gm cm"3), how

ever, the unequal axial ratio of plagioclase increases its settling rate. Changes 

in plagioclase size, from location to location, when accompanied with variations 

in percent of matrix glass, indicate changes in cooling rate (Hoffer, 1967). 

of the Columbia River basalt exhibited fewer plagioclase crystals near the middle 

distances of flows while the percentage of plagioclase increased toward the lower 

elevations. Hoffer (1965) also detected variations in percentages of constituent 

minerals within single units of the Rock Creek flow of Idaho. There were no 

indications of appreciable changes in chemical composition accompanying the 

altering mineral content. 

Stability studies of basalt crystallization (Cohen, etal., 1966, Peck and 

Wright, 1966, Wright and Weiblen, 1967, and Richter and Murata, 1966, among 

others) have established a general paragenetic relationship for tholeiitic basalts; 

Lefebvre (1966) found that thicker flow units in the Yakima formation 

Component Initial Temperature (°C) 

liquidus 1200 

1200 

1180 clinopyroxene (augite) 

plagioclase 

olivine (FoqqJ 

opaque minerals 

ilmenite and magnetite 1030 

1080 

1070 

1160 



71 

Initial Temperature (°C) 

1020 

980 

Temperatures in the range 850-1000°C have been observed through 

fractures in basalt flows. At temperatures slightly less than 1000°, all of the 

mineral components of the melt should have formed and would then be affected 

mainly by resorption at charge-deficient ends of piagioclase laths and around the 

surfaces of olivine grains. 

Aside from the mechanism of crystal settling, affecting both olivine and 

piagioclase, there are no mechanisms of fractional differentiation known to 

operate within flowing iava. Therefore, changes in viscosity within flowing lava 

should stem primarily from changes in chemistry introduced at the vent, during 

eruption of single flow units, and to certain changes in the geometry of the flow 

(favoring insulation-induced selective fluidity). 

4.6 Conclusions 

Chemical composition of the lava is certainly the key independent 

variable governing production of lava tubes and collapse depressions. The 

perplexing question remains as to what other variables act on rock of the "proper" 

composition in order to produce the tubes and depressions. Chapter 4 attempts. 

to place chemical composition in its proper perspective by concluding that: 

1) olivine basalts lend themselves most amenably to terrestrial conditions 

involved in cross-terrain flow and the production of tubes and depressions. 

Component 

apatite 

inferred solidus 
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2) essentially similar chemical composition of flow units in actual 

physical contact may or may not produce the features. 

3) given the "proper" composition, other independent variables of 

temperature, underlying topography, and volume of nature of lava appear to 

control viscosity, 

4) viscosity becomes the primary dependent variable - representing 

the sum total of all of the above factors acting in concert or opposition. 

5) most crystallization occurs within a relatively short distance of 

the vent; a significant portion of which must have occurred in the subsurface. 

6) compositional variations occur between the innermost portions of a 

flow unit and the margins, more the result, of heat retention at the center and 

greater velocity, rather than fractional differentiation. 

7) petrographic studies made herein, and those made by others (cited) 

have found no indication that important chemical changes occur within single 

flow units. 

8) lavas containing up to 59% Si02 (11 .5% greater than that of 

average olivine basalt) may produce lava tubes under unusual conditions of heat 

retention and high slope gradients. 



CHAPTER 5 

PETROGRAPHY 

Basalts forming collapse depressions and lava tubes are usually found 

with intersertal or intergranular textures; but there are many exceptions to the 

rule. For example, barren flow units interspersed with those bearing collapse 

depressions are quite similar in texture. A subtlety, seen in comparison of 

Figures 34 and 35, is that rocks with depressions have a more pronounced 

porphyritic variety of intergranular or intersertal texture. Microlites are 

seldom present in rocks with depressions and these basalts contain relatively 

large plagioclase and olivine phenocrysts. The presence of microlites generally 

indicates a condition of slower cooling after extrusion, supporting the assumption 

that lower viscosities are associated with collapse depressions and lava tubes. 

5.1 Texture 

Textures are generally intergranular, grading to intersertal (glass 

content increasing to 15-20%), and rarely to hyaloophitic or hyalopilIitic 

(glass to 35%) (Williams, Turner and Gilbert, 1955). Subophitic textures are 

found occasionally within intersertal basalts, in which cases large phenocrysts 

of pyroxene (at equal extinction angles) enclose smaller plagioclase laths. At 

Cuilcuilco, Mexico, a pronounced trachytic texture results from subparallel 

alignment of plagioclase in a matrix predominantly of subhedral fractured olivine 
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Figure 34 

Photomicrographs of basalts bearing lava tubes and collapse depressions 
(See appropriate geologic maps, in rear pocket, for stratigraphic position). 

a) Unit 4, Jornada lava field, New Mexico. Intergranular; plagioclase 
and unrimmed equant olivine in a matrix of tabular to anhedral pyroxene and a 
few small disordered plagioclase. The matrix also contains less than 5 percent(of 
whole rock) magnetite as anhedral grains and occasional needles. The plagioclase 
is in two size ranges ( 0.1 - 0.4 mm and 0.5 - 1.0 mm ). 

b) Unit 6, Jornada lava field, New Mexico. Intergranular; tabular 
pyroxene and splintered plagioclase in a matrix of anhedral plagioclase, mag
netite needled, and a small amount of dark glass. From a tensile fracture ( at a 
depth of about 2.5 m ) where the size of olivine and plagioclase increases with 
depth, while percentage of glass decreases. 

c) Unit 13, McCartys basalt, New Mexico (Fig. 91). Intersertal; a 
dark glass matrix ( 15-20 percent) encloses euhedral olivine, pyroxene, and 
plagioclase. Plagioclase ( with rare pericline twins ) occurs in two size ranges 
( averaging 0.2 mm and as large as 1.2 mm ). 

d) Unit 9, McCartys basalt, New Mexico. Intergranular; plagioclase 
present in uniform size ( 0.2 - 0.6 mm ) with length:width ratio of about 5:1. 
Interstices carry brecciated olivine, which, in turn, barbors plagioclase micro-
lites within its cracks. Pyroxene occurs only in the matrix. 

e) Chichinautzin basalt, Distrito Federal, Mexico ( See Sec. 11.2.1). 
Trachytic; subparallel alignment of plagioclase in a matrix consisting predominantly 
of fractured subhedral olivine. The rock is nearly devoid of matrix glass. 

f) Unit 5, Amboy lava field, California. Intergranular; uniformly-
sized plagioclase varied from the two-stage sizing prevalent in earlier units at 
Amboy. Plagioclase, olivine, and pyroxene in a matrix of brown glass, magnetite 
needles and prevalent pryoxene microphenocrysts ( about 20 percent of the rock). 
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Figure 34. Photomicrographs of 
basalts bearing lava tubes and collapse depressions. 



Figure 35 

Photomicrographs of basalts associated with, but not bearing collapse 
depressions or lava tubes. Unpolar!zed, except for Fig. 35f. (See appropriate 
geologic maps,rear pocket, for stratigraphic position). 

a) Final surge, lava tube units, Bandera Crater flows, Bandera lava 
field. New Mexico. Intergranular; matrix of small plagioclase laths, anhedral 
pigeonite, and equant specks of opaque minerals enclose clusters of porphyritic 
olivine having thin transluscent reaction rims. 

b) Platy basalt extruded from a lava tube tensile fracture at Hoyo del 
Infierno, Bandera lava field, New Mexico. In the same map unit as the speciman 
above, but the rock is a late differentiate, locally extruded at a location about 
2750 m south-southwest of sample (a). Intersertal; tiny microlites of plagioclase 
lie in a matrix of brown glass and equant magnetite. Small olivine crystals are 
euhedral and average about 0.1 mm in length. The are rarely exceeded in length 
by the plagioclase. The rock exhibits a slight magnetic response. 

c) Unit 16, Jornada lava field, New Mexico . Intergranular to inter
sertal; unrimmed olivine and broken plagioclase in a matrix of dark glass and 
highly disordered plagioclase making up about 30 percent of the rock. 

d) Unit 19, Jornada lava field, New Mexico (See explanation for 
photogeologic mosaic, Fig. 111). Intergranular; olivine and plagioclase enclosed 
In a matrix of equant olivine ( about 0.1 mm in diameter ) and pyroxene and dis
ordered plagioclase microlites. The plagioclase occurs in three sixe ranges ( less 
than 0.02 mm, 0.1 - 0.3 mm, and 0.7 - 0.8 mm ). Specimen is on an anealed 
contact zone between two fow units. 

e) Unit 16, Jornada lava field, New Mexico. Intergranular; two sizes 
of plagioclase, along with olivine, lie in a matrix of pyroxene, magnetite, and 
very little glass. 

f) Near Sunshine Cave lava tube, Lava Beds National Monument, Calif
ornia. Intergranular; relatively few small phenocrysts of olivine and plagioclase 
(bytownite) lie in a predominantly crystalline matrix made up of plagioclase, 
olivine, augite, and numerous opaque minerals. ( Crossed polars ) 
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Figure 35. Photomicrographs of 
basalts associated with, but not bearing collapse 
depressions or lava tubes. 
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Since glass content in this case is nil, it may be that the large olivine and 

plagioclase phenocyrsts are especially indicative of slow cooling prior to arrival 

at the flow front. 

Fractured olivine and plagioclase are prevalent, which indicates damage 

of two types. First, according to Goodspeed (1959) fracturing of large phenocrysts 

may occur under internal stresses within the crystal mash either at uniform pressure 

at depth, or under pressure release at time of extrusion. Since this type of damage 

seems as common in both Figures 34 and 35, it seems that pre-extrusion stresses 

account for more of the damage than shear present within a moving flow unit 

(second type of damage). 

Within single flow units on the Jornada lava field, thin sections made of 

specimens taken at intervals of depth, in tensile fractures, all showed comparable 

textures. The size of plagioclase and olivine crystals varied directly with depth 

as glass content decreased. 

5.2 Plagioclase 

Calcic feldspars are found in percentages ranging from about 40 to 65, 

and generally in two distinct size ranges. The larger crystals lie between 0.5 and 

1.2 mm in length with an average biased toward the lower size. Smaller laths, 

still larger than microlites, are in the range 0.1 to 0.5 mm, averaging about 0.25 

mm in length. 

Undulatory extinction, representing a high degree of compositional 

zoning, indicates slow growth in a changing chemical environment. This 
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condition made determination of composition by optical methods futile. A few 

prominent X-ray diffraction peaks were found on traces made by scanning thin 

sections in the two-theta range corresponding to d-spacings of 3.11 - 3.23 X. 

Pfagioclase composition of about An^Q (bytownite) predominates. 

Most phenocrysts are damaged (as are the olivines). End fracturing, 

major dislocations, and resorption predominate; ductile deformation (bending) is 

extremely uncommon. Crystal deformation in the non-depression type of basalt 

is less common; due partly to the fact that crystals in these rocks are smaller. 

Resorption indicates a nonequilibrium condition between phenocrysts and 

groundmass at time of solidification. 

5.3 Olivine 

Brecciated olivine phenocrysts, usually about 20 percent of the rock 

(ranging 15-25%), are found as large as 3 mm. Commonly equidimensional, their 

average size is about 0.5 mm. Severely fractured phenocrysts still lie with 

component fragments closely sequestered. The damage generally appears to be 

greater than that suffered by the plagioclase. 

X-ray response usually includes a 130 crystallographic second-intensity 

peak at about 3.16^, indicating a high percentage of fayalite. Poorly-zoned 

crystals often produce a double peak in the range d = 2.805 to 2.831 denoting 

ferro-hortonolite (Foqq). Resorption and keiyphitic rimming of the olivine is 

unusual • 
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5.4 Pyroxene 

Pyroxene was generally not identifiable as to mineral species, occurring 

mostly as very small crystals in the groundmass (10-25%). Phenocrysts, usually 

zoned, are rare. 

5.5 Glass and Opaque Minerals 

Matrix glass, generally dark, varied from nil content to about 20 percent, 

corresponding to the type of texture noted. 

The oxide minerals are always present to a small degree as discrete 

grains In the residual glass or as idiomorphic inclusions in the olivine. They were 

never found in excess of five percent in any of the rocks associated with collapse 

depressions, however, they were plentiful in a single specimen taken from Sunshine 

Cave, Lava Beds National Monument (Fig. 35). 

5.6 Surficial Texture 

Lava tubes and depressions form only in pahoehoe. The only location at 

which collapse depressions have, been found to be directly associated with aa lavas 

is the Carrizozo lava field (New Mexico; Fig. 71); and there the aa only mantles 

older pahoehoe flows bearing the depressions. The question remains as to what con

stitutes the physical and chemical parameters governing production of aa or 

pahoehoe. Washington (1923) considered that time and place of eruption were most 

important. He maintained that pahoehoe crystallized largely after surface exposure 

and that latent heat of crystallization helped to maintain fluidity. 
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Emerson (1926, p. 109) and Chang (1930) studied the problem in 

greater detail, but were unable to detect distinguishing characteristics of either 

rock type in thin section. The question remained unanswered in 1966 when 

J. D. Friedman produced tentative results from the Pisgah Crater lava field 

suggesting that aa may be formed when higher ratios of ferric to ferrous iron are 

present than those occurring in nearby pahoehoe. Saggerson (1963) recognized, 

in thin section, that pahoehoe contained larger and more numerous olivine crystals 

than aa at Tindima, Kenya. The last flow units erupted from small volcanoes 

were observed to be aa and were richer in augite and poorer in olivine. 

It is also well known that pahoehoe flows often become aa surfaces 

further away from the source (Jones, 1943, and MacDonald, 1953, 1967). Both 

Washington and Emerson agreed (ibid) that viscosity may be dependent upon the 

level of crystallization attained in the magma at the time of its extrusion. 

Perret's observations (1950, p. 54-55) led him to believe that aa contains an 

inherently greater volatile content than pahoehoe, but this view is in contention 

with that of Washington. Perret's theory is not now generally subscribed to. 

MacDonald (1967) found that block lava commonly contains more . 

interstitial glass than aa (or pahoehoe). 

Aa occurs as breached flows from lava tubes at many locations on the 

Bandera lava field (Chapter 12) and on the Hambone flows (Chapter 17), supporting 

MacDonald's (1953) observation of occasional aa floor filling in pahoehoe tubes 
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in Hawaii. MacDonald felt that aa formation may be aided by a case of erupted 

lava containing less gas and a greater degree of crystallization at the time of 

venting. 

Viscosity is seen here to be the primary variable accounting for the 

surficial character of lava. The most important revelation to date, however, has 

been MacDonald's (1953) conclusion that pahoehoe and aa can be differentiated 

only at the ground surface and that below this level the structure and texture of 

the two rock types seem identical. 

5.7 Conclusions . 

Petrographic generalities regarding rocks hosting collapse depressions 

and lava tubes are as follows. 

1) Intergranular and intersertal textures are to be expected. 

2) Phenocrystic plagioclase occurs to the exclusion of mlcrolites in 

depression-type rocks. 

3) Microlites may be present in lava tube rocks, as well as relatively 

high percentages of the opaque minerals (more than 10%). 

4) Phenocrysts are likely to be damaged, probably more so prior to 

eruption than by stresses internal to flow units. 

5) Plagioclase phenocrysts are larger and have received more damage 

than those of the barren rocks. 

6) Olivine phenocyrsts are larger than those in the barren rocks. 

Damaged grains are also more prevalent. 



7) Opaque minerals occur in small percentages (perhaps less than 

five to eight percent). 

8) The features form only in pahoehoe. 

9) Aa is commonly found at tube outflow, resulting from special 

conditions after the lava tube has been formed. 



CHAPTER 6 

VISCOSITY OF LAVA FLOWS 

Becker made the first approximation of lava viscosity in his 1897 paper 

on rock deformation. Field observations of a channel on the 1840 Alika flow 

(Hawaii) afforded Palmer (1927) a site for assumed channel roughness and a back-

calculation of flow viscosity. Palmer utilized a turbulent flow model, now 

commonly accepted to be the case in open channel flow of lava. The estimated 

viscosity of about 6.0 x 10**^ was about 60 times that of water at Standard 

Temperature and Pressure (STP). 

Clark (1966) recorded that Japanese and Russian workers had made actual 

laboratory viscosity measurements prior to 1939, when Nichols (1939c) proposed 

a turbulent flow viscosity of 4.77 x 10^ poises for the 1887 Kau district flow 

(Hawaii). Nichols used careful topographic measurements made by H. T. Stearns, 

applied Jeffrey's formula at a temperature of about 1150°C, and estimated velocity. 

V = 8,Sin
3;-d2-p (6.1) 

where: a = slope angle 

d = thickness 

p= density 

g = acceleration of gravity 

82 
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r\ - viscosity 

V ~ velocity of flow. 

In 1945, Wentworth, Carson and Finch took exception to Nichol's 1939 

work and stated that according to the Stanton diagram of fluid mechanics, Nichol's 

assumed variables of density, velocity, viscosity, and hydraulic geometry were 

0 5 physically incompatible. They presented a broad range of 10z to 10 poises, 

claiming that it was impossible to refine a value within the range. 

MacDonald (1963) reviewed USGS data on the viscosity of Hawaiian 

tholeiitic and tholeiitic olivine basalts. The findings indicated that the frontal 

interior of flow lobes, as viewed through terminal fractures, often are in the 

range 900—1000°C. The very lowest temperature at which lava moved (on 

Mauna-Loa) was 745°C (uncorrected for emissivity).* Crystallization was held to 

begin at a temperature comparable to that of the laboratory liquidus. The 

presence of volatiles may extend the range of crystallization to lower temperatures, 

and some of the lavas may continue to move under hydrostatic pressure at 

temperatures less than 800°C. 

Viscosity studies for the years 1934-1970 are presented in Figure 36. 

It is probably that free-flowing Hawaiian basalt is viscosity in the range 

7 x 10^ to 1 x 10^ poises, whereas viscosity of lava within very hot tubes may be 

as low as 3 x 10 poises. 

The generally accepted liquidus temperature for basalt is about 1200°C 

(Fig. 36). This is in agreement with field measurements in Hawaii (Wright, 



Figure 36 

Viscosity of basaltic lava; a compilation of all available data from the 
literature. Descriptions of the curves are as follows. 

1 Olivine basalt; Kani, 1934 

2 Nepheline basalt; Kani, 1934 

3 Olivine basalt; Kani, 1934 

4 Andesite basalt; Kani, 1934 

5 Basalt; Volarovich, Tolstoy and Korvemkin, 1936 

6 Tachylite (basaltic glass); Verhoogen, from S. P. Clark (ed), 
1966, p. 293 

7 Basalt; MacDonald, 1963 

8 Lava, Vesuvius (probably andesitic); Clark, 1966 

9 Tholeiitic basalt; Shaw, et al., 1968 

10 Olivine basalt; Murase and McBirney, 1970a 

11 Simulated lunar lava; Murase and McBirney, 1970a 
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Kinoshita, and Peck, 1968) (Fig. 37). Glass content*, as a function of 

temperature, is extrapolated to 100 percent along a linear relationship which is 

in agreement with the laboratory determination of Tilley, Yoder and Schairer 

(1964, p. 95). 

6.1 Laboratory Measurements 

Shaw, et al. (1966), disclosed that the viscosity of fluid lava, made 

up of crystal and gas phases, wilt vary according to the shear rate imposed by 

A o 
flow. The variance ranged from 1.5 x 10 poises for slow shear to 5.5 x 10° 

poises at higher shear rates. Since the coefficient of viscosity is measured in 

units of force per area (dyne-seconds cm"^) the shear rate is linked directly to 

the slope gradient over which the fluid moves. 

The same workers (1968) found that fluid lavas are definitely not 

Newtonian fluids; rather they are Bingham-type fluids in which the Newtonian 

constant of proportionality between shear stress and rate of shear obtains only 

above a threshold or critical shear stress level. Departures from Newtonian fluid 

behavior also occur with generation of heat from shearing within the viscous mass 

producing thermal gradients in addition to those found within a cooling mass of 

lava. However, thermal gradients are probably not well developed in lava flows 

occurring primarily in lava lakes. 

The melt examined by Shaw's group was produced from tholeiitic basalt 

containing 50.1 percent Si02. 
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Newtonian viscosity: 
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<r = -L (6.2) 
^N 

Bingham viscosity: 

= (6.3) 
"p" 

where: S = shear stress registered by viscometer (dynes cm"^) 

~ absolute Newtonian viscosity (dynes sec cm"^ = poises) 

rjp| = plastic viscosity of Bingham body (dynes cm"^ = poises) 

= shear rate 

4" = yield stress of Bingham body (dynes cm"^). 

Phase relationships in basalt melt dictate two fractions of crystal-liquid 

suspensions (at equilibrium) and an homogeneous phase of liquid of a constant 

composition. Therefore, at temperatures above the solidus, there are two 

viscosity curves (Shaw, etal.# 1968, p. 257). Visual observations indicated 

that the melt was about 50% crystallized at 1070°C and that viscosity increased 

very rapidly with cooling below this point. 

Murase (1962) has published the only example of the entire transition 

from liquid to a viscoelastic solid (Fig. 38). A temperature range of 800-1400°C 

is shown for an olivine-free (tholeiitic) pyroxene basalt (52.5 percent SiC^) from 

the 1950 eruption of Oshima (or O-shima) volcano at the north end of the Izu-

Mariana island chain. Two inflections in the viscosity curve occur; one at about 
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Figure 38. Viscosity as a function of temperature; pyroxene 
tholeiitic basalt, Oshima volcano, Mariana 
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1200° (approximately at the solidus) and 10^ poises, and the other at about 1100° 

(perhaps 50 percent crystallization) at about 10^ poises. 

The 1200° deflection was detected at a iesser rate of dr\/dT than that 

of Shaw, et al. (1968), and is noticeable at a slightly higher temperature than 

on the curves of Figure 36. But, by 1971, only Murase had detected the 1100° 

point of inflection and the decreased viscosity-temperature rate change. 

6.2 Physical Factors Influencing Viscosity 

The proposal that lava contains only single crystal and liquid phases is 

a dangerous simplification. In actuality, the melt must be multi-phased under 

variable temperature, volatile content, and partial pressure. The crystal phase 

constantly changes as subsequent phases come out of solution. 

Oxides are important in the glass phase (Li I lie, 1958) for they construct 

a random molecular network of adjoining silica tetrahedra and act as network 

modifiers, altering crystal structure by replacement. This depolymerization is 

affected by the glassformer ratio (Tamey, 1967), determined by the presence of 

Si, Al, and P cations. 

The overall silica content affects viscosity such that lesser amounts of 

silica produce a decreased silica tetrahedral linkage, and therefore an increased 

fluidity, and, the rate of crystallization varies directly with fluidity (l/l). 

Lavas of similar silica content may vary in viscosity under the effect of 

volatile content (HjO, COj, etc.) (Smith and Fuller, 1967, p. 1134-35). 

Volatiles complicate the matter of viscosity determination to a degree because 
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(McConnell, et al., 1967, p. 86-87) gas bubbles in the melt may actually behave 

as solid spheres and vary in pressure directly as viscosity. But, others (Grove, 

et al., 1951) have found that both crystal and gas phases behave as spheres, under 

partial pressure, in fire-fighting foam, and have invoked Einstein's equation 

relating relative viscosity (n) of the entire liquid, to the actual viscosity (r)o) of 

the crystal phase(s): 

Vno = 1 +0.025 p (6.4) 

where: {$ = volume percent of gas present in the melt. 

This relationship shows that the effect of volatile content on viscosity is 

insignificant. For lavas at 10^ to 10^ poises, the resulting increase in relative 

viscosity over actual viscosity is significant only to the second decimal place, 

and will therefore always be less than 25 poises. 

6.3 Velocity of a Sheet of Flowing Lava 

Velocity determinations are currently possible only with the Newtonian 

model of lava viscosity. The average velocity of open channel flow within a 

sheet of fluid lava, assuming no variation in temperature with depth, and an 

absence of crust, is: 

V = 1/H /"Kv 1 =p-g-H2-sin9 = ^ y (6.5) 

J 3nN 
0 

0 (Shaw, etal, 1968) 
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where: 0 = slope angle (cleg) 

H = total depth (cm) 

y = distance from bottom of flow (cm) 

p - density of lava (gm cm"^) 

g = acceleration of gravity (980 cm sec"^) 

v = velocity in direction of flow (cm sec"^) 

vc = velocity at surface of flow; or below the crust if a first-order 

approximation of flow beneath the crust is desired (cm sec"^) 

*1^ = absolute viscosity (dynes sec cm"^)# 

The longest lava tube discovered in the current study was the 28.6 km-

Bandera Crater tube, sloping at 0°-35' along its course. Considering less than 

full flow in the tube to approximate open channel flow five m deep and consisting 

of lava of density equalling 2.78, and viscosity of 10^ poises, approximately 35 

minutes are required for lava to flow the entire length. 

6.4 Conclusions 

For a given temperature, velocity of lava depends primarily on chemical 

composition. The relatively few sets of laboratory-produced viscosity data may 

not always be reliable in light of recent developments in the technology of 

measurement of this property (Shaw, et al., 1968). However the data available 

are sufficient for order-of-magnitude calculations. Certain conclusions seem in 

order: 
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1) Basalt may remain flowing at temperatures as low as 800°C. 

2) A reasonable range for viscosity of flowing, non-crusted lava is 

7x 103 to 1 x 104 poises. 

3) Basalt may flow within hot lava tubes (after initial evacuation) 

at values as low as 3 x 10^ poises. 

4) The liquidus of basalt occurs at about 1200°C. 

5) Lavas are believed to be Bingham-type fluids, exhibiting 

Newtonian behavior only below a certain threshold temperature. 

6) At temperatures above the solidus, there are two viscosities; one 

for the crystal-liquid suspension at equilibrium, and another for the liquid phase. 

7) Viscosity increases rapidly after 50 percent crystallization. 

8) Viscosity is greatly affected by silica content. 

9) Volatile content may be relatively insignificant in its effect on 

viscosity. 



CHAPTER 7 

PHYSICAL PROPERTIES OF BASALT 

The physical properties of unjointed basalt are dependent largely on 

mineral composition and degree of vesiculation. Manghnani and Wollard (1965) 

concluded that, in particular, the properties are affected by percent olivine and 

glass present. 

Laboratory physical testing of basalt specimens was undertaken in order to 

obtain a basis for thermoelastic analysis. The data have been correlated with other 

published results and are presented in this chapter. 

7.1 Compressive Strength 

Cylinders were cored from individual columnar joint blocks taken from 

the uppermost two meters of collapse depressions on the McCartys and Pisgah lava 

flows. Specimens were prepared and tested in the Rock Mechanics Laboratory of 

the Department of Mining and Geological Engineering, University of Arizona. 

ASTM Standard Test Method D2664-67 was followed, including surface grinding 

and the use of low-friction gaskets between ends and platen in the universal testing 

machine. An X-Y recorder plotted stress and strain signals sent from SR-4 electrical 

resistance wire strain gages (models AFX-7 and AX5-1), cemented at right angles in 

areas between vesicles. An instrumented, hardened steel cylinder compensated for 

ordinary temperature variations. 

I 
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Results of the testing are shown on Figures 39 and 40. Peak strengths 

were recorded at brittle elastic failure under a visually-monitored strain rate of 

about 0.0015 in/in per minute. Tangent moduli were determined in the range 

0-100 kg cm"^. 

Although all specimens behaved elastically, the plots do not show a 

reduction toward ultimate strength, such as recorded by Deere and Miller (1966) 

for three Columbia River basalts (Fig. 42). Most of the curves for the McCartys 

and Pisgah basalts are concave upward, which is actually characteristic of ductile 

behavior. This is most probably due to a continuous yielding within the fabric of 

the rock as incremental failure takes place around the surfaces of vesicles, where 

stress concentration is always highest. 

Thirteen specimens were tested. Peak stresses varied in the range 225 to 

717 kg cm"^. An arithmetic mean of 443 was obtained with a standard deviation of 

146 kg cm~^. Failure mode was the classic shear cone in nine of the specimens. 

Sketches made at failure are shown in Figure 43. 

7.2 Tensile Strength 

The induced, or Brazilian, test was performed on disks cut from cored 

basalt. The disks were stressed between steel load caps and above a dummy cylinder 

sending a stress signal to the X-Y recorder. All 13 disks failed in central splitting. 

Tensile strength was computed using: (7 \ \  

2FC 

• T^ s (Obert and Duval I, 1967) 
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Figure 43. Failure sketches of olivine basalt- cores under unconfined 
compression. All specimens were taken from collapse 
depressions. Angle 0describes the inclination of the shear 
plane, where determination was possible. The rock has 
been classified by type (according to degree of vesicularity), 
after the scheme of Figure 48: 

L ~ Low porosity 
M = Medium porosity 
H - High porosity 

B = Bandera lavo field (McCartys flow) 
P = Pisgah lava field 
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where: = tensile strength 

Fc - applied line load at failure 

D - diameter of disk 

L = width of disk . 

Strength values are tabulated below for 13 samples tested, with high and low values 

of 62 and 31 kg cm~2, a mean tensile strength of 39.5 kg cm~2 is indicated, with 

one standard deviation equalling 8 kg cm~2. 

Tensile strength values (all specimens from McCartys flow) (kg cm"^): 

31.31 
31.54 
32.20 
33.06 
34.33 
37.54 
39.55 
39.56 
39.86 
40.94 
44.63 
47.03 
62.36 

7.3 Shear Strength 

Using a Mohr's circle construction, the failure shear strength developed 

during the above testing was determined for combinations of high and low 

compressive strengths in conjunction with the high value of tensile strength. 

Maximum shear stress values (at failure) of 95 to 195 kg cm"^ were made up of 

intrinsic cohesion between 60 and 105 kg cm"2. 
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7.4 Young's Modulus 

Tangent moduli for all compressive strength specimens were measured 

(Figs. 39 and 40) over the range of 0 to 100 kg cm"2 of linear compressive stress. 

The low range was chosen as being the most linear and without noticeable ductile 

behavior (Section 7.1). The moduli range was 1.33 x 10** to 18.67 x 10^ kg cm'^, 

with arithmetic mean at 3.9 x 10^ kg cm~^. Since the high value of 18.67 x 10^ 

is anomalous and also came from the single block of Pisgah basalt it is assumed 

representative of another population and the revised arithmetic mean is 

2.68 x 10^ kg cm 

The revised arithmetic mean, when considered in light of Figure 44 is in 

very good agreement with Deere and Miller's (1966) results for 44 specimens of 

olivine basalt collected from widely dispersed locations. An indication of the 

natural variation to be expected within a single joint block of McCartys basalt 

is represented by open triangle symbols. Since the test rocks were obtained from 

within the first two meters of collapse depressions, the results appear somewhat 

lower on Figure 44 than Deere and Miller's results. This is probably due to the 

fact that the specimens furnishing the published results came from construction 

sites at deeper depths within more massive lava flows. Hence, they were likely 

less vesicular on the average. 
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7.5 Poisson's Ratio 

A mean Poisson's ratio of 0.16 resulted from the 13 specimens tested. The 

entire range was 0.04 to 0.35. The 0.16 value is once again lower (Fig. 41) than 

those of Deere and Miller (1966) for Columbia River basalts. The reason is that 

inwardly-directed lateral strain was possible in these more vesicular rocks. This 

reduced the normal outwardly-directed lateral strain. The strain plots are presented 

as Figures 45 and 46. 

7.6 Specific Gravity 

Specific gravity measurements were made on prepared core cylinders and 

disks prior to testing. ASTM Standard Test C127 (Specific Gravity and Absorption 

of Coarse Aggregates) was utilized. The appropriate relationship is: 

W 
ASG = r (7.2) ws -w r  

where: ASG = Apparent Specific Gravity 

Wf = dry weight of specimen « 

W&= saturated surface dry weight of specimen 

Wy = weight of saturated specimen immersed in water. 

The arithmetic average of 20 specimens, in the range 2.25 to 2.87 gm cm"^, 

was 2.43 gm cm"®. According to Farmer (1968, p. 15) dense basalt (porosity of 

0.1 to 1.0 percent) should yield densities of 2.8 to 2.9 gm cm"®. 
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7.7 Vesicularity of Basalt 

Vesicularity in an individual lava flow decreases markedly with depth 

below the surface. Nichols first reported this (1934c), however in some thin 

units, the rock may be highly vesicular throughout. Collapse depressions were 

found only in flow units in which vesicularity decreased with depth (Fig. 47). 

Shaw (1968, p. 253) found that the porosity of tholeiitic basalt at 

Makaopuhi lava lake decreases to a rather constant value of about 10 percent at 

depths of only three to four m. On Buckboard Mesa, NTS (Nevada Test Site), 

a single flow unit shows a decrease in vesicularity from about 20 percent (Type V) 

to a dense state (Type I) over only 16 meters of depth (Lutton, Girucky and Hunt, 

1967, p. 23). 

Further documentation was presented by Roach and Johnson (iti Watkins, 

ed., 1966a). Four NX-size drill holes on the Amboy Crater lava field yielded 

cores in which bulk density decreased (Table 4) below the surface such that 

"basalt with measurable permeability occurs in the upper portions of each drill 

hole and extends to a depth of about 20 feet only." Inspection of their data also 

reveals that individual flow units are indicated by reversal of the trend at intervals. 

7.8 Vesicularity as it Affects Properties 

Compressive strength has been shown to bear a nonlinear inverse 

relationship with vesicularity. Olivine basalt of Buckboard Mesa (NTS) was 

defined as vesicular when exhibiting dry bulk specific gravity and saturated 



Figure 47 

Vesicularity varies with depth; McCartys basalt, Bandera lava field. 
New Mexico. 

a) A major tensile fracture bounding the east flank of the Central 
plateau (unit 18 , geologic map, Fig. 91 ). Columnar joint columns occupy 
the first meter of the fracture, which is open to about 12-15 m. The rock 
becomes increasingly dense with depth. View is to the east with La Ventana 
ridge (Jurassic sandstone) in the background. (SE£, SW#, SE#, Sec. 15, 
T6N, R11W) 

b) Tensile fractures form bordering the large whirlpool-Iike 
depressions on the North plateau (see Fig. 93 # Chapter 13). The fracture is 
4.5 m wide and eight m deep; about four m. showing above the shadowline. 
Columnar jointing fades at about the three-meter depth, while only the upper 
meter of rock is regularly jointed on close centers. Below the shadow, the 
basalt becomes quite dense. 

c) A tilted slab of rock along the south interior edge of the collapse 
depression mapped as Figure 28. Vesicularity decreases noticeably with depth. 

d) Vesicular basalt exposed in the twin vent depressions (Fig. 47 , 
Chapter 7).. Vesicles in basalt associated with collapse depressions are usually 
neither well-oriented nor uniform in size. 



Fig. 47. Vesicularity varies with depth 



Table 4 

Variance of density and porosity (vesicularity) 
with depth; Amboy Crater lava field 

Depth Dry Bulk Density Total Porosity 
(meters) (gm cm~3) (percent) 

Drill Hole 1 

4.3 1.86 35.2 
5.2 1.99 31.8 
5.5 1.80 37.7 
7.9 1.98 31.7 
8.8 2.62 11.8 

10.6 2.52 14.9 
12.8 2.79 6.1 

Drill Hole 2 

1.8 2.41 18.0 
5.5 2.35 18.7 
6.1 2.46 14.6 
7.0 2.50 13.5 
7.9 2.76 5.5 

Drill Hole 3 

1.8 2.23 23.4 
2.7 2.26 22.9 
4.3 2.73 6.2 
4.9 2.61 11.3 
5.8 2.58 11.3 
8.5 2.18 24.8 
9.1 2.60 12.8 

11.6 2.77. 4.2 
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Table 4 (Continued) 

Depth Dry Bulk Density Total Porosity 
(meters) (gm cm ) (percent) 

Drill Hole 4 

2.1 2.33 20.2 
2.4 2.50 14.7 
4.0 2.62 10.9 
6.4 2.08 29.0 
9.7 2.73 7.8 

10.4 2.60 12.2 
11.8 2.16 27.0 
13.7 2.66 8.6 
14.6 2.75 6.8 

After C. H. Roach and G. R. Johnson (in^ Watkins, 1966b, p. 22-23). Locations 
of drill holes shown on Figure 123, Chapter 15. 
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surface-dry bulk gravity of less than 2.40 and 2.46, respectively, while dense 

basalt produces values of 2.67 and 2.70, respectively (Lutton, 1968). 

In the same study, ultimate uniaxial compressive strength increased 

about 57 percent over a 20-percent reduction in porosity. A more definite 

correlation may not always be possible, as the actual nature of vesicles (shape, 

orientation, and interconnectivity) will govern the critical stress concentrations 

leading to failure. 

Within overlapping areas of influence, degree of vesicularity and vesicle 

orientation will produce somewhat predictable uniaxial strength values. For five 

types of basalt, characterized by degree of vesicularity, a definite decrease in 

ultimate compressive strength was noted with increasing vesicularity (Fig. 48 and 

Table 5). A suggestion of the same relationship is also implied for tensile 

strength and Poisson's ratio. These relationships were also noted by Brown, DeVries 

and Smith (1967). 

7.9 Conclusions 

Physical property determination for basalts hosting lava tubes or collapse 

depressions is simplified to the extent that the rock is generally young and 

unweathered. In addition it has predictable columnar joints (below which it is 

essentially massive), is free from other structural discontinuities, and does not 

contain residual tectonic stresses. The following generalities concern fresh 

basalt stressed laboratory temperature and pressure. 
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Table 5 

Physical Properties of Olivine Basalt, NTS (Refer to Fig. 48) 

Type Bulk Specific 
Gravity 

(gm cm"3) 

Ultimate Compressive 
Strength 

(kg cm"2) 

Ultimate Dynamic 
Tensile Strength* 

(kg cm"2) 

Young's Modulus 
(kg cm"2 x 10 ) 

1 2.72 1 ,284 206 2.52 

II 

III 

a 2.66 
8 
5 2.56 

• V 
8 
© tm 
o 

,014 

549 

£ 
|.67 

2.92 

2.55 

IV 7 2.45 

4) 
-u 

| 
463 

0 a> 
-o 

1 " 
2.80 

V 2.39 
1 

518 T _ 2.27 

Dynamic tensile splitting tests are known to yield values of about 150 percent of static 
Brazilian-type tests. 

From Lutton, Girucky and Hunt, 1967, Table 2.2. 

Poisson's Ratio 

4 )  

8 
£ 0.19 u 
© -o 

0.17 

I 
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1) Physical properties have been found to be particularly affected by 

vesicularity and percentages of olivine and glass. 

2) Realistic property values for basalt within two meters of the 

surface are: 

Compressive strength 445 kg cm'^ 

Tensile strength 40 kg cm"^ 

Shear strength 145 kg cm 

Cohesion 80 kg cm"^ 

Young's modulus (tangent) 2.7 x 10** kg cm"^ 

Poisson's ratio 0.16 

Specific gravity 2.45 gm cm 

3) The basalt will behave elastlcally, with a slight ductile 

modification in the form of intervesicle yielding; a form of progressive failure. 

4) Vesicularity varies inversely as the depth below the surface of a 

flow unit. 

5) Compressive and tensile strengths* as well as Poisson's ratio, seem 

to increase directly with depth, within a given flow unit. 



CHAPTER 8 

THERMAL FRACTURE THEORY 

In the absence of active or residual tectonic stresses, the strength of 

basalt at the ground surface depends upon the isotropy of its physical properties, 

which are in turn a function of the degree of ordering and orientation of 

constituent mineral particles. Changes in ambient temperature and rate and 

duration of stresses create striking variances in material behavior. 

8.1 Modified Griffith Theory 

A widely accepted semi-quantitative theory of fracture was developed 

by Griffith (1921). The concept is two-dimensional and applies to 

temperatures below the brittle/ductile limit. The following qualifications are 

assumed: 

1) Hookian elastic behavior. 

2) Isotropy with regard to physical properties. 

3) Homogeneous physical and chemical character. 

4) Presence of numerous internal cracks (such as crystal-matrix 

interfaces). 

Fracture is postulated to occur during the extension of a natural crack 

under the influence of stresses concentrated at its tip. Assuming random orienta

tion of the natural cracks in basalt, some of these intrinsic flaws will be subjected 
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to higher stress concentrations than others (depending upon orientation of crack and 

stress field, alike). As strain energy stored in the crystals surrounding the crack 

exceeds the surface free energy of the crystals, the crack opens in tension. 

0 = ̂  (8.,) 
ir<rz 

where: a = radius of the crack 

E = Young's modulus of the rock (in tension) 

V = surface free energy 

<r= uniaxial stress normal to the crack. 

According to Johnson (1965, p. 8), the process becomes independent of 

external stress as soon as the failure is initiated. An energy balance at incipient 

failure consists of four terms: 

1) elastic strain energy E 
© 

2) surface free energy y 

3) plastic deformation energy W 

4) kinetic energy ' E^ 

If initial tensile failure (at a crack tip) occurs along a crystal boundary, 

a condition of instability occurs, involving stored elastic strain energy (Ee). 

Johnson modified and energy-balanced the Griffith equation: 

6Ee = &v + 6W + 6Ek (8.2) 

where: y = surface free energy along a single crystal face, per increment of 

crack extension 
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W = plastic deformation; due to internal damage within single crystals 

E^ = elastic (or kinetic) energy; due to displacement of molecules along 

the fracture surface over incremental extension = 6a 

and where, according to Orowan (1950) and Irwin (1960): 

6Ee>6W (8.3) 

6W»6Y = 0 (8.4) 

The surface free energy and plastic deformation components currently 

escape accurate measurement. Irwin (1960) therefore proposed that the relationship 

relies mainly on a balance between elastic strain energy (E ) and the elastic energy 
© 

component (E^) (which is further neglected at room temperature). Using Gri ffith's 

crack geometry, a crack would extend (incrementally) for a distance 2a under a 

remote uniform uniaxial tensile stress (<ry) normal to the crack, and equal to the 

difference between the horizontal component of overburden stress (hydrostatic) and 

the thermal stress contribution (a horizontal contractional tensile force). 
2 

6Ea tio-tq 

"6X'~T" 

where: A = crack area . 

8.2 Depth of Tensile Fracturing 

Lachenbruch (1961) proposed a method of calculation of depth of formation 

of tensile cracks due to horizontal tensile stresses present in geologic materials. In 

a lava flow, cracking naturally initiates at the surface where the tensile force of 

contraction overcomes the tensile strength of the rock. The cracking process 
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propagates to the depth at which the temperature of the rock reaches the liquidus; 

beyond this stresses do not accumulate, but are dissipated plastically. Cracking 

initiates at grain boundaries, where a stress intensity factor (k) represents tensile 

stress as a function of depth (Irwin, 1960): 

= fn(z) = ka-y (8.6) 

k = k0(z) + kp(z) (8.7) 

The stress intensity factor (k) is made up of two components: 

kg = contribution of uniform thermal contraction (tensile stress) 

kp = contribution of uniform hydrostatic overburden pressure. 

Following Irwin's convention of disregarding the elastic energy component 

(E^), the plastic deformation component (W), and surface free energy (\), 

Lachenbruch's simplified equation of energy release per incremental crack 

extension (Eqn. 8.5) is rewritten: 

G - % - = £  ( 8 . 8 )  

where G is defined as the force per unit length, acting at the crack tip, and 

which causes extension of the crack. . 

For the plane stress condition (Johnson, 1965, p. 22), the factors are 

related as: 

k2 =TT(r2a = EG (8.9) 

For plates of material under remote uniaxial tension (analogous to contractional 
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forces) G is now taken as the bulk modulus (Lctme rigidity modulus): 

(8.10) 

where: p. = Poisson's ratio. 

Lachenbruch derives the condition for incremental extension of the crack 

for one unit of depth; from depth (a) to depth (b): 

The condition is described by the ratio (a/b) = 1.0, with point (a) lying sufficiently 

deep to be at the brittle/ductile limit, beyond which shear failure dissipates 

accumulated stress; (b) is the shear transition, and (a) is the position of the crack* 

The dimension less factor of "crack-edge stress intensity" (y) was introduced for all 

depths approaching (b): 

Values for (\) are tabulated in Lachenbruch's table 6. 
$ 

Using the crack-edge stress intensity factor, the horizontal stress components 

(Eqn. 8.7) are further defined as: 

position position considered 

(8.11) 

(8.12) 
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kp = -1.0<r, • (b)3/2 (8.13) 

where <rj represents overburden pressure and cr-p is horizontal component of thermal 

stress. 

Combining Equations (8.9) and (8.10): 

k = 
tt(1 -f?) 

1/2 

(8.14) 

Equilibrating the three preceding equations, for extension of a crack over 

the distance 2a = 1 cm: 

k = E "T 
2(0.5) 

1/2 

r(l-H2) 
= \(f) • "T(b)1/2 - 1.0ff](b)3/2 (8.15) 

And cancelling and rearranging: 

k = 
0.5cri 

T7 
-.1/2 

= v(^<rT(b)'/2-["-,(b)3/2] 
3/2l (8.16) 

(b) is now considered^to be^the critical depth for cessation of cracking: 

(8.17) b = 
cm 

0.5(Tj" 

1-M.2 

(°j " 3°])' 

Where the sheet of lava does not contain lava tubes, this critical depth 

depends only on the thermal component of lateral stress. However, in the presence 

of lava tubes, the radial stress surrounding each tube maximizes along a horizontal 
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vector, extending from the tube center, and at a distance of approximately 1.5 

times the tube radius. This stress is compressive and tends to decrease the critical 

depth of thermal crack formation proximal to lava tubes. A quantitative assessment 

of crack depths is given in Chapter 9. 

8.3 Evaluation of Thermal Stress 

The horizontal component of thermal stress in an elastic body has also 

been evaluated by Lachenbruch (1962): 

•rT = -r?rr (8J8) 

where: a = coefficient of linear thermal expansion (contraction) 

AT = temperature drop from solidus to that considered (°C). 

Supplying temperature-degraded values of Young's modulus and Poisson's 

ratio of basalt (Chapter 9) in the temperature range 1000° - 0°C, the hypothetical 

thermal stress contribution is compared with the temperature-degraded tensile 

strength of the rock (Fig. 49). These relations suggest that the thermal stress 

contribution may lie in the range 32-85 percent of the available tensile strength of 

the basalt. 

8.4 The Brittle/Ductile Transition 

Under high-temperature stressing, rock becomes increasingly more 

plastic (ductile), with a greater resistance to. tensile fracture. At temperatures 

exceeding the brittle/ductile transition, the rock fails in shear (Figs. 50 and 51). 

Viscous flow occurs at temperatures approaching and exceeding the liquidus. 
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Figure 50 

Tensile fractures show the effect of temperature. 

a) A fracture paralleling a collapse depression shows three depth-
dependent failure surfaces. The first surface (above the upper arrow) was formed 
in vesicular basalt, along columnar joints. Beneath it (between arrows) lies 
about one meter of uniformily flat-surfaced, granular material. These surfaces 
formed only in tension by partings along individual crystal faces. A shear surface 
lies beneath the lower arrow, and consists of grooves and striations, indicating 
vertical movement between the two sides of the fracture. Pisgah lava field, 
California. 

b) A close view of temperature-dependent changes in fracture surfaces 
with depth. Three tensile failure surfaces are detectible, the uppermost having 
formed entirely along columnar joints. The two lower breaks are quite granular 
but are separated by a distinct contact at the bottom of the 14-cm scale. 
McCartys basalt, Bandera lava field, New Mexico. 
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Figure 51 

Shear surfaces associated with collapse depressions. 

a) An unusual occurrence of shear in vesicular basalt, Amboy lava 
field, California. The dense band of rock adjacent to the surface (arrow) 
suggests that the basalt was affected by the shear to a depth of about 1.5 cm 
perpendicular to the shear surface (scale is 14 cm in length). 

b-c) Exposures in the depression mapped as Figure 28, McCartys basalt. 
Both views depict slabs of basalt which parted from the walls of the depression 
and arched forward under the influence of gravity, while still plastic. The 
arrow (view b) shows the bottom of the shear surface, the lower portion having 
also long since tilted and parted from its parent block. 

d) Shear surface occurring at the extremely shallow depth of about 
one-half meter. Three distinct surfaces are separated by arrows. Note the 
closely-spaced striations. McCartys flow, New Mexico (chalk mark is 30 cm) 



Fig. 51. Shear surfaces associated with collapse depressions 
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Plastic deformation may occur at temperahjres below the brittle/ductile 

transition if sufficient time is available to allow for creep to set in. No attempt 

is made herein to evaluate these effects, as they are thought to be of minimal 

importance over the relatively short times in which thin flow units of basalt cool 

to solidification. However, there is bound to be an indefinably small amount of 

plastic deformation present in the form of internal damage to individual crystals 

in the form of translation gliding, twin gliding, recrystallization, and cataclasis 

(Seifert, Riecker and Towle, 1963, p. 11). The presence of this type of damage, 

is evidenced by the lack of discernable peaks in X-ray diffraction traces made of 

thin sections. 

The brittle/ductile transition point has not been defined for basalt at 

standard pressure, however, it may be inferred from Murase's work (1962) with 

the 1950 eruptives (tholeiitic basalt) of O-shima volcano (Fig. 52). Rock stressed 

at 815°C for 40 minutes indicates linear elastic behavior. Therefore, the brittle/ 

ductile limit of this rock must occur at some temperature in excess of 815°C. 

Since the liquidus of olivine basalt is generally believed to lie at about 1000°C, 

the transition from brittle to ductile behavior may occur in the 850-875° range. 

8.5 Shear Failure Surrounding Lava Tubes 

Basalt surrounding lava tubes fails in both brittle and ductile modes. 

Brittle failure is always indicated at the surface of collapse depressions, although 

some of the fractures surrounding the depressions have been healed with viscous 



124 

E 0) 

800 

600 -

-o 400 
E 
-o 
.2 
"5. 
o. 
< 200 -

6 8 10 . 12 14 

Strain, « ( mm. ) 

16 
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material that has up we I led from a shallow depth (Fig. 27d). However, shear planes 

are present in all fractures remaining open and accessible to inspection at the 

requisite depth for shear failure. This suggests that a brittle/ductile transition 

occurred at a temperature-dependent depth (Figs. 50 and 51). At these depths 

(especially alongside lava tubes), zones of tangential stresses exceeded the yield 

strength of the viscoelastic rock (Fig. 61). If the rock did not possess at least 

viscoelastic ridigity, the shear planes would not have been preserved. 

The shear planes also show that the modified Griffith failure criterion 

can only be valid in the brittle-failure temperature region. 

8.6 Jointing as it Affects Tensile Fractures 

At most locations surrounding collapse depressions, the uppermost half-

meter of basalt contains closely-spaced vertical joints of the colonade type 

(Tomkeieff, 1940). The joint spacing increases below the first flow layer 

(Fig. 15b), although wider-spaced, through-going joints are usually present. 

Master joints were defined by Spray (1962) as those which are formed as primary 

features and which extend to some depth. 

Master joints were mapped in Figures 28, 55, 102, and 106, and appear 

to be controlled somewhat by the presence of collapse depressions, indicating 

that the depressions preceded the joints. These joints formed as strain-release 

fractures (Smalley, 1966) surrounding randomly-located centers rather than the 

regular arrangement of stress centers advocated by earlier workers. Smal ley's 

random-center model produced a statistical array of pentagonal and hexagonal 
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columns which is in good agreement with actual conditions around collapse 

depressions. 

As seen in Section 8.2, the cracks extend to a depth where the rock 

becomes viscoelastic and strain energy cannot be stored. Spray's observations 

suggest that this condition occurs in the range 700-900°C. The Kilauean lava 

lakes were observed to show incipient jointing within minutes of the time the 

molten lava reached the surface (Peck and Minakami, 1967). Joints began to 

form in this rock at temperatures as high as 900°C. 

8.7 Magnitude of Thermal Contraction 

Volumetric strain may be considered isotropic in an isotropic solid. 

Below the depth of columnar jointing in thin flow units (perhaps 1.5-2 m), basalt 

Is isotropic, without appreciable preferential directional properties. Examination 

of thin sections has indicated that crystals are randomly oriented in all cases. 

The volumetric contraction of a cooling mass is characterized 

(Fruedenthall, 1966, p. 247-48) by: 

€ = €X= €y= «z = -aAT (8.19) 

3« = -3«AT 

where: « = coefficient of linear thermal expansion; °C"^ 

AT = decrease in temperature; °C. 

An appropriate value for (a) is 2.5 x 10"^ °C~^, and is held to be essentially 

constant for all temperatures (Fogelson, 1968; Peck, 1969). The lateral strain for 

basalt cooling from lOOCfto 0°C would amount to about 2.5 cm per 10 meters or a 
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total of about 25 cm for the width of an average collapse depression and surrounding 

fractures of about 100 m: 

AT = 1000° 

• - {-) 2.5 x 10~6 1 xlO3 

e = 25 cm per 100 m 

8.8 Viscoelastic Implications 

A spectrum of elastic through viscous stress behavior can occur within a 

cooling lava flow over even short periods of time (Fig. 53). The plastic deformation 

illustrated in the viscous band of the deformation spectrum may actually be dependent 

on either temperature or time, or both. If the lava tubes are considered to be 

formed virtually instantaneously after extrusion of the flow, time dependent behavior 

becomes subordinate to the effects of temperature. 

Heard's work (1968) with basalt at extremely high confining pressures shows 

that the ductile yield point (in compression) in the range 300-800°C (Fig. 54) 

decreases from about four to about two percent strain. An argument for the actual 

process of collapse depression formation to have occurred as proposed previously 

is that at higher temperatures, in silicate rocks, pressures become hydrostatic as 

the rock becomes viscous. Hence, the observed shear surfaces could not have been 

preserved. 

If the effects of time are not considered separately, then the transformation 

from elastic to viscoelastic behavior is marked by assumption of a thermoelastic 
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modulus (Drucker, 1967): 

c - 0" 
Et d77dt 

(8.20) 

(linear elastic) (viscoelastic) 

In a multicomponent-multiphase rock melt, the solidifying crystal mash of euhedral 

grains of variable sizes and orientations becomes slightly elastic, while the glass 

fraction remains viscous. The Maxwell is one of many rheologic models (spring and 

dashpot in series): 

where: c = viscosity factor. 

If the viscoelastic factor is to be considered, then the Maxwell model will 

fit the types of curves shown in Figures 53 and 54, wherein the initial linear elastic 

portion of the curve is represented by instantaneous loading and elastic response 

of a spring, and the viscous response is given by a dashpot and the upper or plastic 

portion of the deformation curves. 

(8.21) 

where: «e = elastic component of strain 

*v = viscous component of strain 

and « = £ (elastic) Stl. = JL (viscous) 
c dt E. 

(8.22) 



131 

8.9 Conclusions 

The stress history involved in the formation of collapse depressions and 

collapsed lava tubes appears to be short enough to justify a time-independent 

treatment. While little work has been done in the past on thermally-induced 

fracture of geologic materials at standard pressure, certain generalities may be 

made: 

1) Below the soiidus, basalt behavior is essentially elastic; being 

that of a brittle or Hookean substance for short periods of time. 

2) A brittle/ductile transition probably lies in the range 850-875°C. 

3) At temperatures in excess of about 900°C, stresses cannot 

accumulate and viscous flow predominates. 

4) Use of a thermoelastic modulus (Ej.) approximates the Maxwellean 

model for temperatures above the brittle/ductile limit, but betow the solidus 

(900-1000°C) (discussed further in Chapter 9). 

5) Use of the Kelvin model of viscoelastic behavior may not be 

necessary. 

6) The Griffith fracture theory generally explains formation of the 

tensile fractures associated with lava tubes and collapse depressions; below 

perhaps 850-875°C. 

7) Lachenbruch's solution for tensile fracturing can be adapted for 

determination of maximum depth of crack formation in a flow unit. 
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8) Thermal stress accounts for a significant portion (30-85 percent) of 

available tensile strength of the hot basalt. 

9) Shear failure predominates above 850-875°C, but below the solidus 

temperature (about 1000°C). 

10) Lava tube collapse precedes formation of the crack network 

surrounding collapse depressions. 

11) Thermal contraction accounts for only about 0.25 percent of the 

lateral shrinkage surrounding collapse depressions. 



CHAPTER 9 

THERMOELASTIC CONSIDERATIONS 

Collapse depressions and collapsed lava tubes appear quite similar in 

plan. The generally circular to elliptical outline is ringed by parallel tensile 

fractures; one of which is more nearly continuous as well as wider and deeper 

than the others. This major crack sometimes occurs with appreciable vertical 

displacement along the side nearest the center of the depression. The surrounding 

surface of lava is made up of a network of smaller fractures formed mainly in 

collapse and secondarily in contraction of the solidifying basalt. The innermost 

area of the depression may also have an escarpment very closely outlining the 

width of the original underlying lava tube. All of these features, seen in 

Figures 55 through 57, are discussed below, as they are affected by thermoelastic 

factors. 

9.1 Idealizing a Physical Model 

A rather predictable fracture pattern surrounding collapsed tubes indicates 

that failure came as the result of imposition of a relatively uniform stress pattern. 

An idealized model is proposed, based upon topographic maps of several collapse 

depressions on the McCartys flow of the Bandera lava field (Figs. 28, 55, 98 and 

102). 
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Figure 56 

Stereotriplet of collapse depressions in the McCartys basalt, Bandera 
lava field, New Mexico. The view is oriented at 90° to that of Figure 55, 
which is included in this view. Also similar to Figure 17, p. 56, Kuiper, 
Strom and LePoole, 1966. (Photo by U. S. Army, 1967; north is to the right) 

a) Small near-surface tubes marked by collapses; at (a), small 
pahoehoe outflow to the right toward the large depression. 

b) An embayed plateau margin showing a raised pahoehoe floor-
filling having originated from a nearby flank breach. 

c-d) The line of sight of Figure 30a; viewed from (c) toward (d). 
The pit immediately to the right of (d) is also seen as Figure 57b. 

e-f) Gradient of the original lava tube ran from (e) toward (f). 
Very small near-surface tubes at (f) are marked by small surface pits. 



Fig. 56. Collapse depressions in the McCartys basalt, New Mexico 



Figure 57 

A string of collapse depressions, outlining a single lava tube within a 
plateau formed of a single flow unit (see Figs. 55 and 56). McCarlys basalt, 
Bandera lava field, New Mexico. 

a) Stereoscopic view of the depressions as viewed to the northeast, 
with the three easternmost depressions immediately visible. The surface of the 
central bridged areas has been deflected as much as eight m below the surrounding 
level plateau surface. The single pits, marked by individual scarps, add another 
two to five m in depth to the entire collapse chain. The ropy and corded surfaces 
are pahoehoe outflow which occurred at the time of collapse. 

b) Pahoehoe outflow and tilted slabs in the second pit from the east 
end of the chain (pit identical to that of Fig. 566). 
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Fig, 57 A string of collapse depressions outlining a single lava tube 



137 

9.1.1 The Flow Unit 

The idealized collapse depression is considered to have formed in the 

layered lava of a single flow unit as represented by a lava plateau. Such a 

plateau lies in the area just north of Point of Malpais on the McCartys flow 

(refer to geologic map, Fig. 91 ). Here the basalt issued from several north-

south fissures. The lava ponded over the vents in the form of a plateau, with a 

good deal of lateral extension furnished by outflow from internal tubes. The 

general area is shown in Figures 55 through 57. 

9.1.2 Depth of the Lava Tube 

The plateau on an original surface that was not flat and the effect of 

this topography is unknown. The largest and deepest of the depressions on the 

plateau appear to have been floored nearly on the older lava surface. For 

instance, in Study Area 7 (Fig. 55), the depth of the easternmost of six 

depressions nearly equals the estimated thickness of the entire plateau flow unit. 

The present depths of the depressions are only apparent depths as all of the rubble 

of collapse as well as the roof of the tube remains to occupy the original position 

of the lava tube. 

9.1.3 Size of the Lava Tube 

The original tubes, parent to the depressions, were of very short length 

and are not comparable to the magnificant lava tubes trending across the surface 

of the northwest portions of the Bandera lava field. Analogous in failure 

mechanism, the collapse depressions formed over tubes only a few hundreds of 
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meters long. The depressions of Area 7, for instance, are only about 200 m long 

in series, having formed from a lava tube less than 400 m in length, from its 

point of origin to the edge of the plateau. 

9.1.4 Modifying Features 

Vertical deflection of the lava plateau to either side of the central 

collapse pits indicates that post-collapse contraction of the cooling basalt has 

affected the final configuration. Some depressions also have small areas of pahoehoe 

which flowed out of tensile fractures at the time of collapse (Figs. 27, 28 and 55). 

9.1.5 Thermal Conductivity 

According to Wechsler and Glaser (1964, p. 25) the thermal conductivity 

(k) of solid rock depends upon: 

1) mineralogical composition 

2) orientation of crystals 

3) degree and size of microfractures 

4) temperature. 

In addition to these factors, there appears to be a subordinate dependence 

upon porosity (as a function of vesicularity). Decker and Peck (1967) arrived at a 

predictable linear decrease in (K) with depth below the surface of Alae lava lake 

(Hawaii) as porosity increased from 40 percent at the surface to about 11 percent 

below 4.5 m. The actual conductivity data were obtained from experiments at 

laboratory temperature. Decker and Peck also cite unpublished work, performed 

on the Alae basalt, by Kawada of the Earthquake Research Institute of the 

University of Tokyo, such that (K) increases at the rate of almost 0.1 percent per 



139 

degree Celcius over the range 22 - 1000°. With reference to the work of 

Sommerton, et al. (1963) (Fig. 58), Kawada's findings are in close agreement 

with the entire spread of conductivity values shown. 

Further testing of tholeiitic basalt of Kilauea and Mauna Loa, by 

Robertson and Peck (1969, p. 339) suggests that thermal conductivity varies 

directly with olivine content. There was no detectable influence on the part of 

vesicle size. 

9.1.6 Thermal Diffusivity 

The values of Sommerton, et al. (1963) are the only data presently 

available for basalts. Noting the reduced ordinate scale on Figure 58 (bottom), 

thermal diffusivity (a) should have a smaller range of values than conductivity, 

due to the fact that conductivity is included in the ratio of thermal conductivity 

to volumetric heat capacity: 

« = 7T- (9-1) 
Pc 

where: a = thermal diffusivity 

* = thermal conductivity 

c = specific heat 

P = bulk density. 

9.1 .'7 Temperature-degraded Modulus 

Winquist (1969) utilized the method of Forster (1937) to determine the 

thermoelastic moduli of an augite basalt from Dresser, Wisconsin. Ultrasonic 



Figure 58 

Thermodynamic properties of basalt. 

Top) Two curves represent the relationship between thermal 
conductivity (K) and temperature. Curve of Stephens (1963) is for fine-grained 
grey olivine basalt from Nevada Test Site. One-dimensional (radial) heat 
flow was measured in cylindrical specimens heated internally by a wire-wound 
porcelain tube. A 5:1 ratio of length to width was used to avoid end effects. 
Curve of Sommerton, et al. (1963) is for suboceanic basalt obtained from Project 

• Mohole drilling. 

Bottom) Thermal diffusivity (a) as a function of temperature. Suboceanic 
basalt; after Sommerton, et al. (1963). 
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resonant frequency determinations were used and provide the only currently 

available data of this type for basalt at standard pressure. 

The data, as plotted (Fig. -59), show several pronounced discontinuities 

from the visually-plotted curve. The appearance of a step function relating 

Young's modulus to temperature is the result of exothermic reactions during 

changes of state in constituent minerals. 

A'least-squares polynomial fitting program utilizing a digital computer, 

produced the following third-order equation with index of determination of 

0.997199: 

E = 14.66743 + 3.07679 x 10"3T - 2.13202 x 10"5T2 + 7.08316 x 10_9T3 

(9.2) 

where: E = Young's modulus (x 10** kg cm-2) 

T = degrees Celcius 

9,1.8 Temperature-degraded Poisson's Ratio 

Winquist's data for Poisson's ratio was treated in a similar fashion, 

assuming that a lower bound of 0.06 obtains at 815°C (Fig. 60). Data are not 

available for basalt at higher temperatures, at ambient pressure. Since Poisson's 

ratio is a measure of lateral to longitudinal (axial) strain, it is physically impossible 

for a negative value to occur. Under either tensile or compressive stress, plane or 

volumetric strain must result in values in the range 0 to 0.5, Considering Poisson's 

ratio to be constant at temperatures greater than 8l5°C, a third-order equation with 

index of determination of 0.960 is indicated: (9.3) 

M = 0.234592 + 1.43702 x 10"4 T - 8.03891 x lo"7]2 + 4.30988 x 10"t0 T3 
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9.1.9 Temperature-degraded Strength 

The least-squares curve fitting method was also applied to an estimation 

of compressive and tensile strength. Values in the range of the arithmetic mean 

peak strengths (metric units) were fit into the abscissa of the Young's modulus plot 

(Fig. 59) and new equations obtained. This assumes that strength values are 

related directly to that of Young's modulus for the rock (substantiated by D'Andrea, 

et al., 1965), and that there is zero strength at the solidus (1000°C). 

Compressive strength = 

463.447 + (2.54203 x 10"2T) - (5.56247 x 10"4T2) + (6.54020 x 10"8T3) 

Index of determination = 0.999 (9.4) 

Tensile strength = 

39.907 + (2.96280 x 10"3T) - (5.08767 x 10~5T2) + (7.87160 x lO^T3) 

Index of determination = 0.999 (9.5) 

9.2 The Model 

With the thin plateau of hot basalt represented by a single flow unit 

(Fig. 61), and considered as a sheet, the tube is formed as a mobile cylinder and 

then vacated, leaving behind a hollow conduit (Fig. 62). The model is constructed 

from the depression mapped in Figure 55. The layered lava contains isotherms which 

are arranged horizontally from the center of the tube upwards and in the opposite 



Model constructed after Jaeger's 
method (1968, p. 511). Formulae 
and assumptions appear as Appendix B. 
Isotherms represent conditions immediately 
after formation of the lava tube. 
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Fig. 61. Thermoelastic stress model for a lava tube. Hie tube is considered to have been formed 
instantaneously and is acted upon by gravitational forces. Compressive stress is not shown 
due to the fact that its magnitude never approaches the available compressive strength 

predicted for the host rock. 



Figure 62 

interior views of small lava tubes underlying collapse depressions, 
McCartys basalt, Bandera lava field. New Mexico, Vicinity of Study Area 15, 
shown in Figure 102. 

a) Three flow lines exposed in vesicular basalt along one wall of a 
collapsed lava tube. Accessible tubes are extremely rare in terrain of collapse 
depressions (hat gives scale). 

b) Frontal view of two blocks of lava separated from the overlying 
rock along lines indicated by the arrows. The faces of each of the blocks are 
shear surfaces and are highly striated, especially on the surface bearing the 
stereoscope case (14 cm long). 



Fig. 62. Interior views of small lava tubes underlying collapse depressions 
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direction toward the cold basalt underlying the sheet. Heat contained by the sheet 

of lava comes from: 

1) lava flowing in the tube; by radiation 

2) latent heat of solidification 

3) heat of friction generated by passage of lava through the tube 

4) a negligible amount of heat added from possible combustion 

of gases within the tube 

The model uses the principles of linear heat flow developed by Ingersol 

and Zobel (1913) and modified by Ingersol, Zobel, and Ingersol (1948), Carslaw 

and Jaeger (1959), and Jaeger (1968). A sheet of basalt of semi-infinite lateral 

extent is extruded instantly (represented by time (t) = 17 seconds), and at an initial 

temperature greater than that of the underlying basalt. 

Linear heat flow is assumed along the x axis, so that all planes parallel to 

the y plane are isothermal surfaces. Temperature of the rock therefore varies as a 

function of depth as well as time. The end-effect of the flank, as a free air interface, 

will affect positioning of the isotherms for no more than 0.33 of the thinkness of the 

sheet (Jaeger, 1968, p. 512). 

The three original assumptions of Ingersol and Zobel (1913) were kept: 

1) lava and country rock have identical thermal properties 

2) preheating of the country rock is negligible 

3) the upper surface of the flow is kept at zero temperature. 
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Isotherms were constructed using Lovering's (1935) dimensionless factor 

(T) to describe cooling within a sheet of thickness (d): 

(9.6) 

where: t = time after extrusion (seconds) 

<* = thermal diffusivity. 

The isotherms are spaced to reflect the ratio of temperature (T) at time 

(t) to the original temperature (TQ): 

The error function, erf (U) is tabulated by Carslaw and Jaeger (1959) in 

expanded form, and by Jaeger (1968) in abbreviated form. The dimensionless 

less time, respectively. Computations for the model appear as Appendix B. 

An alternate method describing time-dependent changes in heat conduction 

within an isotropic plate of infinite width is presented by Jakob (1949). Using 

thermal diffusivity (a) as the property describing the medium, the model provides 

a ratio of excess temperature at the center of the plate, to that at the surface of 

the plate, as a function of time and vertical position (x). The work relies on the 

T A o M l / 0 - / ( 2 - | / f )  (9.7) 

where the function /(£,t) = 1/2 erf - erf-~I— 
2T'/2 2T'/2 

ratios (I - x/a) and (T = Kt/a^) represent position and Fourier number of dimension-
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pioneering treatment1 of Williamson and Adams (1919) describing temperature 

variations in an infinitely wide plate. 

Data of thermal diffusivity («) and of thermal conductivity (K) are sparse, 

but as shown in Sections 9.1.5 and 9.1.6, both coefficients are nearly constant at 

temperatures in excess of 300°C. Thermal conductivity as presented in Figure 58, 

shows a change of only about 0.15 percent over the range 100 = 700°C. 

9.3 Computation of the Stress Field 

An elastic analysis program was written in Basic II language for computer 

calculation of stresses and deformation present in and around the lava tube (See 

Appendix C)« The analysis assumes linear elastic behavior in plane strain around a 

hole in a plate of unit thickness. A uniaxial stress condition neglects any possible 

strain accumulation due to viscoelastic displacement in the rock prior to solid

ification. The uniaxial case utilizes lithostatic pressure of overlying basalt, at the 

point considered: 

<r. =\z 
(9.8 ) 

The formulae for stress at a given point (Obert and Duvall, 1967, p. 99); 

recognizing a typographical error in Equation (9.9 ) are: 

Radial stress 

' t ' T ^  • f 5 ) - T ^ + 7 T - 7 r ) e o s 2 8  ( 9 - 9 )  
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Tangential stress 

°e = r(,+f5)+T(,+^T)cos29 ('•"» 

Shear stress 

Tre = T"(' ~^T +T-)s!n2e <9-n) 

where: a = radius of the lava tube 

r = radial distance from the center of the tube 

8 = angular displacement along a radial line (r) from the vertical 

(a polar plot is used to define points of stress computation). 

Temperature distribution is linear: 

T(°C) = (l - Z jm^erS^ * 1000 (9.12) 
\ 6.38 . J 

The effect of temperature is modeled by use of reduced elastic properties 

(E and n) and degraded rock strength. In this fashion, the complex problem of 

determination of viscoelastic coefficients is avoided. 

Radial and tangential displacements (ixand v) created by the presence of 

the lava tube are defined by (Obert and Duval I, 1967, p. 105): 

O.ra 
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(9.14) 

9,4 Nature of the Failure 

The results of the computer calculations for thermoelastic stressing are 

presented as Appendix C. Using the convention in which (-) denotes tensile force, 

zones of stress are indicated on Figure 61. The results show that, theoretically, only 

tensile forces are likely to initiate failure. The results shown in Appendix C suggest 

that failure may begin at the tube lining, at about 8Q°clockwise from vertical. When 

comparing the values of radial tensile stress, S(1), and available tensile strength, 

U2, on the computer printout, one will note that stress imposed does not exceed 

available strength in this single model. However, the difference between the two 

values is less than an order of magnitude in the critical regions, suggesting that the 

regions or zones are indeed critical to the failure process. The relationship is shown 

graphically in Figure 63. 

Shear strength of cold basalt (Sec. 7.9) is normally about three to four 

times the tensile strength for the rock. Assuming this relationship to be valid also at 

» 

the temperatures considered, there are no indicated zones of shear failure in the 

o o 
computations. Shear stress maximizes in the model at about 60 and 130 , clockwise 

from vertical, and occurs within about two to three m of the tube. 
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Ftg. 63. Zones of instability surrounding newly-formed lava tubes. A single example is treated using 
the model as described in Appendix B and the thermoelastic analysis programmed as Appendix 
C. Zones of failure are predicted whenever the computed shear or tensile stress equals or 
approaches available strength within one order of magnitude. Note that the surface of the 

. flow unit slopes to the left at about 1° 30*. 
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Ttie shear surfaces preserved in collapse depressions are roughly in the 

above orientations; usually in the latter. Although the stress computations do not 
s 

show an area of low-strength rock appearing in this region of the model, the 

stratified deterioration of Young's modulus, along the walls of the tube at mid-

height, would have removed some of the constraint through increased strain. 

It is probable that shear failure came about only occasionally, wherever pockets of 

rock existed which were not hot enough to flow at the time the tube was created, 

but which were hot enough to possess a very low shear strength. Since the zones of 

maximum shear stress lie outside the previously-mentioned zone of tensile weakness, 

shear failure would have been in order in these regions (whenever rock strength was 

appropriately low). This reasoning is supported by the fact that shear surfaces such 

as those seen in Figure 62 are not commonly observed. 

9.5 Conclusions 

The thermoelastic model was developed to test the hypothesis of failure 

• under a gravitational stress field. The model is based upon a rational assessment of 

observable field conditions and uses ideally variable strength values as a function of 

temperature. Although absolute failure of the rock is not indicated, zones of potential 

failure are suggested. Within these zones, only slight variations in the temperature 

distribution within the body of basalt surrounding the tube would lead to failure. The 

results of the analysis indicate that: 
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1) failure of the tube occurs as tensile fractures grow from the 

surface of the cooling flow unit and intersect with the pre

scribed zones of tensile stress that surround the tube; 

2) the roof drops or sags into the tube void; 

3) the zone of maximum shear stress is the site of shear failure 

in the lower quadrants of the tube; 

4) while the tube generally fails under tension, shear failure 

occurs only occasionally and does not always accompany 

each fai lure; 

5) compressive stresses never likely exceed available compressive 

rock strength immediately surrounding the lava tubes. 



CHAPTER 10 

LUNAR IMPLICATIONS 

Credit for drawing attention to the similarities between terrestrial lava 

tubes and collapse depressions and supposedly similar lunar features belongs to 

G. P. Kuiper. Kuiper noted that "dimple craters" occur on perhaps 50 percent 

of the mare surface. Excellent examples were depicted in the last of the image 

frames obtained before impact of the Ranger VII spacecraft. The dimple craters 

were missing from places incompatible with the internal-origin theory; crater 

walls, and on mare ridges. 

Kuiper and his associates set about making a reconnaissance of Holocene 

basalt flows in the southwest United States and were surprised to find depressions 

on six of the first eight lava fields inspected. The initial results of the survey 

were reported by Kuiper, Strom and LePoole (1966) in the Ranger VIII and IX 

papers. At the same time, interpretation of aerial photographs of the Bandera 

volcanic field of New Mexico (Frontispiece) revealed a number of possible 

similarities between the lava tubes present there and certain lunar features. 

These findings were first reported by Strom (in Kuiper, etal., 1966, p. 199). 

• 

Kuiper's predictions of the occurrence and extent of lunar volcanism came at a 

time when the theory was generally unpopular. Many workers were seriously 

considering the variety of "dust" theories proposed by Professor Gold of Cornell 

University. 
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The present study has demonstrated that terrestrial lava tubes can bear a 

striking resemblance to certain lunar features in terms of gross morphology as well 

as detailed aspects. The Orbiter V mission provided us with many views of lunar 

features that appear to be complexes of collapsed lava tubes. Alternate intact 

and collapsed segments are also present. Many sinuous rilies appear to be drainage 

channels and therefore may also be akin to terrestrial examples. 

Rilles often seem to originate at small craters, probably volcanic in 

nature, exhibit varying degrees of sinuousity, sometimes bifurcate in the downslope 

direction, occasionally rejoining; and tend to narrow at the terminal end. 

Examples of this type of rille are in Oceanus Procellarum, as well as the Marius 

and Conon rilles, the Hadley rille at the base of the Apennine mountains (subject 

of the Apollo 15 mission), those in Schroter's valley, and the extensive system 

near Prinz. As with the terrestrial examples, these rilles are often pseudo-

meandrous and may exhibit sharp changes in direction. 

10.1 The Case for Collapse Depressions 

By 1971, thinking concerning the origin of smalt lunar craters had 

polarized about two camps; meteoritic impact and internal origin. 

Those supporting the impact-origin theory are mainly associated with the 

U. S. Geological Survey (such as Shoemaker, et al., 1968, Shoemaker and 

• • 

Morris, 1968, and Opik, 1969) who hold that most craters of diameter smaller 

than one km are of impact origin. 
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The case for infernal origin is strongly supported by statistical crater count 

results (Kuiper, Strom, and Le Poole, 1968, and several papers by Hartmann). 

However, some of statistical data have been held by Oberbeck and Quaide (1968) 

to represent both impact and internally - formed craters existing on an impact-

disturbed regolith of up to and exceeding 16 m in depth. 

Chapman, et al. (1968) have also shown that the crater-count statistics 

are compatible with the existence of a very thin disturbed layer of one to three m 

in thickness, and that statistical differentiation of crater groups may actually be 

the result of a preferentially-high vesicular crust on lunar lava flows. Highly 

vesicular froth is likely to form at the surface of lunar flows (Hatheway, 1970). 

Strong indications of volcanism were found in the Orbiter V imagery 

in and around the craters Tycho and Aristarcus (Strom and Fielder, 1970). Gross 

flow textures suggest the presence of a relatively viscous lava (supported by the 

anorthositic composition determined from the Surveyor chemical analysis. One 

view, in particular (Strom and Fielder, p. 250), shows probable collapse 

depressions at the terminus of a flow Unit on the order of 20 to 40 m thick, lying 

just outside the rim of Tycho. Similar flows were also found disposed about the 

northern rim of Aristarcus. The surface morphology and low albedo suggest that 

the rock may be basaltic and therefore similar to that found on the maria. 

Strom and Fielder (Fig. 35, p. 275) also observed a channel of probable collapse 

origin similar to those of the Bandera lava field (Chapter 12, Fig. 84). 
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10.2 Physical Implications 

At the present time, it is impossible to predict accurately the general 

effect of the lesser lunar gravity, extremely low temperatures, and practically 

nonexistent atmosphere (10~^ torr), or to suggest an appropriate scaling factor 

for analogous lunar features. While the postulated lunar collapse depressions 

are quite similar in both morphology and dimension, many of the lunar rilles are 

obviously not comparable with regard to lengths, depths and widths. It is 

probably safe to assume, however, that many of the smaller rilles, as well as 

most of the dimple craters are the result of lava tube collapse. 

10.2.1 Viscosity of Lunar Lava 

Lunar lava may be of appreciably lower viscosity, and therefore would 

favor formation of lava tubes. Murase and McBirney (1970a) performed experiments 

on a synthetic lunar lava made with components (in percentage, by weight) 

representing the Apollo 11 samples (Fig. 36). Silica content was 43.0 percent; 

an extremely low value for terrestrial extrusives. An increased liquidus 

temperature, in the range 1300-1380 was measured in both air and evacuated 

argon atmospheres. The reduced pressure contributed to a low volatile content, 

and the lower silica content contributed to a measured viscosity about equal to 

that of "thick motor oil" (lower than any viscosity previously measured in earth 

lavas). 

Using Jeffrey's formula for laminar flow, Murase and McBirney found 

that the viscosity of a lunar melt would be about one order of magnitude less 
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than a comparable fluid on earth. Also, for the same angle of inclination and 

thickness of a flow unit, lavas will flow at about twice the velocity of their 

terrestrial counterparts. Therefore, the form assumed by lunar lava flows will 

be less dependent on viscosity, but more dependent on the characteristics of 

roughness, shape and slope of channels (once created), and the nature of 

topography over which the flow has spread. 

10.2.2 Lunar Rock Strength 

Strength of lunar lava may be viewed in two ways; that of the surface 

layers of froth that are undoubtedly present, and that of the interior, dense rock 

making up the bulk of the flow units. Simulated lunar extrusive rock was made 

at the Lunar and Planetary Laboratory and tested under laboratory conditions in 

unconfined compression (Hatheway, 1970). Bearing values of less than 9 kg cm 

were measured. 

Columbia River basalt was stressed by Krokosky and Husak (1968) in 

••8 —i n 
unconfined compression at ultra-high vacuum pressures of 10 to 10",u torr. 

After a period of outgassing (at 260°C for 24 hours) the specimens exhibited 

ultimate strength values as much as 50 percent higher than those tested without 

bakeout, and as much as 40-50 percent higher than those tested at Standard 

Temperature and Pressure. Heins and F,riz (1967) stressed basalt also at the 

* 

temperature of liquid nitrogen and noted an approximate 50 percent increase in 

unconfined compressive strength. The increased strength, in part, tyas ascribed 

to the absence of water vapor in the test atmosphere, which was proposed as 

detrimental to silicate bonding. These data are difficult to make use of, however, 
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as the peak compressive strengths found by Krokosky and Husak (200 kg cm~^) are 

only about 50 percent of those determined for olivine basalt at Standard 

Temperature and Pressure in the present study (Chapter 7). 

10.2.3 Thermal Conductivity 

In the previously-mentioned study (Section 10.2.1), Murase and 

-3 McBirney measured thermal conductivity of about 1.5x10 in the range 

1100-1380°C; or roughly one-half that commonly associated with terrestrial 

basalt. The overall trend of (k) for the simulated lunar lava was different than 

that appearing in the literature for terrestrial basalts. Contrary to the usual 

increase in thermal conductivity in the range 0-350°C, Murase and McBirney 

(1970b) found a decrease from about 4x10 to about 2.6 x 10 over the range 

0 - 1100°C. A final upturn to positive temperature dependence occurred from 

about 1100-1300°C. 

The findings of Murase and McBirney indicate that, initially, the hot 

crust of a lava flow would tend to insulate the interior and to promote fluid flow 

within. Assuming lunar lavas to possess similar thermal conductivity to that 

presented above, much less heat will be lost in a given period of time and the 

lava will tend to remain fluid longer. Based upon the indicated increased 

thermal conductivity, Murase and McBirney suggest that lunar lava tubes will 

be broader, longer and more stable (because of reduced normal stresses resulting 

from lower rock density). 
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10.3 Conclusions 

Some preliminary assessments of the effect of the lunar environment are 

in order: 

1) lava tubes probably formed on the moon in an analogous fashion 

to those formed on earth; 

2) the upper limit of size and length of the lava tubes probably 

greatly exceeds those found on earth; 

3) lunar "dimple craters" are probably collapse depressions; 

4) the surface of lunar lava flows are likely to be highly vesicular 

and lava tubes are more likely to be formed at greater depths in slightly thinner 

flow units (if the overall chemistry of the lunar lava is simitar to that of basalt); 

5) a wide range of lunar extrusives may be present; observations of 

Orbiter imagery indicate that some flows may have been relatively viscous, 

however, laboratory experiments on simulated lunar lavas indicate a lower 

relative viscosity than that of terrestrial lavas; 

6) lunar lavas may have low unconfined compressive strengths at 

shallow depths (due to presence of froth), but may be relatively stronger at 

depth (due to lack of water vapor, to low ambient pressure and to a greater 

degree of outgassing); 

7) a relatively higher fluidity of lunar lava may result from 

insulation within flow units, provided by a higher thermal conductivity than 

terrestrial basalts. 



CHAPTER 11 

WORLDWIDE DISTRIBUTION 

While not often the subject of study, lava tubes and collapse depressions 

have been cited in the literature since about 1890. Most of the references note 

the features only as interesting geologic features, rather than being sources of 

useful quantitative data. The following is a comprehensive survey of known lava 

tubes and collapse depressions. Reference should be made to Figure 2 and to 

Appendix A. 

11.1 Sites in the Western United States 

Since lava tubes and collapse depressions are largely obscured within 

about 100,000 years of existence, the locations shown in Figure 2 are all contained 

in late Pleistocene or Hotocene lava fields. Even though many of the references 

note only the existence of the features, the index is of value in that it presents 

sites for inspection. Halliday (1954) has produced a catalog of ice caves of the 

western United States, in which he lists 36 lava tubes. Some locations are merely 

individual caves lying along the same parent lava tube, or (in the case of the 

Sunset Crater flow in Arizona) may be only isolated short tubes underlying single 

collapse depressions. 

The more important locations in the United States are as follows. 

11.1.1 Alaska 

The Gosling volcanic series of the Imuruk lake area of the Seward 

162 
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Peninsula (Hopkins, 1963) contains a 19 km lava tube and many collapse depressions. 

The features are contained in the Lost Jim lava flow (ca. 10-20,000 yrs BP), of 

olivine basalt (Fig. 64). The flow covers about 210 km^ and spreads for about 

35 km below Lost Jim Cone. Hopkins found that "much of the western part of the 

flow was fed through a great lava tube, which extends at least 12 miles west 

from Lost Jim Cone." Figure 65 depicts a 6.4 km segment of the tube. 

Extensive outflow from the tube came at several locations (Fig. 65), 

one of which formed a large spatter cone. The tube is totally collapsed in all 

areas of outflow. A subsidiary tube branches from the main Lost Jim lava tube, 

at an acute angle, several km from the source. The acute angle of bifurcation (60°, 

as measured toward the source) is unusual in the sense of lava tubes; most 

bifurcation occurring in the direction away from the source. The reversed 

branching was probably caused by a local deviation in gradient on the Camille 

basalt surface (the underlying flow). 

11.1.2 California 

West of the Lava Beds National Monument and the Hambone quadrangle 

(Chapter 17), lava tubes and collapse depressions were reported in the MacDoel 

30' quadrangle of Shasta and Siskiyou Counties (Williams, 1949). Collapse 

depressions occur on the terminal portion of the Pluto's Cove lava field, named 

after the tube of that name. The flow stretches for 32 km on the north flank of 

Mount Shasta. 

Williams, as well as Wood (1960), also reported small tubes on the 

2 195 km Butte Valley flow of Siskiyou County. According to Wood, the 



Figure 64 

The Lost Jim lava tube, Seward Peninsula, Alaska. 

The lava tube, as reported by Hopkins (1963), has a length of at 
feast 19 km. The tube is slightly sinuous and issued from Lost Jim Cone, 
lying at the intersection of three faults (base from II. S. Geological Survey). 



164 

^ 5. 
» ,  

X 
(J l  Vv „ < i » ~ > 

'• '"'/ ^ 7 >̂. .. 

V ^ *" ;0. 1R 

+ 66t35-f-

teario' 

: . r r td  

\ umtm 

CONTOUR INTERVAL SO FEET 

f? 

%Lost Jim 
'' haiku 

/ j > j ' * T  

A. 
?>>>,• * ?  s 'S 

£?r\ *7 '*' 
rA-j\ ;> 
.j r 2 -*A 

S^Jx- i 
a?.. '&»» Jim Con# 

•  ' V p "  p v  

# 

BENDELEBEN (C-3) QUADRANGLE 
ALASKA-SECOND JUDICIAL DIVISION 

1:63360 SERIES (TOPOORAPHIC) 
jn ^ .!— 

BENDELEBEN (B-31 QUADRANGLE 
v. ) L 

l»—% 

""W-N.*' * i 
>1 A-"» 

*s 

r 
ling Con* 

Fig. 64, The Lost Jim iova tube, Seward Peninsula, Alaska. 

The lava tube, as plotted from available aerial photographs, is 
reported by Hopkins (1963) to have an extent of at least 19 km. The tube is 
slightly sinuous and issued from Lost Jim Cone, lying at the intersection of 
three faults. (Base from U. S. Geological Survey) 



Figure 65 

A small segment of the Lost Jim lava tube, Seward Peninsula, 
Alaska (refer to Fig. 64). 

Patches of tube outflow are outlined in black; arrows denoting the 
source ruptures. The central arrow points to' a spatter cone, probably developed 
under hydrostatic pressure from basalt within the tube. 

Occasional collapse depressions are noticeable on thepahoehoe flow 
units surrounding the tube. (F) indicates faulting of the type commonly seen 
on pahoehoe surfaces. (Photograph from LPL library, courtesy USAF, ca. 1946). 
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depressions are scattered across the surface of the flow and are of two types; those 

which are elongate and bordered by "low cliffs and ridges" (likely segments of 

collapsed tubes), and smaller irregular depressions, which are occasionally filled 

with a thin alluvial cover. 

11.1.3 Hawaii 

Although tubes and depressions are probably commonplace at many locations 

in Hawaii, few references to them have been made. Wentworth and MacDonald 

(1953, p. 43-45) discuss their origins, while MacDonald and Eaton (1964) describe 

a living lava tube observed during the 1955 eruption of Kilauea. 

Wright and Kinoshita (1968, p. 3193) found small lava tubes operating on 

35° slopes inside Makaopuhi Crater, on Kilauea. The tubes aided in filling the 

lava lake. 
i 

11.1.4 Idaho 

The multiple entries on Figure 2 attest to the numerous occurrences of 

collapse features on the vast Snake River Plain. Figures 66 through 69 have been 

assembled to illustrate the variable character of collapse depressions in this area. 

Fisher (1967) found that certain areas along extrapolated extensions of the 

Arco lava tube (1 km long; Craters of the Moon National Monument)are marked by 

surficial bulges in pahoehoe. These features may be only patches of local outflow. 

11.1.5 New Mexico 

The Carrizozo malpais (Allen, 1951, or Little Black Peak flow of Smith, 

1965; and Lochman-Balk, 1964, p. 59 and Weber, 1963 and 1964) is the site of a 

very unusual mantling of pahoehoe collapse depressions by later aa cover,(Fig. 70). 



Figure 66 

Index map to stereophotographic views of collapse depressions on the 
Snake River Plain, Idaho (Figs. 67-69). (Base map from U.S.G.S. Idaho Falls 
79, 1:250,000 quadrangle, 1955-62). 

Index numbers refer to County symbol (CVO), flight strip number (1 EE), 
and exposure numbers (122-123) of photography available from the Agricultural 
Stabilization and Conservation Service, Department of Agriculture, 2505 Parley's 
Way, Salt Lake City, Utah 84109. 
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Fig. 66. Index map to stereophotographic views of collapse 
depressions on the Snake River Plain, Idaho 



Figure 67 

Collapse depressions on two flow units of different surface character. 
Both pahoehoe units were erupted on a rougher pahoehoe surface, devoid of 
collapse depressions. Snake River Plain, Idaho (Photos by ASCS). 

The westernmost flow unit, bordering the farmland, is thinner, measurably 
flatter, and has depressions located centrally or on the margins of the plateaus. In 
contrast, the easternmost flow unit is made up entirely of flow lobes or tongues in 
which collapse depressions separate medial ridges. 

Physical factors involved in production of the two flow types seen are 
such that the easternmost flow unit was probably slightly more viscous than its 
western counterpart, while probably being under the influence of a higher hydro
static pressure developed as a result of greater mass of lava at a possibly greater , 
slope. Since collapse depressions form generally on gradients of less than 0°- 30 , 
a significant difference in gradient would be on the order of only a few minutes -
of slope. 
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67. Collapse depressions on two flow units of different surface character 



Figure 68 

Collapse depressions and a positive surficial lava tube on the Snake 
River Plain, Idaho (Photos by ASCS). 

a) Stereographic view of lava plateaus in which collapse depressions 
have formed in chains representing the parent drainage tubes, as well (white arrow) 
as through the coalescence of two flow units, combining the tensile-fractured 
margins to produce a chain of pseudo-collapse depressions. Outflow from ruptured 
margins of the plateaus to the upper left and lower central portions of the view 
produced ponds of lava after collapse of the tubes. 

b) Depressions formed along the edge of a flow unit. An abrupt change 
in gradient is indicated (between the lower right and the edge of the view), as if 
the flow had cascaded over the margin of an underlying flow unit. Thickness of 
the flow unit is only apparent, as the larger pits appear to have a depth of about 
1.5 to 2 times the apparent thickness of the flow unit. Outflow from the same flow 
unit has ponded the areas between flow lobes, as has basalt from another succeeding 
flow unit (from the upper left and left center). 

c) Along the edge of an aa flow (dark tones) increased viscosity resulted 
in formation of a sinuous lava tube lying as a positive feature on the surface of the 
flow. Such features are not common to lava fields, and are sometimes referred to 
as "pressure ridges," meant to imply that they are formed in lateral compression. 
Here the margins of the tube are formed by pahoehoe having flowed out of the 
tube itself at two locations (arrows). 
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Fig. 68 Collapse depressions on the Snake River,Plain, Idaho 



Figure 69 

Uncommonly rough surfaces on flow units supporting collapse depressions; 
Snake River Plain, Idaho (Photos by ASCS). 

Flow patterns indicate (arrow) that outflow of a more viscous lava, from 
within the flow, formed the rough surface. 

Tension fractures are wider and deeper than seen at other locations during 
this study, and indicate that the lava may have been at limiting viscosity for 
formation of depressions and a pahoehoe surface. Depressions are almost all 
located toward the interior of the plateaus and show regular circular outlines. 

The view is less than 450 m from the edge of the lava field, which has 
led to the formation of a streaked eolian pattern across the plateaus. 
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Fig. 69. Uncommonly rough surfaces on flow units supporting collapse depressions 



Figure 70 

A portion of the Carrizozo lava field, about 8 km south of Little 
Black Peak, New Mexico (Sec. 26, T7S, R10E). 

The Carrizozo lava field is characterized by a general absence of 
flat lava plateaus. Collapse depressions vary greatly in size, occurring with 
a sevenfold differential in major dimension. All surfaces are pahoehoe with 
the exception of the very small dark areas of aa along the west margin of the 
photographs. A kipuka of Cretaceous Dakota sandstone rises as a cuesta in 
the center of the view, with Highway'380 crossing a small light-toned patch 
of Tertiary latite at the edge of the view. (Photographs by USAF, 1965; 
geology from Weber, 1964, Fig. 2) 



Fig. 70 A portion of the Carrizozo lava field 
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No detailed mapping of the lava field is yet available, but reconnaissance 

work by Allen indicates that the 71 km long flow issued from vents at or near Little 

Black Peak, a small cinder cone at the northern tip of the flow. The silica content 

of the olivine basalt, near the source, is given as 50.77 percent. 

About 43 km south of Little Black Peak, the author inspected the aa-

mantled collapsed depressions (Figs. 71 and 72). The flow here has a pronounced 

upwardly convex shape in section and is definitely not of the plateau variety. 

Collapse depressions are few and are probably not the result of long medial tubes, 

but rather were formed by local outflow along flow margins. 

A distinctive characteristic of many of the larger depressions in the aa-

mantled areas is the presence of a medial trough along the centerline of the 

depression in the direction of flow (Fig. 72, E-W profile). The profile normal to 

the flow direction is relatively gentle (N-S profile). 

11.1.6 Oregon 

Aside from the examples of collapse features reported in passing by workers 

familiar with the Cascades, most of the more detailed descriptions available are of 

locations in the remote lava fields of southeast Oregon. Since 1963, work has been 

under way by N. V. Peterson of the Oregon Department of Geology and Mineral 

Industries. A variety of short papers have been released, mainly in the Ore Bin, 

along with the very useful Lunar Geological Field Conference Guide Book (1964), 

edited by Peterson and Groh. 



Figure 71 

The Carrizozo field as it appears a few km southwest of Oscura, 
New Mexico. (Photographs by G. P. Kuiper, 1965) 

a) Vertical view of a major aa flow unit mantling an existing 
pahoehoe unit. Plateaus with the ordinary type of depressions lie on both 
sides of the dark-toned central flow unit. 

b) Oblique view of the same unit showing the rough aa surface 
striated by very large tensile fractures. The fractures appear to be of two 
genre: a primary type associated with, and paralleling the depressions 
(arrow), and a secondary type crossing depressions and intersecting the 
primary fractures. The secondary type may be related to faulting at a 
time before the lava was completely rigid (arrows alsp denote a common 
reference point for both views). 
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Fig. 71. The Carrizozo field as it appears a few km southwest of Oscura, 
New Mexico 
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Fig. 72. Profiles of a typical aa-mantled collapse depression on the Carrizozo lava 
field, New Mexico 

From a model constructed by sculptor Ralph Turner (seen as a photograph in Turner, 1970, 
Fig. 40, p. 234) from data collected by an LPL field party, April 1966. Site is located a few km north 
of the area seen as Figure 71 and on the same flow unit. The depression is similar to that denoted by 
the arrow in Figure 71, with a sharp centerline along the depression bottom representing a secondary 
tensile fracture of the type discussed previously. 
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Saddle Butte lava tube. A series of collapsed lava tube segments appear to 

represent a single lava tube of at least 13 km in length, lying on an olivine basalt 

field covering about 212 km^. Using the sketch map appearing as Figure 1 of 

Ciesel and Wagner (1969), a gradient of 0°32' is measurable. Illustrations in the 

paper indicate that the tube is somewhat sinuous, of semicircular to horseshoe 

shape in section, and is marked by flow ridges or levee marks on interior walls. 

Devil's Garden lava field. The lava field, covering about 117 km^ and located 

in Lake County, was mapped in reconnaissance by Hampton (1964). Peterson and 

Groh (1964) have described the features, including Derrick Cave, a segment of a 

lava tube. Figure 73a illustrates a portion of the field. 

11.1.7 Washington 

The Ape Cave lava tube (Halliday, 1963) has been investigated recently 

by Greeley and Hyde (1970), and appears to be at least 6.7 km long, paralleling 

the West Fork of Swift Creek, Mount St. Helens. The single flow unit is comprised 

of olivine basalt. The tube measures as large as 13.5 m in diameter, with an 

unusually thin floor (as little as 25 cm), through which is exposed country rock. 

Lateral drainage of subsidary tubes into the main tube has been noted, as well as 

small patches of pahoehoe outflow. 

11.2 Sites Around the World 

11.2.1 Mexico ' 

Cerro de Pinacate, Sonora. Known as the Pinacates, this unmapped 

lava field, dominated by numerous large cinder cones and maars, lies in a vast 



Figure 73 

Collapse depressions on Oregon basalt- flows. 

a) Devil's Garden lava field, Lake County. A series of flow units 
is shown, some of which are plateaus containing collapse depressions. Alluvial 
grassland surrounds the flows. (Photograph by Department of Agriculture, 
26 July 1939) 

b) Jordan Craters lava field, eastern Malheur County. The fresh 
pahoehoe surface shows a polygonal contraction crack network common to the 
Hawaiian lava lakes. The surface is unusually smooth and the combination of 
fracture network and gentle depression slopes (without the presence of a series 
of scarps) may indicate a particular viscosity condition; perhaps less viscous 
than at many locations. (Photograph by N. V. Peterson, ca. 1963) 



Fig. 73. Collapse depressions on Oregon basalt flows 
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sand desert to the west of Mexican National Highway 8, about 50 km south of 

the International Border. Ives (1964) has spent more than 35 years exploring the 

Piffacates and has searched for lava tubes without success. However, in the 

youngest flow, lying between the main Piffacate peaks and the Crater Elegante, 

he has found collapse features (p. 17). Although Ives ascribes the collapse 

features to failure of the rock overlying erosional pockets of ash removed by 

flood waters, aerial photographs show them to be ordinary collapse depressions 

(Fig. 74). W. K. Hartmann, of LPL reports that the host rock is an olivine 

basalt. 

Pedregal de San Angel, D.F. This lava field is comprised, in part, of olivine 

basalts of the Chichinautzin formation (Schlaepfer, 1968), upon which is built 

the Olympic Village at the south edge of Mexico City. The author has found 

depressions in the olivine basalt where it surrounds the pyramid of Cuilcuilco. 

The rock is illustrated in thin section in Figure 34f. 

Cerro Pizarro, Puebla. Haarmann (1911) made the first foreign discovery of a 

lava tube. Some 500 m in length, the tube lies near the north flank of Cerro 

Tzinacamoztla and is high as 15 m and as wide as 10 m. 

Paricuttn, Michoacan. On the flow of 15 August 1944, Bui lard (1947) found 

collapsed segments of a lava tube formed under an aa mantle. Krauskopf (1948, 

p. 1275) noted that "Small caves are sometimes produced in the declining stages 

of a flow, when the molten material drains from under a particularly thick * 

portion." 



Figure 74 

Collapse depressions on the Cerro de Piffacate lava field, State 
of Sonora, Mexico. 

Low oblique aerial view showing two collapse depressions lying 
on the medial portion of a partially buried lava tongue. Eolian sands have 
nearly filled the pits. Sagebrush and ocotillo cacti are common vegetation. 
(Photograph by Stephen Larson, LPL, 1968) 



Fig. 74. Collapse depressions on the Cerro de Pirfacate lava field. 
State of Sonora, Mexico 
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11.2.2 Montserrat 

MacGregor (1938) visited this island in the Leeward chain of the 

Lesser Antilles, and illustrated two collapsed lava tubes in olivine basalt 

(p. 24). The tubes formed in a lava tongue approaching the sea at a gradient of 

between 25° and 30°. The tubes were quite old and were filled later with bedded 

tuffs which apparently gained entry after failure of the lava tubes. 

11.2.3 Azores 

As exposed along the walls of the Caldera de Graciosa, Graciosa 

island, a lava tube was found by Saucier (1966) to be 3.5 m wide at the entrance, 

locally enlarging to perhaps 10 m in an interior vault or apse. The tubes were 

accessible for only 50-60 m. When classified after the method of MacDonald and 

Katsura (1964, p. 89) the rock is a basanite with 45.9 percent silica, 18.1 percent 

alumina, and 6.9 percent normative nepheline. The tube is seen in Figure 9. 

11.2.4 Iceland 

Lava tubes on Iceland have'been reported by Walker (1959), in olivine 

basalt, in the area between Lakahnaus and Sella Tratindur. The tubes are up to 

7.5 m in diameter and occur in pahoehoe. Thorarinsson and Sigvaldason (1962) 

• • 

found lava tubes north of Oskjuvatn Lake, and Green (1962) presents a photograph 

of a lava tube of 5-m diameter in the Dimmuborgir region. 

Figure 75 shows Icelandic lava terrain. Smooth pahoehoe plateaus 

contain collapse depressions overlying a rougher (possibly aa) surface devoid of 

depressions. The companion photograph depicts a small shield volcano with 



Figure 75 

Collapse depressions and lava tubes of Iceland. Photographs by USAF, 
courtesy of Professor Sigurdur Thoraninsson, Department of Geology and Geography, 
Museum of Natural History, Reykjavik. From the collection of Professor Barbara 
Middlehurst, LPL. 

Left) Basalt plateaus overlie probable aa basalt. Flow direction is 
from the upper left to the south center, around the hill mass at the top center. 

Right) Collapsed lava tubes at the summit of a shield volcano. 



Fig. 75. Collapse depressions and lava tubes of Iceland 
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collapsed summit- and two lava tubes with small downslope subsidiaries. 

11.2.5 Japan 

According to MacGregor (1938), T. C. Jaggar noted similarity 

between the Montserrat lava tubes and those formed during the eruption of 

Sakurajima. According to Jaggar, Koto (1914) reported the tubes to have formed 

in indi vidual lava lobes. 

11.2.6 New Hebrides 

Lava tubes and lava channels have formed in olivine basalt on the 

slopes of Lopevt volcano. Warden (1967) published an account with one 

photograph of a small lava tube. 

11.2.7 Australia 

The Australians have contributed greatly to what is known about lava 

tubes. Most of the work has been centered in the Western District of Victoria. 

Oilier and Brown's 1965 paper serves as an index to the areas. The applicable 

references appear in the Selected Bibliography of this dissertation. The principal 

locations are those at Byaduk, containing the Mt. Napier lava tube (named herein) 

and the Mount Eccles area about 40 km to the south. The Tyrendarra flow at 

Mount Eccles (according to Boutakoff's Figure 20, 1963) is exposed for about 

55 km before it lies submerged beneath the Indian Ocean, off Cape Nelson. 

Byaduk. The Mount Napier lava tube lies in a basalt flow filling 

Harmon's valley, an erosional feature in Cenozoic limestone. Portions of the 
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flow were described by Skeats and James (1937) and a good deal of the work by 

Oilier and his colleagues has been done at this location. The tube has been 

mapped photogeologically as Figure 76, where its total exposed length is about 

14.95 km. The upper reaches have apparently been buried by later sheet flows 

or possibly by pyroclastics from Mount Napier. Unlike most examples from the 

western United States, this tube system has many collapsed segments far wider than 

the original tube diameters appear to have been. 

Causes of tube widening have been discussed in Chapter 2. Creation 

of the wide collapse channels at Byaduk appear to have been the result of failure 

of a series of one or more parallel or braided tubes. Skeats and James placed the 

average thickness of the flow at about 19 m., with a possibility that six major flow 

units are present. However, Oilier and Brown (1964) found that the deepest caves 

were buried at about 21 m below the surface. Roof thickness was about six m for 

even the more shallow tubes. The contrasting depth figures indicate that the lava 

tubes may also be present in more than one flow unit. 

The Mount Napier tube formed in a pre-existing fluvial valley. Its 

lateral position is therefore linked directly to that of the valley and the general 

sinuous trace straightens appreciably in the broader segments of Harman's valley. 

The mean gradient of the tube is about 0°251. 

Skeats and James also noted that the surface of the flow is extremely 

rough and that the tensile fractures paralleling the collapse pits along the tube 

trace are as deep as 3.5 to 4 m. Their diagrammatic section of the "Great barrier" 

(largest of the pits) shows it to have two prominent sets of parallel tensile fractures 
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(such as observed along the Bandera lava tube of New Mexico; Chapter 12). The 

Great barrier is more than 450 m in length and is about 13 m deep. The 

peripheral tensile fractures are reported to be open to 6.5 m in places. 

The western portion of the flow (Fig. 76) is dotted with lava blisters 

or tumuli ranging from about six to nine m in height. About 50 of the mounts may 

have resulted from explosions of marsh gas released as the basalt flooded the valley 

(Skeats and James, p. 273). 

Mount Eccles area. A completely collapsed lava tube formed in olivine 

labradorite basalt (Spencer-Jones, 1963) of the Tyrendarra flow, about 40 km south 

of Byaduk. The entire flow was mapped in reconnaissance by Boutakoff (1963, 

p. 65). The channel is illustrated in Figure 77. 

E. B. Joyce (University of Melbourne; personal'communication, March 

1969) reports that the main channel is about 3.2 km long and is as wide and deep 

as 10 to 22 and 6 to 10 m, respectively. The shorter channel branching to the 

northwest at about 90 degrees from the main channel trace, is about 2.4 km long. 

The source of both channels/tubes was the Mount Eccles cinder cone, which is the . 

largest of a series of about 20 vents lying along a single major fissure. 

McBride physiographic province, Queensland. Twidale (1956) reported 

six major lava flows in the 5,200 krtr area of Mount Surprise-Einasleigh, lying 

between the 18th and 20th meridians, on the eastern coast of Queensland. The 

lava surfaces are said to be mainly pahoehoe and extremely fresh in appearance. 

Collapse depressions and collapsed lava tubes are frequently encountered. 



Figure 77 

The Mount Eccles channel; a collapsed lava tube formed in olivine 
basalt of the Tyrendarra flow, Western Victoria. 

Stereographic pair showing the channel as diagrammed in Oilier 
(1964b, Fig. 1, p. 64). Note the branch channel intersecting the main 
channel at about 90 degrees. Surprise Lake (S) occupies the central vent 
area of the Mount Eccles cinder cone. The head of the channel/tube system 
lies at Tunnel Cave (T). Gothic Cave (G), described by Oilier and Brown 
(1965) is marked by a series of white arrowheads. (Photographs by the Division 
of National Development, Government of Australia; courtesy of Professor 
E. B. Joyce, University of Melbourne) 



Fig. 77. The Mount Eccles channel 
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Three tava fields, McBride (including the Kinrara basalt), Chudleigh, 

and Nulla (with the Toomba basalt), were studied in greater detail by White 

(1965). At Kinrara, White found three lava tubes; two of major proportions and 

the remaining one lying about 30 m higher stratigraphically. Collapse depressions 

range from the more circular and more common "sinks" to gentle swales known as 

"sags." Some of the pits are as deep as about six m. 

Of great potential significance is the Undara Crater lava tube. A 

total length of 53 km is given for the tube, which seems to be made up of two 

main tributaries branching about 4.8 km from the source; with one tube traceable 

for 16 km in a northerly direction, while the other terminates about 32 km to the 

west. The maximum distance traveled in a single direction, 35 km, accords the 

Undara entry the distinction of being the longest lava tube yet discovered. A 

photograph has been published by White (1965, Fig. 2, Plate 2). 

Well drilling records also record penetration of six-m cavities in basalt 

at depths as great as 115 m, several miles north of Kinrara Crater. 

Surficial lava tubes (ref. Section 2.8) meander for long distances 

across the surface of the McBride province. White believes the sinuous ridges 

to be formed as detailed in Chapter 2.' 

11.2.8 Kenya 

Near the Mombasa Road, southeast of Nairobi, Sagerson (1963, 

p. 35-36). found lava tubes and collapse depressions in "very recent" pahoehoe 

flows on the northeast flank of Tindima volcano (Chgulu basalt; Simba-Kibweze 
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area). The flows are described in such a way as to be very similar to those found 

in California and New Mexico (following chapters). One gains the impression 

that the lava tubes are not long and may be those connected with formation of 

collapse depressions. 

Apparently B. N. Temperly first noted the depressions in 1956 at 

another location near Mzima; also in the Chyulu basalt. Temperley's findings, in 

connection with an unpublished groundwater survey, were that the depressions are 

characterized as being circular in outline and are found usually near snouts and 

margins of flow units. They are occasionally oriented longitudinally along the 

flows; probably along shallow lava tubes. Glover, et al. (1964) also give 

Temperley credit for discovery of depressions near Kiboko, some 160 km east of 

Nairobi. 

Mount Suswa. About 48 km north northwest of Nairobi, L. A. J. 

Williams (1963) made the unusual discovery of strings of collapse pits (Fig. 78) 

in phonolite or trachyte on the northeast flank of Mount Suswa. As described, 

the tunnels occur in an area of about 2.5 km , and are quite like those found in 

basalts; semi-circular cross sections, 6 to 10 m in diameter, roofs 6 to 10 m thick, 

made up of jointed rock, containing minor subsidiary tubes (entering at elevations 

higher than floor!ine), flow and drip features along the walls, and possible sub-

floor tube systems of an older age. 

Glover, et al. (1964) and McCall and Bristow (1965) extended the 

Suswa work, finding about 45 pits in all. Individual tubes are believed by Glover 

and his party to be part of an interconnected tube system. They assessed the host 
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rock as vitrophyric phonolite. The importance of this occurrence is that it 

constitutes the most siliceous (59.14 percent) host rock of collapse depressions 

and lava tubes yet on record. 

Illustrations shown by Glover and his colleagues indicate that all the 

failures are of tensile origin, so that stopping or spoiling has left vertically-

oriented faces in the absence of tilted blocks which often line the interiors of 

collapse depressions and collapsed lava tubes elsewhere. The same workers 

also noted that depressions exist at other locations on the lower southern and 

eastern flanks of the mountain. 

Magadi. Deformational features in extrusive rocks more siliceous than 

basalt are extremely rare, as reported in the literature. Temperly (1955) reported 

"giant pressure features" in a trachyte porphyry of the Magadi area, south south

west of Nairobi. 

Negative surficial features were found to be absent from the assortment 

of long, narrow pressure ridges, often in excess of 1.5 km in length. The features 

occur on individual lava plateaus as long as 16 km. 

Temperly felt that the observed surface gradient (0°33') may be greater 

than the original gradient of pre-rift-faulting time. The gradient is comparable 

to that found on basalt flows hosting collapse depressions, but the viscosity was 

sufficiently high to cause creation of the pressure features in absence of the 

free-flowing movement requisite for formation of depressions. No evidence was 

at hand to indicate that the ridges or tumuli are made up of lava extruded from 

within the plateau units. 



CHAPTER 12 

THE BANDERA LAVA FIELD, 
VALENCIA CO., NEW MEXICO 

Olivine basalts, erupted over the last million years on the North Plains 

of Valencia County, are the locale of a series of eight lava tube systems 

(Frontispiece). The tubes can be traced from cinder cones for distances as great as 

28.6 km, over mean gradients ranging from 0°35' to 1°12'. Unusually sinuous 

courses are found, along with a great deal of modification in the form of overflow 

features, spatter cones, and several types of collapse structures and subsidence 

pits. 

12.1 Geologic Setting 

The Bandera lava field (heretofore unnamed) lies on the Continental 

Divide in a sparsely settled area of Valencia County, southwest of Grants 

(Fig. 79). The field is named after the largest and youngest of the cluster of 

cinder cones in its northwest corner. The rim of this cone, Bandera Crater, is 

about 2700 m above sea level, while the southernmost extension of the lava field, 

at Point of Malpais, is at 2160 m. The extreme northeast terminus of the flow, at 

McCartys, lies at about 1880 m. Lavas of Pleistocene and younger age are 

outlined on Figure 79, and cover an area of about 640 km^. 

A geologic map covering about 290 km^ is reproduced as Figure 80 

(pocket) and is supplemented by a geologic map of the source area of the 

190 
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McCartys formation (olivine basalt; Fig. 91; geologic map/ in rear pocket). 

Figure 80 delineates a series of eleven distinct basalt formations which 

have been erupted on a much older terrain of sandstone and granite (Fig. 80 

located in rear pocket). No prior geologic work has been published on the area, 

however Nichols (1936, 1939 and 1946) and Thaden, et al. (1967) investigated 

some aspects of the McCartys basalt along the east margin of the field. The 

McCartys flows are discussed in Chapter 13. 

The stratigraphic formations of basalt are named here for the first time, 

as are many of the topographic features. Eight of the eleven formations originate 

from cinder cones which form the northeast extension of a large volcanic field of 

Tertiary age, situated to the southwest of Bandera Crater. This older volcanic 

field is about 37 km long and 14 km wide, and contains many small volcanoes, 

breached cinder cones, fault rifts, and maar-like features. Volcanic activity 

appears to have progressed in a general northeasterly direction with time. 

The surface of the lava flows is mainly pahoehoe, except for some 

distinct units which are made up of aa and block lava. Ma[or individual flow 

units are shown on Figure 80. The aa lava generally resulted from localized 

eruptions along fissures and at spatter cones, many of which appear to be related 

to faulting. The lava tubes occur exclusively under pahoehoe surfaces, although 

in some instances they have been covered by later aa flows. 

The lava field has definite structural trends as indicated by the 

alignment of cinder cones and the orientation of Iineations observable on aerial 

photographs. The cones are aligned at about N40°E and closely parallel a 
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prominent lineation trend of about N30°E. These lineations are probably 

subsurface fractures and are in two sets of orientations: N30°E and N50°W. The 

lineations are shown on the geologic' map (Fig. 80). Vertical displacements were 

not observed along the lineations. 

A fault graben may lie between El Calderon crater and the ash-mantled 

hill east of Bandera Crater. The sandstone ridges in this area are about 65 m lower 

than the main ridge line of the Cerritos de Jaspe (Little Jasper Hills). Vertical 

displacement is not apparent in the lava units within the graben; suggesting that 

the faulting predates the volcanic activity. 

Little Hole-in-the-wall and the Cerritos de Jaspe are monoclines of 

Permian sandstone of the Yeso, Abo and Glorieta formations (Dane and Bachman, 

1965). These ridges strike about N40°W and dip moderately to the southwest. 

Several low hills of sandstone occur in the area west of Cerro Encierro. These 

hills do not appear on the Geologic Map of New Mexico (1965), but are assumed 

to belong to the same series of Permian rocks. 

Granites bound the lava field to the north and do not directly influence 

the configuration of the flows other than for providing the north face of the 

/ / 

valley through which the Cerro Candelaria and El Calderon basalts flowed. 

12.2 The Lava Flows 

The eleven formations of basalt shown on the geologic mpa (Fig. 80) 

were subdivided on the basis of their stratigraphic position and on the character 

of their surfaces (freshness, relative relief, albedo, vegetative cover, and 
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soil regolith). The formations are described in turn, from the oldest to the most 

recent. 

12.2.1 Cerro Enciero Flows. 

The most ancient lavas in the series are those named after Cerro 

Enciero (Secluded Mountain), an eroded cinder cone located on the soil-covered 

basalts in the area known as Hole-in-the-wall. Many fault linears may be 

observed on the surface of the flow (Fig. 80) and a single lava tube of about 500 m 

of exposed length runs south from the crater. The uppermost segment of this tube 

is covered by a layer of ash and it is also buried along its lower extremities by the 

younger Hoya de Cibola basalt. More than 180 m of Tertiary basalt were reported 

by York Ranch foreman Bob Lee, to have been penetrated in the drilling of East 

Well, located in Sec. 2, T7N, R11W (personal communication, April, 1968). 

12.2.2 Cerro Bandera Flows 

Well developed soil on the Cerro Bandera (Flag Mountain) flow places 

this activity in the older epoch of volcanism associated with the craters and 

volcanoes of Tertiary age, which lie further to the south and west. This area may 

also have contained lava tubes as indicated by the well eroded remnant channel 

descending from the east side of Cerro Arizona, about 3 km to the west of the 

» 

mapped area. This completely collapsed lava tube is overlain by the Western 

Flows of the Bandera Crater formation north of Deer Mountain at the western 

edge of the geologic map. 
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12.2.3 Deer Mountain Flows 

Deer Mountain is a small shield volcano approximately three km in 

diameter. The last activity produced a series of explosively-altered cinder cones 

on the summit, from which radial flows spread to the east and south (Fig. 81; top). 

Of these, the eastern flow appears to be the most recent and was of sufficient 

thickness to permit the formation of a lava tube. The Deer Mountain tube is 

exposed for about seven km, but is buried to the east by the lavas that issued from 

Bandera Crater. 

At the edge of the volcano, about 3.3 km from the apex of the mountain, 

the overall tube gradient decreases abruptly from 2°08' (3.7%) to 0°41' (1.2%). 

At this point, a broad mound containing a central crater measuring about 100 m in 

diameter formed over the tube. The mound was named El Carbunculo'(The 

Carbuncle) because of its distinctive appearance from the air (Fig. 81; middle). 

Two subsidiary tubes join at El Carbunculo'. The southernmost tube 

became a positive feature as indicated by the arrows on the geologic map. This 

breached flow came about as hydrostatic pressure ruptured the underlying lava 

tube or when the tube itself collapsed and the flow became impeded. 

Breached flow from the Deer Mountain lava tube also occurred fust 

northwest of El Carbunculo'and resulted in the formation of a series of at least 

five distinct flow surges, augmented by intermittent eruptions from a small vent 

shown on Figure 80 at a point about 850 m southwest of El Carbunculo. 



Figure 81 

Lava tubes of the Bandera lava field, New Mexico. A common scale 
is indicated by the bar in the top view, which is 200 m in length. (Photographs 
by USFS) 

Top) Stereoscopic view of the summit of Deer Mountain. Three lava 
tubes originate within a complex of explosively-modified cinder cones. Spatter 
cones line the rims of some of the cones (s). (North is to the right) 

Middle) The El Carbunculo spatter mound, lying at the confluence 
of two branches of the Deer Mountain lava tube. The pit crater in El Carbunculo 
was probably a vent for minor fissure eruptions. Breached blows (b) from the lava 
tube can be seen below the mound, while ad basalt from Bandera Crater (a) 
cover the tube to the east, (North is to the left) 

/ 
Bottom) A portion of the Cerro Candelaria lava tube which has 

collapsed into an open channel with low levees. The absence of side flows 
indicates that collapse was gradual enough to permit removal of stoped roof 
blocks before they could constitute a hindrance to flow within the tube. Abrupt 
changes in direction are common along the tube. The earthen drainage berm in 
the upper left of the view is 230 m in length. (North is to the left) 
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Fig. 81. Lava t-ubes of the Bandera lava field 
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12.2.4 Hoyq de Cibola Flows 

A broad, dome-like highland surrounds several vents to the south of 

Deer Mountain. These vents lie in the vicinity of Hoya de Cibola (Cibola Pit; 

after the legendary subject of Coronado's quest; the conquistador is thought to have 

passed several km to the west), a large subsidence feature which is probably 

genetically related to the two large pits found along the Bandera Crater lava tube 

(Fig. 80). The origin of the pits is probably similar to that suggested by 

Anderson (1941, p. 391) for Giant Crater, located in the basalts of the Medicine 

Lake Highland of northern California (Chapter 17). Anderson describes Giant 

Crater as being "somewhat circular in outline with a diameter of an eighth-mile," 

The precipitous sides of the pit and the presence of a vertically-walled pipe in its 

bottom led Anderson to conclude that either magmatic stopping or fairly rapid 

withdrawal of magma from beneath the area had caused the collapse. The Hoya 

is seen in stereoscopy in Kuiper, et al. (1966, Fig. 61, p. 117). 

A lava tube, about 1000 m in length, originates near a small cinder 

cone, enters the Cibola Pit from the soufh and the probable extension of this tube 

leaves the pit from the north. It appears that this pair represents the original 

tube, although a collapsed lava tube is exposed high on the eastern escarpment 

of the pit, and traverses the eastern slope. The juncture of this collapsed tube 

is perpendicular to the Cibola Pit. The pit was not studied in detail and its place 

in the history of the lava tube is uncertain. 
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12.2.5 Twin Craters Flows 

The oldest exposed basalt flows, which originated at vents around the 

newer cinder cones, are those which flowed south from Twin Craters (Fig. 79). 

Except for the isolated outcrop south of Pie de Pajaro, these flows are covered by 

more recent lavas at a point about seven km south of the craters. 

A single lava tube was located and is believed to extend nearly nine 

km, but is exposed over only seven km. The tube is nearly straight and branches 

were found at but two locations. The tube apparently formed upslope as far as 

Twin Craters, although this is not certain. Open collapse pits along the tube 

are rare, as most of the failures are of the plastic variety, with a gradual 

surficial sag over the tubellne. A rather constant gradient of 0°48' (1.4%) was 

measured (Fig. 86). 

One of the four separate units which were recognized appears to be 

the result of flow out of the ruptured lava tube. Some of these outcrops are not 

connected with the visible trace of the tube, but may have come from breached 

subsidiary tubes. 

12.2.6 Lost Women Crater Flows 

The area surrounding Lost Women Crater and its subsidiary cones at 

Cerrillo de Fuego (Little Mountain of Fire) contains the greatest concentration 

of vents involved with pyroclastic activity. These cones were explosively damaged 

late in their lives and now appear as an undulating surface of notched or breached 

conelets. The craters were formed over an existing flow now covered on all sides 
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by younger basalts. Minor eruptions of lava then issued from fissure vents situated 

about 1000 m south of Lost Women Crater. These later flows were confined to 

topographic depressions in the earlier Lost Women flows. Lava tubes do not appear 

to have developed, probably as a result of a small supply of lava, extremely rough 

terrain, and the variables of temperature and chemistry favoring production of aa 

type surfaces. 

12.2.7 El Calderon Flows 

A conical cinder cone named El Calderon lies about four km east of the 

Lost Women and Twin Craters vents. A collapse pit about 305 m long and 200 m 

wide (Fig. 82; top) formed in the central area of a radial system of lava tubes 

(Fig. 83). This tube system contains all of the various types of collapse features 

that are found over the entire lava field along with extremely abrupt changes in 

direction. An open channel, filled with rubble, lies to the north of the large 

pit (Fig. 82; bottom) and progresses into alternating intact and collapsed portions 

of the lava tube. Sections of these intact tubes are semicircular, with floor 

filling having solidified from the last flow within the tubes. Collapse occurred 

primarily in three forms: straight-sided open channels, shorter pits which are 

often ovat in plan, and as circular holes in the roofs of otherwise intact tubes. 

Although the main lava tube is now covered by the Candelaria basalt 

to the northeast, the exposed tube segments adjacent to the crater show examples 

of lava tube sinuosity (Fig. 83). As the tube leaves the crater it apparently 

branches into three separate tubes which rejoin south of the collapse pit. This 



Figure 82 

Collapse features along the El Calderon lava tube. A snow cover is 
seen in these low oblique aerial views taken in February 1969. 

Top) The large collapse pit formed in the presence of multiple lava 
tubes rather than by subsidence of a subsurface nature. The tallest trees are 
eight to ten m in height. View to the south, toward El Calderon. 

Bottom) This sinuous bend lies immediately to the west of the pit 
seen in the above view (also diagrammed in Fig. 11). Note the V-shaped channel 
developed as the rock sloughed into the channel from the tensile fractures bordering 
the tube. (Road in lower left is three m wide; view to the north) 



Fig. 82. Collapse features along the El Calderon lava tube 



Figure 83 

The lava tube complex at El Calderon crater (Photographs by USAF, 
1965; distance between the arrowheads is 330 m) 

Three lava tubes emerge from the crater, enter the subsidence pit 
(P), and then branch into four distinct tubes (1-4). The largest of the tubes is 
a totally collapsed, open channel, with two very tight sinuous bends (arrows). 

Different types of collapse occur: straight-^ided pits (S), and a 
small, circular, tensile failure (T) producing a hole in the roof of the tube. 



Fig. 83. The lava tube complex at El Calderon crater 
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occurs within a distance of less than 400 m. A small branch tube also leaves the 

collapse pit in a southeasterly direction. 

Later activity in the El Calderon area consisted of mixed pahoehoe and 

aa lavas erupted along a northwest-trending fault bisecting the crater. A patch 

of aa lava about 1000 m west of the center of the crater was probably the last bit 

of activity along this fissure. Spatter cones are numerous in the area between the 

small crater and the younger flow, while the whole of the surface is laced with 

several faults. 

/ 

12.2.8 Cerro Candelaria Flows 

The earlier lavas that erupted from Cerro Candelarfa (Candleshop 

Mountain) and from La Tetera (The Teapot) craters must also have been of high 

viscosity or were erupted in a series of short-lived surges. Their sluggishness of 

movement created the highest slopes on the lava field and yet these lavas moved, 

for the most part, only a few km from the craters. Of the five different flows 

associated with these craters, three appear to constitute the base upon which 

Cerro Candelaria (a cinder cone) and La Tetera (a block lava dome) were formed. 

A fourth unit, southeast of Twin Craters, may have issued along a fault. 

Capping this domal surface of basalt, the final surge of lava from both 

craters flowed for more than 12 km in the valley now containing Highway 53. 

Lava tubes are associated with both craters, although the Candelaria' 

tube is by far the most prominent. The possible upslope connection between the 

tube and Cerro Candelaria is obscure and it may be possible that the tube ended 
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of the uppermost point shown on the geologic map. This point is the approximate 

break in slope shown on the assumed profile connecting with the crater, and at 

which the slope changes from 4°31' (7.9%) to the lower tube gradient of 0°48' 

(1.4%). Since the Candelaria tube remains as a collapsed channel with overflow 

levees (Fig. 81; bottom), a connection with the crater may have fed lavas into the 

system for some time after the tube was created. 

12.2.9 Monte Penascoso Flow 

A fissure eruption occurred parallel to Monte Penascoso (Little Rock 

Mountain), a small sandstone ridge about 1200 m south of Highway 53, and covered 

the Candelaria tube at a distance of 12.3 km from its source. The eruption was 

largely aa lava and completely surrounds the small sandstone hill. This type of 

eruption was probably similar to the isolated aa fissure flows of the Bandera Crater 

basalts to the west. 

12.2.10 Bandera Crater Flows 

Bandera Crater is a cinder-mantled basaltic volcano whose rock walls 

are exposed in a breached conical interior (Fig. 84; top). The breach appears to 

have been formed by the extrusion of the massive flows which now contain the 

Bandera lava tube. Internal collapse has deepened the interior of the cone, ar.d 

the flpor of the lava tube channel now lies about 110 m above the crater floor. 

No evidence of explosive or pyroclastic activity is found on the surface of the 

flows south of the crater, but a thick blanket of ash covers the sandstone hills to 

the north and east. 



Figure 84 

Principal features of the Bandera Crater basalt flow. The common scale 
bar in the bottom view is 200 m in length; north is to the left. (Photographs by 
USFS) 

Top) The Bandera Crater lava tube at its source. The solid arrow denotes 
the levee and slump scarps formed paralleling the channel (Fig. 19). The hollow 
arrow points to a sinuous bend and collapse pits (Perpetual Ice Caves). 

Middle) Sinuous bends. Asterisks mark the positions of chimney vents 
over a subsidiary tube. Large patches of aa (broad arrows) issued from the tubes 
and from fissures. Two faults are indicated by the solid arrows. 

Bottom) The area surrounding the subsidence pit at Hoyo del Infierno. 
The pit terminates in a string of ordinary collapse depressions (p), is outlined by 
peripheral cracks (c), and is modified by aa flows (a) and later spatter activity (s). 
Localized eruptions have occurred at spatter cone complexes such as La Verruga (v) 
and along fissures and from breaches in the lava tube (b). 
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Fig. 84. Principal features of the Bandera Crater basalt flow 
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The sequence of events for Bandera Crater is suggested as follows: 

1) extrusion of the Central flows (aa) 

2) spatter cone activity 

3) extrusion of the Western and Eastern flows (mainly aa) 

4) increased spatter cone activity 

5) formation of Bandera Crater 

6) development of the Ice Caves exogenous dome 

7) breaching of Bandera Crater 

8) ash falls 

9) eruption of thick pahoehoe flows in which the lava tubes formed 

10) recession in the throat of the volcano 

11) eruption of local aa flows from fissures on the northern and 

central portions of the flows. 

The broad expanse of pahoehoe lying north of Hole-in-the-wall was the 

first in a series of three massive flows. These are shown on geologic map (Fig. 80) 

as the Central, Eastern and Western flows. Three other flows from the crater have 

surfaces of aa and block lava. Two of these flows extended only about 5.5 km from 

the crater, but the third is exposed for about 7 km at which point it is covered by 

later basalt. These aa surfaces have a distinctly lower albedo than those of the 

pahoehoe when seen on aerial photographs. 

At the mouth of Bandera Crater, the final outpouring of the lava tube 

units (see explanation of geologic map) has an intergranular texture and contains 

about 15 percent olivine and 35 percent plagioclase megaphenocrysts. The matrix 
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is comprised of about 15 percent anhedral plagioclase and 20 percent pigeonite, 

with about 10 percent equant grains of magnetite and less than 10 percent clear 

glass. 

Further to the south, in the vicinity of Los Hemmorroides and Hoyo del 

Infierno, the basalt is intersertal to hyalopilitic as the matrix glass content rises to 

as much as 40 percent. Olivine and plagioclase.content remain essentially 

unchanged with requisite variations noted in amounts of pyroxene and the opaque 

minerals. 

Aabasalt of the Eastern flows, sampled about 700 m morth-northwest of 

Cerrillo del Fuego is characterized by intersertal texture and subtrachytic or 

flow-oriented plagioclase laths. The rock is also marked by decreased glass 

content (less than 5 percent) and increased representation of both olivine (about 

20 percent) and plagioclase (about 50 percent). 

12.3 The Lava Tubes 

The eight lava tubes developed on the Bandera lava field and shown in 

Figure 85 are probably the most extensively developed of any yet reported. Each of 

the tubes occurs in a separate tava formation as delineated on the geologic map. 

Most of the tubes originate at cinder cones situated on broad, gently-sloping lava 

terrain. The exceptions are the Deer Mountain tube, which formed at a complex 

of cinder cones surmounting a small shield volcano, and the Hoya de Cibola tube 

system lying also on a volcanic shield. The individual tubes have been described 

previously and the intent here is to discuss the general character of the tubes. 
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With the exception of the Bandera Crater lava tube, the remaining 

seven have formed in single flow units. The presence of one long tube common to 

three was, at first, difficult to explain. The three units (see explanation of 

geologic map) were erupted in close succession, so that while the later lavas were 

being issued, the first unit continued to move forward, partially in response to 

hydrostatic pressure exerted by the overriding lava of the second and third units. 

Ruptures in the flow fronts of this first unit would then have created a mobile 

cylinder of lava which eventually resulted in formation of the tube. As the tube 

evacuated, the process was complicated by the failure of the conduit along the 

present channel at Pie de Pajaro (Bird' s foot). The channel apparently served as a 

point of distribution for surface flow over much of the tower unit. 

This later flow across the surface of the lower unit may represent 

another mechanism for tube formation. As Dr. Bert Nordlie (Department of 

Geology, University of Arizona) suggested, an appreciable volume of lava issuing 

from the channel at Pie de Pajaro could alter the former position of the tube 

within the flow. The newer lava would probably have followed the original tube 

position before it spread laterally, and could have been elevated in position 

during flow. In the areas above the channel the original lava tube is probably 

seen, whereas below this point the original tube may have been obscured by the 

more recent tube formed by flow from the breach represented by the channel. 

The channel at El Embudito (The funnel) is quite similar in appearance 

to the open channel near Bandera Crater. Levees indicate that both channels 

experienced flow after collapse of the parent lava tube. Inward slumping of large 
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slabs of basalt along the walls of the channels has probably widened the channels 

by 300 to 400 percent of the original tube width. 

12.3.1 Gradients 

Lava tube gradients are illustrated in Figure 86. A discussion appears 

in Chapter 2. It is sufficient to note here that gradients of all four tubes approach 

a common lower limit after having traversed an initial slope such as a volcanic 

highland or shield volcano. Furthermore, it is apparent that the three remaining 

tube profiles would probably decrease in gradient to approximate that of the 

Bandera Crater tube, the only lava tube visible over its entirety. 

12.3.2 Subsidiary Tubes 

Lava tube tributaries are fairly common along the systems. The central 

tube occupies the crestline of the flow and its branches may join at various angles. 

These branches were contemporaneous conduits. Open tubes were formed in drainage 

of their fluid contents through ruptures along the flanks of the main flow. There is 

no indication that the tubes cross paths, supporting the concept of a simultaneous 

origin. The lower extremities of some tube systems are extremely complex. 

The terminal area of the Bandera Crater tube was mapped largely from 

aerial photographs, and is made up of many subsidiary tubes formed in thin units 

near-the margins of the flow. As breaks occurred at many places around the edge, 

these evacuating tubes joined with the central tube at its location along the 

crestline of the flow. Several examples of breached flow from the tubes in this 
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area suggest that the lava tube was acting as a supply conduit at the time of 

collapse. 

12.3.3 Subsidence Pits 

In contrast to the initial local collapse and subsequent open channel 

flow at some locations, the large subsidence pits along the Bandera Crater and 

Hoya del Cibola lava tubes may have resulted from mutual collapse of a local 

group of parallel tubes. 

Hoyo del Infierno and Hoyo del Diablo (Devil's Pit) are the sites of 

local widening and deepening of a lava tube. They are (Fig. 87) about 20 m 

deep and 150 m wide. In addition to the postulated effect of coalescense 

and subsequent collapse of two or more parallel tubes, it is possible that some of 

the collapse rubble may have been removed to depth by funneling through inactive 

vents (Fig. 88). General subsidence of the pits may also have been further 

assisted by withdrawal of subterranean magma. 

The long axis of the pit connects with the collapsed lava tube at 

either end. As seen in Figure 16a, the pit is surrounded by peripheral tension, 

fractures, except along a portion of the east flank, which is now covered by 

spatter cones. The spatter activity superceded the aa eruptions stemming from 

fissures along the flanks of the pit. The distinctive appearance of the aa tongues 

is also shown in Figure 89, where they are seen to originate among cracks in 

pahoehoe lava. 



Figure 87a-b 

Explanatory diagram and photographic panorama of the Hoyo del Infiemo 
subsidence pit, formed on the Bandera Crater lava'tube. The pit is about 150 m 
wide at midground and is about 20 m deep below the adjacent flow surface. Arrows 
indicate the path of surficial aa tongues. 



THTED 

(TKJtO 

Fig. 87a. Explanatory diagram showing the Hoyo del Infierno subsidence pit. 

>o 
to 



Fig. 87b. Photographic panorama of the Hoyo del Infierno subsidence pit 
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Fig. 88. Hoyo del Infiemo (Infernal pit), a subsidence feature on 
the Bandera Crater lava tube. 

The pit may have formed in collapse of an enlarged section of the 
tube (or several parallel tubes) and may have been aided by withdrawal 
of some of the rubble to depth along old vents. The interior of the pit 
is now largely covered with aa extruded through fissure vents and tensile 
cracks onto a surface of tilted pahoehoe slabs. 



Figure 89 

Features modifying lava tubes on the Bandera lava field, New Mexico. 

a) Aa eruptions from fissures (arrows) in the west flank of Hoyo del 
Infierno. These flows comprised the final activity at the pit. 

b) The throat of a partially collapsed chimney vent as viewed from 
the rim of the surrounding spatter cone. The cave below was formed by the 
collapse of the lava tube which is now filled with rubble. The facade over the 
vent is made up of a skin of remelted basalt produced by the exit of burning 
gases. 
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Hoyo del Diablo, also lying on the same lava tube, has characteristics 

quite similar to those just noted. Collapse features of the magnitudes of the three 

pits (including Hoya de Cibola of Section 12.2.4) are most uncommon in lava 

fields. 

12.3.4 Modification of the Tubes 

Additional changes in the gross appearance of the lava tubes has come 

about as the result of overflow of collapsed sections. This occurred at several 

locations, Including the channels on the Bandera Crater tube as well as along the 

upper portion of the Cerro Candelaria tube (Fig.' 81; bottom). 

Local chimney venting was found at several places along the Bandera 

Crater tube (see geologic map). The vent shown in Figure 89b is a small spatter 

cone with a partially-collapsed throat which has a lining of remelted basalt 

created by the exit of burning gases. 

12.3.5 Spatter Cones 

Numerous spatter cones dot-the northwest quarter of the geologic map. 

These vents (Fig. 90a) are conical mounds of agglutinated lava, five to ten m in 

height, and are formed mainly along fault linears. The cones are preserved as 

kipukas (islands surrounding by younger lavas) in larger expanses of aa basalt, 

and, when eroded, their rough spines are surrounded by a broader base of talus 

littered with volcanic bombs. Small spatter cones line one flank of the 

Hoyo del Infiemo pit as well as appearing on the cinder cones of Deer Mountain 

(Fig. 81a). 



Figure 90 

Characteristic features of spatter cones. 

a) Stereoscopic view of La Verruga (The Wart), a large cluster of 
four spatter cones, the biggest of which is about five m in height. These vents 
are surrounded by later aa flow units, a meter or so in thickness. The aa 
issued from nearby fissures. 

b) Magnetite-rich platy basalt extruded along a tensile fracture 
associated with the Bandera Crater lava tube (fieldbook for scale). 



Fig. 90. Characteristic features of spatter cones 



218 

A mound of platy black olivine basalt (Fig, 90b) measuring about 10 m 

in diameter was found associated with a spatter cone alongside the Bandera 

Crater tube, about 250 m south of Hoyo del Infierno. In thin section (Fig. 35b) 

the basalt contains plagioclase in a subtrachytic arrangement. Magnetite makes 

up about 20 percent of the rock and imparts a slight magnetic response. All of 

the spatter cones appear to be the product of fairly late eruptions along faults 

and this platy basalt is probably a differentiate from the underlying magma. 

The largest concentration of the spatter cones was names Los Hemorroides. 

Most of them developed quite late in the life of the volcanic field and are 

surrounded by only thin fissure units a meter or so in thickness. 

12.4 Conclusions 

Study of the Bandera lava field and its extensive lava tube system 

reveals that certain features seen here are common to other locations at which 

lava tubes are found: 

1) The tubes were formed in olivine basalt. 

2) Lava tube gradients approach a lower limiting value of about 

0°35', as contrasted with the gradients of less than 0°211 over which depressions 

formed on the McCartys flow (Chapter 13). 

3) Sinuous bends, of varying regularity, formed where the flows 

were forced to move around local obstructions. 

4) Under certain conditions, a lava tube can form in more than one 

major flow unit. 
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5) Minimum gradients leading to the production of long lava tubes 

may lie in the range 0°211 to 0°35' for olivine basalts. 

6) Some tube collapse was undoubtly the result of seismic activity 

along regional faults activated during eruptions on the lava field. 



CHAPTER 13 

THE MCCARTYS FLOW, BANDERA LAVA FIELD 

The entire eastern half of the Bandera lava field is covered by basalt 

erupted from centers spatially removed from the numerous cones and vents described 

in Chapter 12. Known as the McCartys flow, the basalt extends for more than 

31 km from its source area (see geologic map, Fig. 91; rear pocket) at the southern 

tip of the Bandera lava field to its terminus at the town of McCartys. Nichols 

(1936, 1939 and 1946) named the flow for its exposures there. 

13.1 Volcanic History 

The site of serial eruptions of alternating flow units, some of which 

contain collapse depressions, the McCartys basalt may be as young as 1500 to 

1800 AD (Kuiper, et al., 1966, p. 51). The oldest units in the series, however, 

are quite plainly older than the youngest units, which made-the long journey to 

McCartys. As shown on Figure 80 (geologic map), all of the McCartys units are 

probably younger than the other rocks of the Bandera lava field. 

Five source~;areas for the flows were found. One of the vents is a small 

exogenous dome capped with a small cone, another is inferred at a very subdued 

dome and the three remaining vents are postulated to have occurred along fissures. 

220 
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13.2 Collapse Depressions 

The McCartys flow is the type locale for collapse depressions. Working 

at the same time as Skeats and James (1937), Nichols named and described the 

depressions and proposed a theory for their formation. As is often the. case, the 

depressions are found on flat plateau flow units which are interspersed with 

rougher-surfaced units devoid of the pits. The units, mapped as Figure 91, have 

been done so to show the spatial and temporal distribution of collapse depressions. 

An important feature of this distribution is that the depressions become less numerous 

as the volcanic activity nears completion. Among the very youngest flow units, 

depressions are found only on isolated plateaus thought to have formed over fissure 

vents, and at the terminus of the flow near McCartys. 

13.2.1 Relative Size of the Depressions 

In a general sense, area and depth of depressions varies directly with the 

depth of the flow units in which they have formed. Thicker units remained 

insulated and held volumetricaliy larger amounts of fluid lava. When flank 

breaches occurred, larger lava tubes formed immediately and, upon collapse, 

produced substantially larger pits. 

13.2.2 Depressions on the Central Plateaus 

Having issued along fissures, the central plateaus spread about 

equilaterally, producing sheets ranging up to 25 m in thickness. Features of the 

central plateaus are seen in Figures 92 through 94. 



Figure 92 

The central plateau, McCartys flow, Bandera lava field. This was the 
site of the last activity on the flow. The following figures are indexed on the 
geologic map (Fig. 91). (North is to the left.) 

The twin depressions (hoi low arrow) at the extreme north end of the 
plateau are probably the site of a major vent. The pits are over 20 m deep and 
are ringed with unusually deep tensile fractures, measuring as much as 14.5 m in 
width and open to about eight m (see also Fig. 47b). Some of the pit depth is 
owing to the presence of the vent, which probably removed some of the volume 
of the depression. 

A pseudo-collapse depression was formed (white arrow) by an embayment 
which was later dammed by a small flow tongue (see also Fig. 93b). 

Although the plateau is mostly of pahoehoe surface, there are small 
areas of aa showing as very subtly darker patches. The aa mantle, as is usually 
the case, is only about 50 cm thick. The aa was probably forced through nearby 
fractures. 

Scale is approximately 284 m between the tips of the index arrows. 
(Photograph by USAF, 1965) 



Fig. 92. The central plateau, McCartys flow 



Figure 93 

Unusually large collapse depressions. 

a) Panoramic view of the twin vent depressions of unit 18 . 
The southernmost pit is obscured in the foreground, however, the far pit is seen 
with gentle slopes formed over large blocks of basalt. The 14.5 m-wide tensile 
fracture shows prominently to the right. Pine trees at the far side of the pit are 
up to 50 cm in trunk width. (The view is located by the hollow arrow of 
Fig. 92.) 

b) The large embayment of Figure 92. 





Figure 94 

Associated features of the central lava plateau. 

a) Stereoscopic view of a string of pseudo depressions formed at the 
juncture of two flow units in Sec. 10, T6N, RllW. The rounded ridges in the 
middleground were formed by cross-flowing lava tongues. Note the foundered 
slab of basalt in the foreground; the former blank of a now partially-submerged 
fl-ow unit. 

b) Stereoscopic view of the east flanlc of the central lava plateau 
(unit 18 , Fig. 92). Jurassic sandstone of La Ventana ridge in the distance. 
(View to the southeast) 



Fig. 94. Associated features of the central lava plateau jo 
& 
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The large twin depressions of Figure 92 seem to have formed directly 

over a major vent, and became deepened appreciably by drainage into the 

fissure. M. R. Niccum (personal communication, 19 December 1967) has found 

similar pits on the Snake River Plain in Idaho. Niccum has observed a depression 

some 61 m deep exposed in flow units appearing to be about 15 m thick. 

13.3 Atlas of Collapse Depressions 

Figures 95 through 104 are a collection of large-scale aerial 

photographs, detailed terrestrial views, and topographic maps illustrating 

important characteristics of the depressions. 

13.4 Mineralogy 

The McCartys flow is predominantly pahoehoe, with only occasional 

aa patches over its 31-km length. The rocks seem to differ from the earlier 

basalts of the Bandera lava field primarily through increased crystallinity of 

the matrix (Figs. 34 and 35). The McCartys rocks also are generally lacking in 

the very fine plagioclase microlites found in the matrix of some of the other 

Bandera lavas. 

McCartys rocks, in the area of Figure 91 (geologic map), and near the 

terminus (where the flow is first crossed by Interstate 40) exhibits intergranular 

or intersertal texture, with 15 to 40 percent olivine (by visual estimation) , 

(see Fig. 35). The higher content is often accompanied by glomerporphyritic 



Figure 95 

Single depressions delineate a parent tube. 

Stereotriplet of the mid-portion of one of the late plateau units 
(unit 17 , Fig. 91). The plateau is a single flow unit about 15 m thick. The 
flanks are littered with broken rubble (c), probably produced by internal 
movement within the plateau before solidification. The snow-covered surface 
of the plateau (photographs taken December 1967) shows some surface 
irregularities (a,e) formed by pahoehoe outflow from fractures, and a single 
bulbous tumulus (b) surmounted by a broken gas pocket. 

The most important aspect of the view is the string of collapse 
depressions located on the central portion of the unit. These pits represent 
a former lava tube of greater dimension and length than those generally 
associated with collapse depressions. The parallel fractures at (d) are 
probably gross characteristics of the flow rather than being related to the 
underlying lava tube. (Photographs by U. S. Army; north is to the right) 



Fig. 95. Single depressions delineate a parent tube 
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Figure 96 

A massive pseudo-collapse depression. 

a) The pit formed by slumping along the margin of the central plateau 
seen in Figure 95. The depression is not fully enclosed, as seen below, but 
appears to be of internal origin when viewed monoscopically from above. 
(Photograph by G. P. Kuiper, 1965) 

b) The pit as seen in stereovision along the arrow of view (a), 
above. The entrance ravine is only partially blocked by two formerly 
sluggish flow lobes. Minor rubble litters the interior slopes. 



Fig. 96. A massive pseudo-collapse depression 



Figure 97 

Medial depressions on lava tongues. 

This type of depressions are peculiar and are not often found. The 
speed with which lava tongues generally move is probably sufficient to preclude 
flank rupture, and hence the lobes are usually without depressions. In the 
area of (a) the depressions lie well below the level of the surrounding ridges, 
which now have prominence. 

A second type of depression is that formed in the area marked by 
the arrowheads. Very small tubes lay in thin, narrow lava tongues, and are 
broken, leaving only small recesses of the kind shown in Figure 100a. 
(Photographs by U. S. Army, December 1967; north is to the right) 



Fig. 97. Medial depressions on lava tongues 
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Fig. 98. Topographic map of collapse depressions typical of the 
margins of lava flows. The area is in unit 9 of the McCartys basalt and is 
identical to the ground around (b) of Figure 99. 

The flow is buried somewhat by alluvium lodged against the lava 
field. The larger depressions bottom at about 17 m below the central high 
(along the ridge at the right). The flow unit, therefore, must have been about 
25 m thick in order to have supported a lava tube drainage system averaging about 
three m in diameter and lying some three m above the chilled rock floor. The 
most prominent of the tensile fractures characteristically lie about 20 m outward 
from the inner rims of the pits. 

Study of Figure 99 suggests that all of the depressions are related to 
a single lava tube oriented north-south along the center of the flow unit. 



Figure 99 

Depressions at the edge of a lava field. 

This is unit 9 , the oldest discernable product of eruption at vents 
other than the source for most of the McCartys basalt. The lava probably came 
from a vent in NE#, Sec. 22, T6N, R11W, and flowed for about 3 km to the 
northeast and southwest. 

Three separate units are keyed: (1) is that of the main flow unit 
itself; (2) is a series of thin, low flow lobes resulting from drainage of unit (1). 
The entire activity occurred on a surface represented by (3), which is equivalent 
to unit 5 of the geologic map (Fig. 91). 

Points of interest are: 

(a) collapse depressions in the underlying unit 

(b) central area of Figure 98, which is also the point of 
bifurcation of a small distributary tube draining the 
central tube 

(c) breakthrough of a small near-surface distributary tube 

(d) a double depression. 

(Photographs by U. S. Army, December 1967; north is to the left; bar scale 
represents 100m) 



Fig. 99. Depressions at the edge of a lava field 



Figure 100 

Near-surface distributary tubes. 

a) Failure came about along contraction joints (arrow) rather than 
due to the entire stress field around the tube, as is the case with most tubes. 
(Interpupillary spacing for the stereopair is insufficient for normal viewing. 
The pocket stereoscope must be extended full-range and then elevated 
slightly above the surface of the page.) 

b) Failure of the tube in the ordinary fashion; the full stress field 
has created a shear surface around the lower margin of the tube (rear of the 
stadia rod, showing one-foot divisions), while the roof has broken along 
contraction cracks. Located about 50 m left of point (c), Figure 99. 



Fig. 100. Near-surface 
distributary tubes 



Figure 101 

Deflation of a flow unit. 

Stereotriplet of unit 9 , located a few hundred m downflow from 
Figures 98 and 99. The central portion of the unit has been deflated by outflow 
in the form of short lobes. 

Peripheral fractures (a) help to define the semifoundered central 
lava tube (b) producing only a minor swale (d) between depressions. Backflow 
of lava (c) is a common enough occurrence to present some minor stratigraphic 
complexities. Alluvial soil borders the flow (e). (Photograph by U. S. Army, 
December 1967; north is to the left; scale bar represents 100m) 



Fig. 101. Deflation of a flow unit 



Figure 102 

Topographic map of depressions typical of exceedingly thin flow units 
bordering lava fields. Unlike those of Area 11 (Fig. 98), these depressions lie 
at the terminus of a flow unit, rather than at the mid-distance of an extended flow 
unit. These depressions are not related to a common set of tubes, rather they have 
formed individually over small tubes developed in response to flank ruptures. 

Two flow units are in contact along the flow front in the center of 
the map. The lowest and thinnest flow unit bears the smallest depressions. 

The fracture pattern of the surface of the flow is more intricate than 
that of thicker flow units. 
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Fig. 102. Topographic map of depressions typical of 
exceedingly thin flow units bordering lava fields 



Figure 103 

Two flow units at the edge of the McCartys basalt. The youngest (1) 
skirts the edge of an older and larger (2) body. (Photography by U. S. Army, 
December 1967; north is to the left; bar scale represents 100 m) 



Fig. 103. Two flow units at the edge of the McCartys basalt flow 



Figure 104 

An unusual depression; filled by lava after its own collapse* The 
filling probably welled in under pressure from other parts of the tube. 
(Photograph by U. S. Army, December 1967; north is to the left; scale bar 

represents 100 m) 



Fig. 104. An unusual depression; filled by lava after its own collapse 
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sequestering of olivine phenocrysts. Occasionally undamaged plagioclase laths 

lie in the interspaces between fragments of fractured and dislocated olivine 

crystals. 
i 

High-temperature, relatively disordered plagioclase occurs in two 

size ranges; smaller microphenocrysts averaging about 0.2 mm in length, and 

larger megaphenocrysts from 0.6 to 1.5 mm in length. A single example of 

Carlsbad - albite twining indicated a composition of An0Q (bytowmte). 

Anhedral pryoxene is nearly always present in the matrix and sometimes 

encloses several plagioclase microphenocrysts with a single plate.of continuous 

extinction over as much as 0.5 mm of width. One stubby prism of optically-

positive pyroxene possessed the low 2V (50°) of pigeon ite. 
4 

Renault (1968) has been in the process of compiling a chemical and 

petrographic study of the Holocene basalts of New Mexico. He has furnished an 

X-ray fluorescense analysis of a specimen of the McCartys basalt taken in Sec. 15, 

T9N, R10W, along the west edge of the Bandera lava field, northeast of the map 

area of Figure 80: 



SIOA 
2 

49.3 percent 

TI02 1.38 

A12°3 16.62 

F*2°3 1.54 

FeO 9.25 

MnO 0.17 

MgO 8.45 

CaO 8.90 

Na20 2.89 

K2O 0.75 

P2O5 0.25 

Although the chemistry of the McCartys basalt is of the type in which 

lava tubes form, tubes are absent from the flow; instead collapse depressions are 

present. The eruptions supplying the lava may have been entirely serial, 

separated by intervals of time, resulting in flow units that were too shallow to 

permit the creation of lava tubes. Alternatively, gradients may have been too 

slight. Gradients were computed for the crest of the McCartys flow between the 

point where the flow is crossed by Interstate 40, and the top of the vent in 

Section 28. The mean of these values was 0°21a shallower gradient than those 
• / 

generally supporting lava tubes. 
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13.5 Terminal End 

After extending for more than 31 km, the McCartys basalt still possessed 

sufficient fluidity to form depressions in the valley of the Rio San Jose. Seven 

flow units make up the terminus, which was supplied through a very narrow neck 

(Figs. 105 and 106). 

This terminal area was described by Nichols, who presented a sketch 

map in 1946 (p. 1052). The field work was done between 1933 and 1938, at a 

time when the highway had not been pushed across the surface of the flow. Nichols 

found about 100 depressions, most of which are still filled with stagnant water 

and marsh vegetation. 

The depressions were recognized as resulting from evacuation of feeder 

tubes within the flow units (the flow unit concept was developed by Nichols). 

Depressions were believed formed as the general supply of lava abated. It is 

possible, however, that the depressions were created routinely in flow, as lava 

broke out from the head and flanks of flow units; rather than being due to a general 

stoppage of flow supply. Figures 107 and 108 show the collapse features near 

the terminus. 

13.6 Conclusions 

* 

The McCartys flow, unusual for its long, narrow auxiliary position 

bordering a lava field, yields some important bits of data. 



Figure 105 

Terminus of the McCartys flow. Low oblique view to the east, shows 
the area mapped as Figure 106. The tip of the flow is more than 31 km from 
the source, near Point of Malpais. The McCartys basalt is conspicuous for its 
dark tone. (Photograph by USAF, 1965) 
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Fig. 105. Terminus of the McCartys flow 
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Figure 107 

The most dense concentration of depressions in the terminal portion 
of the McCartys flow. Although the surface of the flow is essentially devoid 
of soil, the basalt is nowhere exposed to Its original thickness; the pits being 
filled with stagnant water and marsh vegetation. Located near the center of 
Sec. 25, HON, R9W. (Photographs by the New Mexico Highway Department, 
1965) 



Fig. 107. The most dense concentration of depressions in 
the terminal portion of the McCartys flow 



Figure 108 

Depressions become fewer near the tip of the McCartys flow. The 
flow at this point is made up of four parallel lobes (arrows indicating position 
and direction of flow). Located in Sec. 30, HON, R8W. (Photographs by 
New Mexico Highway Department, 1965) 



Fig. 108. Depressions become fewer near the tip of the McCartys flow 
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1) Terminal flow units, apparently issuing from a vent over 24 km 

distant, were of sufficient fluidity to form depressions. 

2) Size of depressions varies approximately with flow unit thickness. 

3) In rare cases, depressions are unusually large and deep, and may 

lie over local fissure vents of limited production. 

4) Intersertal and intergranular textures lack fine microlites but are 

more crystalline in the matrix than basalts not exhibiting depressions. 

5) Contraction cracks are more profuse on thin flow units; being 

the result of more rapid solidification. 

6) Major lava tubes were not formed; slope gradients being less 

than the 0°30' presumed necessary. 



CHAPTER 14 

THE JORNADA LAVA FIELD, 
SOCORRO AND SIERRA COUNTIES, NEW MEXICO 

The Jornada lava field represents a complete eruptive cycle, in which 

olivine basalts were spread radially about a small centrally-located volcano 

(geologic map, Fig. 109, photogeologic mosaic, Fig. 110, and separate 

explanation, Fig. 111). About 400 km^ are covered with alternate high and low 

viscosity units probably in excess of 10,000 years of age. The Jornada lava field 

is proposed as the type locale for cyclic variation in viscosity, producing collapse 

depressions only in the more fluid flow units. 

14.1 Geologic Setting 

The Jornada lava field (Fig. 112) rests on the Jornada erosion surface 

(Kottlowski, et al., 1956; Weber, 1964), made up of alluvial and eolian deposits. 

The main portion of the lava field is almost circular and has an average diameter 

of about 19 km, with a westerly extension reaching the Rio Grande; a total 

distance of 23 km. About 250 km^ were mapped in Figure 109. 

The lava field is dominated by a small collapsed volcano, which is 

surrounded by numerous interesting volcanic features. 

A number of regional, northwest-trending faults have been mapped in 

the San Andreas mountains, to the southeast. One of these, on a hypothetical 

244 



Fig. 110. Photogeologic mosaic, Jornada Lava Field, New Mexico 
10 4k. Oi 
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linear extension, passes through the areas of both Jornada Crater and the center of 

the Black Mesa lava flow, to the northwest. Although there is no direct evidence 

of the fault on the surface of the lava field, there is a set of linears paralleling 

the supposed fault (Fig. 109). These features suggest volcano-tectonic controls in 

the pre-volcanic basement. 

14.2 Mapping Criteria 

The Jornada erosion surface slopes gently toward the Rio Grande, with 

the lava extending preferentially in that direction. Spot elevations on the USGS 

base map indicate less than 24 m difference in elevation over the 19 to 21 km 

north-south diameter. 

Individual flows were distinguished by stratigraphic position, development 

of soil regolith, apparent roughness of surfaces, preservation of surface details, and 

height of flow units. Particular attention was given to the presence or absence of 

collapse depressions, length and breadth of flow units, flatness of flow units, and 

the simple principles that lava does not flow uphill and that re-entrant flow around 

obstacles is not easily accomplished. 

The individual flows distinguished on the geologic map are actually major 

flow units as defined by Nichols (1946). A flow unit represents an independent body 

« 

of lava produced by a definite eruptive outsurye. Upon solidification, the flow 

unit shows definite upper and lower surfaces, a depth-dependent variance in 

vesicularity, and individual cooling characteristics, such as columnar jointing 

(Section 2.2, Chapter 2). 
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The age differences of individual flows seem to be on the order of 10 to 

100 years. 

14.3 The Plateau, or High-Fluidity Flows 

Plateau units (Flows 1, 3, 4, 6 and 8 of Fig. 109) are defined as having 

been more fluid, at time of eruption, than the rougher-surfaced shield units, which 

were apparently more viscous. Plateau units have smooth, flat surfaces, bearing 

collapse depressions (Fig. 113). 

14.4 Collapse Depressions 

Three general types of collapse depressions (Fig. 114) are found on the 

lava field. The type formed depends mainly on proximity to adjacent depressions 

and to the margin of individual flow units. 

The first type of depression is characterized by those formed in the 

central areas of plateaus. The second type, usually complete in outline, formed 

near the margins of flow units in response to breached flow from the flank of the 

unit. The third type of depression is also located on the margin of the flow unit, 

but is not complete in outline. Many of these depressions were formed as the 

surface of the flow became deflated after outflow along the margin, while some are 

merely the result of coalescence of two lobes and are not depressions in the sense 

of having collapsed. This last type may be considered to be only an indentation 

along the margin. 



Figure U3a-b 

A plateau flow unit (unit 4). This flow contains the most dense 
concentration of depressions on the Jornada lava field. Unit 4 rests on the 
surface of unit 2; a viscous flow devoid of depressions. 

Viscous shield flow number 7 rests on unit 2 and extends across the 
upper portion of the area toward a possible vent near Hackberry Well. The 
view is along the south margin of the lava field, where encroaching eolian 
cover supports short grasses. (Photographs by USAF, 1965; scale bar is 
305 m or 1000 feet) 



113a 



Fig. 113b. Plateau and shield units in direct association, 
Jornada lava field 



Figure 114 

Collapse depressions of the Jornada lava field. 

a) View down a sinuous valley separating individual lobes of one 
flow unit. The swale in the right foreground is a collapse depression formed on 
the margin of the plateau. The rough surface along the ridge in the mtddleground 
is a tension fracture formed along the edge of the depression. The arrow denotes 
a local talus slope appearing as dark patches on aerial photographs (such as in 
view (b), below). 

b) Low oblique aerial view of unit 4 showing regular shapes produced 
by interior and marginal collapse depressions as contrasted with the irregular 
outlines of the trough separating the lava plateaus. The arrow points to a three-
meter-wide tensile fracture parallel to the plateau margin. (Photograph by 
G. P. Kuiper, 1965) 

c) An extremely flat type of plateau flow resulting from highly fluid 
basalt. The centerground shows unit 6 about 700 m south of Hackberry Well. 
Arrow at top center points to the southeast extremity of the "Hookworm" lava 
tube. (View to the northeast; photograph by G. P. Kuiper, 1965) 

d) A collapse depression (in unit 6) filled with eolian sand and silt. 
The tilted slabs of basalt and loose rubble support little grass and appear darker 
on aerial photographs. The transit in the foreground is 1.5 m high. The grass-
covered floor of the depression is about 16 m in width. 
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As volcanic activity progressed, the general viscosity of lava seems to 

have increased. The result was a decreased production of collapse depressions 

with time and an increase in the surface detail of flow units. Later units are 

extremely complex with regard to individual flow lobes and features similar in 

appearance to pressure ridges. 

14.5 The Viscous, or Shield Flows 

The more viscous flows (represented by units of the Shield Series: 

2, 5, 7, 9, 10, 12 and 13; Fig. 109) are represented by the rough surfaces of 

the lava field. The sequence of numbering of flows shows that, at first, the 

plateau and shield flows alternated. With time, the shield variety became 

most prominent as the overall viscosity of lavas increased. 

Although most lavas issued from vents at Jornada Crater, a localized 

eruption of viscous basalt (unit 7) occurred from a concealed vent, probably 

located just northwest of Hackberry Well, in the west-central portion of the lava 

field. Other flank eruptions are discussed in the following section (14.6). 

The last of the plateau flows to erupt was unit 8, after which the 

general level of viscosity increased to such a level that lavas issuing from the 

crater no longer produced depressions. The new level of viscosity was maintained 

while the last of the major flows from the crater spread at least 5 km in all 

directions. By this time, the primal Jornada volcano had risen to a maximum 

extent. Portions of its original flanks are present as unit 15. 
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Intraflow movement in unit 10 was extremely complex, as evidenced by 

detailed mapping to the east of Hackberry Well (Fig. 115). Here a series of 11 

flow lobes moved across the surface of unit 8 and were dammed up against a 

surficial lava tube. 

14.6 Flank Eruptions 

The heads of outcrops making up unit 11 appear to have formed on the 

surface of unit 10, and are not connected with the crater. Perhaps two or three 

local vents were the sources of the flow. Similar isolated outcrops formed 

sometime later as unit 14(Fig. 116a-b). 

The heads of outcrops of unit 14 are disposed concentrically about the 

crater. They are morphologically similar and must have resulted from localized 

venting; possibly along ring fractures surrounding Jornada Crater. 

Most of unit 14 lies above the surrounding, older basalt. The flow lobes 

are long and narrow and have high semicircular or half-elliptical cross sections. 

Most are found with medial tension fractures. Some of the longer lobes resemble 

positive lava tubes (Section 2.3) and were probably formed with internally active 

cylindrical cores, rather than with tabular flow layers. None of the lobes are 

believed to have hollow cores. The ridges are probably not the result of lateral 

corripression, even though at imagery scales in excess of 1:30,000, they appear to 

be pressure ridges. 
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Fig. 115. Flow units dammed up against a surficial lava tube, 
Jornada lava field, New Mexico. 

The youngest portion of the unit designated 8/Pe is the Hookworm 
lava tube, discussed in Section 14.11. 



Figure 116a-b 

Flank eruptions, Jornada lava field. New Mexico. 

Flank eruptions, forming units of the fourteenth flow, appear as small 
lava plateaus, psuedo-pressure ridges, and a single, central schollendome (arrow). 
The units came from fissure vents arranged concentrically about Jornada Crater, and 
may have been erupted at the time of collapse of the primal volcano. (Photographs 
by USAF; scale bar is 305 m or 1000 feet) 
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Fig. 116a. Flank eruptions, Jornada lava field, New Mexico 



Fig. 116b. Flank erupHons, Jornada lava field, New Mexico 



14.7 Jornada Volcano 
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Jornada Crater Is a small foundered volcano, about 600 by 900 m !n 

plan, and broken at a third of its former height (Figs. 117 and 118). The interior 

of the crater is a bowl holding great plates of basalt separated by gi.ant gaps. 

Portions of the primal volcano, larger than the present crater, appear 

as unit 15, cropping out solely to the south of the crater. 

During the time unit 10 was being erupted, the primal volcano grew 

to a larger-than-present size (Fig. 119). Based on reconstructed topography, 

this volcano may have been as broad as 2.3 km and slightly oblate in plan.. 

From its break in slope, in the vicinity of Crater Well (about 1400 m southwest 

of the crater), the volcano probably exceeded 80 m in height, based on a 

supposed continuation of the present surface of unit 15. Flow layers of this 

original volcanic flank are exposed in the lava tube just south of the sector 

graben (unit 16). 

According to the classification system proposed by Williams and 

McBirney (1968) for collapse calderas, Jornada Crater may be a miniature version 

of the Masaya type (B1), after the Nicaraguan volcano of that name. Although 

much smaller than Masaya (6 by 11 km versus 600 by 800 m), Jornada volcano 
t 

seems to have collapsed (Fig. 119) in two stages, the first phase occurring along 

ring fractures. A sector graben remains as evidence of the first collapse. 

Partial loss of support for the incident may have come about through rapid eruption 

of units 11 and 14 located in roughly circular outcrop patterns as close as 1200 m 



Figure 117 

Jornada Crater, a small collapsed volcano, Socorro and Sierra Counties 
New Mexico. 

A) The Crater, as seen from the southwest. The younger volcano is 
highlighted by airbrush and rests in a sector graben (G) of the first, or primal, 
volcano. The outer slopes of the younger volcano are littered with large aa 
blocks. (S) denotes spatter cones and (T) is a small basalt mesa formed by viscous 
outflow at the head of Bat Caves lava tube. The tube was truncated at the time 
the graben was formed. (Rendition by B. Vigil, 1969 on a photograph Dr. G. P. 
Kuiper, 1965) 

B) Low oblique aerial view of the Crater showing a small multiple 
cinder cone resting on massive plates of foundered basalt. At the time of its 
last collapse, the volcano was a broad, bulbous feature (Fig. 119). Gaping 
northwest and north-trending fractures remain on the surface of the crater. 
Breached flows (units 20) poured out of the crater at the northwest and northeast 
corners at the time of the second collapse. (Photograph by G. P. Kuiper, 1965) 
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Fig. 117. Jornada Crater 



Figure 118a-b 

The central portion of the Jornada lava field, showing the collapsed 
volcano, Bat Caves lava tube, and the several associated features. 

Small exogenous domes overlie subsidiary vents which were active 
during one of the two phases of collapse of the volcano. The Bat Caves lava 
tube originated with the primal Jornada volcano and was severed by its collapse. 
Outflow from the tube is evident along its exposed trace, although the tube was 
covered by the younger tenth flow. Positions for departure of two additional 
tubes are indicated by arrows. 

Individual features may be located using the geologic map (Fig. 109) 
and the separate legent (Fig. 111). (Scale bar equals 1000 feet or 304 m; 
photographs by USAF, 1965) 



Fig. 118a. The central portion of the Jornada lava field 



Fig. 118b. The central portion of the Jornada lava field 
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Fig. 119. Two-stage collapse of Jornada Volcano. The primal volcano (1-2) 
grew to a height of about 80 m and collapsed (3) along ring fractures, 

producing a sector graben. Renewed activity gave rise to a large, bulbous dome 
(4) in place of the first volcano. The dome subsequently settled gravitationally 
(5), leaving formation of a cinder cone on the carapace of the foundered second
ary volcano (6) as the last phase of activity. 
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from the center of the Crater (Section 14.6). It is supposed here that failure along 

the inner ring fractures led to extrusion of lava along several sets of ring fractures. 

Formation of the younger Jornada volcano was apparently hampered by 

a decrease in available magma. By this time, east vent had opened (Section 14.8) 

and was sending lava across the northeast quadrant of the lava field. 

The present collapsed volcano eventually developed into a bulbous 

structure unlike the conical shape of most volcanoes. It is not clear if lava ever 

flowed from the second volcano, but rather it may have been trapped beneath a 

solidifying crust. 

Considering the second volcano to be a thick plate of basalt resting on 
/ 

a fluid interior, an order-of-magnitude approximation of stresses is possible. 

Griffel's (1968) plate formulae are used. The domal surface of the volcano is 

represented as a plate fixed along four edges, with a uniform load over the surface 

of the plate. Transferring the roughly trapezoidal outline of the fractured domal 

plate (Fig. 118) to an equivalent rectangle, the plate assumes the dimensions of 

308 by 530 m. The ratio of the sides is 1.4:1 and Griffel's corresponding load 

support factors K = 0.023 and K| = 0.440. The vertical deflection (y) and unit 

stress at the surface of the plate (S) are: 

14 

Ef 

KiwL2 

S--Y- 04.2) 

_ KwL y=—jr- (14.1) 
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where: K - load-support factor for deflection 

Kj = load-support factor for stress 

-2 w = unit applied load; kg cm 

1 L = length; m 

E = Young's modulus; kg cm"2 

t = plate thickness; m 

y = vertical deflection; m 

_2 S = unit stress at surface of plate; kg cm . 

Appropriate physical property values from Chapter 7 are: 

_o 
V ~ bulk density = 2.60 gm cm for basalt of about 5 to 10 percent 

porosity 
* 

E  =  2 . 5 x  1 0 5 k g c r r f 2  

assumed range of 0.26 to 0.3 

t = average of 10 m as observed within the main fractures on the crater. 

Griffel's assumptions (1968, p. 7) are: 

1) a flat plate of uniform thickness, made up of homogeneous, 

isotropic material 

2) thickness is less than about 0.25 of the least transverse 

dimension 

3) all forces (loads and reactions) are normal to the plate 

4) the plate is nowhere stressed beyond the elastic limit. 

The uniform surface loading is 2.6 x 10^ kg cm"2 for a ten-meter 

thickness; 
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and, deflection (y) - 12.6 m; 

-2 and, maximum stress (S) = 320 kg cm . 

The plate representing the domical carapace of the volcano was 

supported primarily around the edges of the crater and only limited resistance was 

offered by the fluid interior. The plate itself should have deflected on the order 

of 13 m before failing. The fluid interior would have assumed a uniform loading 

condition of 320 kg cm imposed at the underside of the plate. It is probable 

that this pressure led to a forced purging of the lava tubes occurring prior to 

failure of the crater. 

14.8 Features Allied to the Crater 

It is difficult to state which of the many adventitious volcanic features 

on and surrounding the crater were effected by the collapse of the volcano. It 

is fairly obvious, however, that two breached-crater flows (units 20) were 

released through the large channels at the northwest and northeast corners of the 

crater. The units, now covering the original flanks of the volcano (unit 15) 

(Figs. 117b and 118), seem to have been extruded at the time of the second 

collapse. They probably removed most of the fluid interior from the crater. 

The spatter cones lying in a cluster at the southwest edge of the crater 

are made up solely of block lava (Figs. 117a and 118). Other vents close to the 

crater are represented by four exogenous domes (Unit l 7;Fig. 118). Two domes just 

south of the crater, in line with a segment of the Bat Caves lava tube, may have 

been vents along a subsidary tube* 
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In the same area (Fig. 120c), a double subsidence pit (unit 18) may be 

genetically related to the domes. The pit lies along the margin of the Bat Caves 

lava tube and appears to have formed along a fault and over a small vent. Since 

the rim of the pit has very little prominence, the whirlpool-like sets of 

concentric fractures indicate that the depression may have served as a return 

drainage feature along a minor vent. This line of reasoning also includes the 

fact that the subsidence pit was originally a small exogenous dome. 

14.9 East Vent 

Existence of a secondary vent area is indicated by the broad volcanic 

mound (units 12 and 13) just east of Jornada Crater. This source, East vent, 

opened after collapse of the primal volcano. Its activity began with lava of 

similar viscosity to that extruded in the unit flows. Unit 12 extended as far as 

Harriet Ranch, six km northeast of the vent (Fig. 121), and for about 4.5 km to 

the south southeast. The East vent was probably a linear fracture as suggested by 

the northwest-trending outcrop of unit 14, which is found along the apex of the 

east vent mound. 

14.10 The Lava Tubes 

In addition to the single obvious lava tube (Bat Caves tube) there are 

indications that two other tubes were active prior to the first episode of collapse 

at the crater. Notches along the east outer wall of the sector graben (Fig. 118) 



Figure 120 

Oblique views of the Bat Caves lava tube, Jornada lava field. 
(Photographs by G. P. Kuiper, 1965) 

a) Juncture of the lava tube and the sector graben (G) surrounding 
the crater. Arrows denote intact portions of the tube as it branches, only to 
rejoin just below the foreground of the view. (T) indicates the mesa formed by 
viscous flow out of the crater just after the tube was severed by subsidence along 
the sector graben (view to the north). 

b) The slightly sinuous lava tube viewed to the south.* Alternate 
intact and collapsed segments are visible. In the background, the tube lies 
covered by younger lavas from the crater. 

c) A subsidence pit (unit 18) formed by subterranean withdrawal of 
lava. The arrow shows a fault making up the east side of the pit and also 
paralleling the collapsed lava tube. The pit is about 340 m wide along its 
east-west dimension and about 240 m in the north-south direction (view to the 
southwest). 



Fig. 120. The Bat Caves lava tube 



Figure 121a-b 

Plateau and shield units, as they alternately overlap each other. Here, 
along the eastern flank of the Jornada lava field, the deepest of the depressions 
were not actually formed in collapse, but rather are windows into the underlying 
basalt surface. True collapse depressions are shallow and more nearly circular. 
At several locations around the right center of the view, short lave lobes falsely 
appear as "pressure ridges," complete with medial tension fractures. (Photographs 
by USAF, 1965; scale bar denotes 1000 feet or 304 m) 



'2>o.  Phteou and shield uni t ,  



Fig. 121b. Plateau and shield units 
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mark their point of departure. Linears to the west of the crater (Figs. 109 and 

110) may also represent three additional lava tubes. Outflow from these tubes 

may have been responsible for some of the outcrops of unit 14. 

Bat Caves lava tube is exposed for about 3800 m south of the crater 

(Fig. 120), at which point it has been buried by the more recent units 10 and 14. 

A further nine km of extension is indicated by a prominent linear visible on aerial 

photographs. The linear may have been formed by entry of thin flows into the 

collapsed tube, leaving a slight swale marking the presence of the tube. 

The Bat Caves were the site of a limited guano mining operation about 

ihe turn of the century. The miners have destroyed most of the original lava tube. 

As seen in Figure 15, the tube has vertical .sides, of which about three m are over

flow material, not associated directly with the flow unit in which the tube formed. 

The collapsed tube measures from about 13 to 20 m in width and is generally about 

six to eight m in depth to the large rubble covering the original tube. The tube 

must have been of impressive size; perhaps as wide as 20 m and as high as 10 m. 

14.11 Surficial Lava Tubes 

Just east of Hackberry Well, in the western portion of the lava field, 

a surficial lava tube measures 1.95 km in length. Named the Hookworm, the 

ridge is about 6.5 m high and is somewhat semicircular in section. The tube 

formed by extending itself as the result of motion only at its tip. The solid 

interior, as exposed in deep tensile fractures, is dense, and only the outer layers 

are vesicular and closely jointed. The Hookworm is similar to the surficial tubes 
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found on the Bandera lava field (Section 2.8, and geologic map, Fig. 80). 

14.12 Petrology 

Seen in this section, basalt containing collapse depressions is strikingly 

more crystalline than the more viscous units devoid of these features (Figs. 34 

and 35). Plagioclase phenocrysts are uniformly larger in rocks associated with 

the depressions, and the percentage of matrix glass usually appears smaller. Other 

differences are less readily discernible. 

Although all units are predominantly of intergranular texture, some of 

the younger and more viscous shield units (devoid of depressions) are intersertal. 

In these cases, there are commonly three sizes of plagioclase; small untwinned 

needles; lathes at about 0.3 mm; and large megaphenocrysts (to about 1.5 mm) 

enclosing unresorbed equant olivine. 

In the plateau units (Fig. 34), where exposed in deep tensile fractures, 

there is a direct relationship between plagioclase size and depth and an inverse 

relationship in the case of percentage of matrix glass. Although most pyroxene 

lies in the matrix, occasionally a large crystal of common extinction represents 

an early crystallite. Olivine phenocrysts in the plateau units are generally 

brecciated, as noted in Chapter 13 for the case of the McCartys flows* 

Unit 11, postulated to have originated from ring fractures, was found 

to be hyaloophitic by virtue of its high percentage (35) of matrix glass. 

The spatter mounds lying at the southwest edge of the crater are 

comprised of block lava. This basalt is intergranular, but contains the largest 
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olivine (3.0 mm) observed in this section. Somewhat smaller olivine phenocrysts 

are also commonly found in glomeroporphyritic clots, in which case matrix glass 

is nil and plagioclase content runs to about 50 percent. 

14.13 Conclusions 

The Jornada lava field is the result of a single major eruptive cycle. 

Pyroclastic activity was minimal and came at the end of a series of variably-

viscous basalt flows, punctuated by the formation and collapse of a small volcano. 

Significant observations are: 

1) Flow units containing collapse depressions are separated by more 

viscous units devoid of depressions. 

2) Viscosity, as represented by the presence of collapse depressions, 

became greater with time, in the series of eruptive units. 

3) Collapse depressions tend to be more numerous in the earliest 

flows, as a result of lower viscosity, as well as smoother underlying topography. 

4) Prominent sets of linears on the surface of the lava field suggest 

the presence of controlling features in the underlying basement rock. 

5) Circular outcrop pattetns of isolated flow units may have resulted 

from ring fracturing associated with the collapse of the central volcano. 

6 )  Rocks containing collapse depressions are commonly crystalline 

to a greater degree than those devoid of the pits. Plagioclase phenocrysts are 

larger and the percentage of matrix glass smaller. 



CHAPTER 15 

THE AMBOY LAVA FIELD, 
SAN BERNARDINO COUNTY, CALIFORNIA 

This lava field is best known for its small cinder cone, rather than for its 

collapse depressions and unusual lava domes, which are hidden to casual observation. 

The site is easily accessible from U.S. Highway 66, east of Barstow (Fig. 122). The 

lava field has not been studied, other than for Parker's (1963) discussion of the 

development of the cinder cone and his map of lava flow directions. 

15.1 The Lava Flows 

Eight major units of olivine basalt were mapped in the course of the 

present study (Fig. 123; geologic map). The extrusive sequence is similar to that 

of the Jornada lava field (Chapter 14); over 60 km of exposed basalt surrounds the 

curious lava domes. The earliest of the flows, extremely flat of surface, support 

collapse depressions. The depressions are presently exposed almost exclusively 

(Fig. 123) in the plateau units forming the eastern and southeastern margins of the 

lava field. Lava tubes are unknown at Amboy. 

Collapse depressions became less numerous in succeeding flows. After 

eruption of unit 6, viscosity became sufficiently high to preclude formation of 

depressions. In fact, unit 6 is of small surface extent and solidified close to its 

source vent (Fig. 124d). 
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Fig. 122. Index map to the Amboy and Pisgah lava fields 



Figure 124 

Varieties of collapse depressions found on the Amboy lava field. 
(Photographs by USAF, 1965. The common scale bar is 100 m; north is to the top) 

a) Pseudo-depressions formed by confluent flow tongues (unit 2). Deep 
medial fractures are characteristic. The lobes extend from the flow plateau seen 
in the upper portion of the view. A mineral claim location pit associated with 
evaporite salt production is visible just above the index letter (a). (Sec. 19, 
T5N, R12E) 

b) A circular depression formed as lava drained from the plateau, 
past the arrow (unit 2). The tip of the arrow touches a mound of plastic material 
extruded from a tension fracture at the time of collapse. (Sec. 18, T5N, R12E) 

c) A series of three overlapping flow units. The underlying, rough 
surface of the oldest unit is covered by a smoother unit, which is overlain by the 
youngest unit (featuring a circular depression); unit 5. (SW#, SW)4, Sec. 7, T5N, 
R12E) 

d) The largest depression on the lava field is found in an unusual 
plateau flow (unit 6) probably originating in central highland area west of the 
cinder cone. Wide tension fractures indicate that the flow unit was probably 
thicker than those lying along the eastern edge of the field, and hence the 
depressions are larger. (NWJ4, SW#, Sec. 14, T5N, R11E) 
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Fig. 124. Collapse depressions on the Amboy lava field 
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15.2 The Collapse Depressions 

Although somewhat obscured by a thin eolian cover, the general 

character of the plateaus (Fig. 124) most resembles that of the Jornada (Chapter 14) 

and Pisgah lava fields (Chapter 16). Figure 124 shows the circular or extended oval 

shape of most depressions. Depressions of irregular shape lie along the edges of 

flow units. Variations in the morphology of depressions are shown in Figure 125. 

Little remains of the original surface of the lava flows; surface joint 

columns having disintegrated into a rubbly layer interspersed with windblown silt 

(Fig. 126b). Tones on aerial photographs are muted by thin accumulations of silt, 

and the bottoms of depressions always appear filled up to one or two meters depth 

with this material. 

15.3 The Collapse Structures 

The source area for most of the flows was probably in the highland area 

1.6 to 3 km southwest of the cinder cone. Two large exogenous domes (unit 9) 

formed and collapsed here prior to eruption at the cinder cone. Both of the lava 

domes (Figs. 127 and 128) appear to have resulted from rapid extrusion of a series 

of very viscous flow units. While the interiors of the huge lava mounds remained 

hot, some of the material may have been released onto the surface of the lava flow 

from points at or near the bases of the domes. Although these ruptures are not now 

evident, they must have acted in concert with withdrawal through the original 

vents. 



Figure 125 

Characteristic depressions within a single plateau flow unit; Amboy lava 
field. (Photographs by USAF, 1965. A common scale is denoted by the 100-meter 
bar; north is common, except for view (e), which is reversed, unit 2, Sec. 18, 
T5N, R12E) 

a) Large, irregular pseudo-depressions resulting from coalescence of 
flow lobes. Tensile fractures also surround these features. The oval pit along the 
right edge is a true depression, formed from drainage into the pseudo-depression. 

b) Drainage of lave from the large pit has created the flow-patterned 
area at the upper left. 

c) A depression rimmed entirely with tilted slabs of basalt tipping 
inward from the continuous boundary fracture. 

d) The central depression here, is actually an embayment along the 
edge of the lava plateau into which lava poured from the two southernmost pits. 
The flow-patterned lobe at the upper edge flowed into the embayment from a 
later flow unit. The depth at which the lava exited depressions varied. The 
westernmost depression is smaller and noticeably more shallow than its sister pit 
to the east, which possibly provided more lava from a deeper point in the flow unit. 

e) Collapse depressions often lie close to the edges of plateaus, 
though not a part of the flank. This suggests that release of underlying lava came 
at greater depths than that causing the depressions seen in (d) above. 

f) Here, the lava plateau had ceased movement in a northerly 
direction when the depression was formed by outflow in the opposite direction. The 
depression at the lower edge (seen also in Fig. 125a), received the outflow from 
the central depression, probably through a breach just above the chilled lower 
contact of the plateau. A reverse flow gradient was created. 
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Fig. 125. Characteristic depressions within a single plateau flow unit 



Figure 126 

Surface views of collapse depressions, Amboy lava field, California. 

a) The sand-filled tensile fractures are generally wide (range pole is 
divided in 10 cm increments). 

b) The extremely flat plateau surface is littered with columnar joint 
rubble. Depressions are partly filled with eolian sands and silts. 

c) Tilted slabs of basalt line substantial portions of the interibr slopes 
of the depressions. Amboy Crater in the distance. 

d) Portions of depression slopes not made up of tilted slabs are covered 
by gently-«loping basalt surfaces (innermost arrow). A peripheral fracture always 
lies just at the break in slope with the plateau surface (outermost arrow). 
Depressions with these .gentle slopes may have been formed when the rock was more 
plastic than in those cases marked by tilted slabs. 



Fig. 126. Collapse depressions, Amboy lava field 



Figure 127 

A partial Iy-col lapsed exogenous dome. The dome is similar in appearance 
to Jornada Crater (Chapter 14). Lavas of this and another dome at Amboy are 
petrographically distinct from those of the plateaus containing collapse depressions. 
(Upper photograph by USAF, 1965; north is to the top) 

a) The dome probably lies directly over a vent (SW corner, Sec. 2, 
T5N, RUE) as evidenced by a lack of connection with surrounding flow units, and 
by the spatter cone (arrow) near its center. The outer walls of the dome are made 
up of block lava containing columnar joints to a depth of about two m. Outflow 
from the dome occurred at the upper and lower apices. 

b) The wide interior fracture, along the southeast side of the dome, 
as viewed to the northeast. The fracture is about 20 m wide here. Amboy 
Crater is in the background. 
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Fig. 127. A partially-collapsed exogenous dome 



Figure 128 

Stereoscopic view of the lava dome in Sec. 10, T5N, RUE, Amboy 
lava field. (Photograph by USAF; north indicated near the scale bar) 

The dome (unit 9) contains explosively-formed mounds and pits, as 
well as a central collapse depression, and may be the site of a former vent. Lava 
may have been removed from the dome through the vent rather than by outflow 
along the base. Linear alignment of the mounts and pits may indicate the presence 
of fractures radiating from the original vent underlying the dome. 



Fig. 128. The largest lava dome at Amboy 
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The northernmost dome appears to be the oldest (Fig. 127). It 

measures about 1000 by 600 m. The innermost fracture is as wide as 20 m and is 

completely filled with rubble and silt. Walls of the fracture exhibit two to three 

meters of well-formed joint columns, indicating that the dome was stable for some 

time prior to collapse of the roof. A single red-scoria spatter cone lies in the 

center of the fallen roof. 

The largest of the two domes (Fig. 128) is about 3000 m long, 1300 m 

wide, and over 24 m high. Rubble mounds occur in linear alignment on the surface , 

along with a steep-sided central pit about 200 m in width. Parker (1963, p. 19) 

recognized the possibility of explosive origin for the central pit and the rubble 

mounds. The pit is rimmed with a subsided annulus of basalt. Since there appear 

to be no e{ecta in the immediate area, it may be that the pit formed in collapse 

after underlying lava was released at the base of the plateau, or withdrawn to 

depth along the vent. The rubble mounds formed prior to collapse of the central 

pit, as they are also found within the collapse annulus. 

15.4 Petrography 

The olivine basalt in older units containing collapse depressions is 

generally hyaloophitic, containing up to 35 percent glass. Occasionally the 

rock becomes intersertal when the content of glass decreases below about 20 

percent and that of pyroxene increases to about 20 percent (Fig. 34). 

For the hyaloophitic types, olivine (less than 0.5 mm in size) occurs 

to about 20 percent as euhedral crystals. Some 40 percent of the rock is made up 
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of plagioclase in laths from 0.1 to 0.5 mm in length; generally distributed so as 

not to lie in mutual contact. 

Slightly older lavas within the shield units (geologic map; Fig. 123) 

occur as isolated plateaus devoid of collapse depressions (Sec. 7, T5N, R12E, 

about 6.5 km southeast of the crater). With time, the units containing collapse 

depressions became sufficiently more viscous and occur with an intergranular 

texture. In these rocks, about 40 percent plagioclase is allied with some 20 

percent olivine and about 10 percent pyroxene, occurring as phenocrysts in a 

matrix of less than 10 percent brown glass, and 15 to 20 percent pyroxene, and 

5 percent magnetite. 

Lavas of the highland comes are characterized by an intergranular 

texture made up of about 35 percent plagioclase, ranging in length from about 

0.1 to 0.5 mm. Low-order pyroxene and plagioclase combined with magnetite 

comprise the matrix. Euhedral olivine (averaging about 0.1 mm) with narrow 

reaction rims occurs to about 15 percent. Unlike the older plateau units, this 

basalt contains about 10 percent phenocrystic pyroxene, in addition to about 15 

percent in the matrix. 

15.5 Physical Properties 

Watkins (et al., 1966) measured physical properties of pahoehoe basalt 

taken from diamond drill holes in unit 3 (Table6). This unit had sufficient 

mobility to appear as isolated plateau flows within the shield sequence of more 

viscous lavas. Since depressions did not form, it may be assumed that this basalt 



Table 6 

Physical properties of Amboy basalt 

Drill Porosity Unconf. Tensile Poisson's Young's 
Hole (%) Compr. Strength Ratio Modulus 

Strength a e 
• (kg cm~2) (leg cm~2) (kg cm"* x 10 ) 

1 37.7 45.0 0.067 3.17 
10.7 134.4 0.254 6.70 
10.6 118.6 0.254 7.58 

2 11.9 70.9 0.180 3.95 
11.8 70.9 0.122 3.23 
4.1 148.0 0.172 3.79 

3 23.4 57.4 0.175 2.18 
23.7 23.5 0.208 3.68 
8.1 90.9 0.165 4.66 

10.5 108.8 0.229 3.35 
10.5 116.6 0.233 6.28 
25.3 41.2 0.052 3.10 
11.8 102.5 0.237 5.29 
5.5 268.2 0.208 8.14 

3A 10.0 103.2 0.19 3.33 
7.5 194.4 0.183 3.78 
6.6 63.2 

33.2 11.2 
13.1 66.6 

4 14.0 75.1 0.22 3.82 
5 40.0 21.8 0.11 2.38 

29.0 - 48.4 
6 22.4 45.7 0.17 2.60 

22.7 44.2 
15.7 30.6 
9.5 89.2 0.09 1.97 

11.5 11.9 
9.0 29.4 0.30 3.77 
8.4 53.4 
7.5 144.7 0.16 2.70 
9.2 144.7 0.26 3.92 
8.7 7.7 
6.8 164.3 40.0 0.17 2.90 
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was only slightly more fluid than the majority of the shield units. Figure 129, 

plotted from the data of Watkins (et al.), illustrates the dependence of 

unconfined compressive strength upon porosity. Data were also presented 

regarding compressional wave velocity as a function of bulk density (Fig. 130). 

Compressional or longitudinal wave velocity is related to Young's modulus and 

Poisson's ratio as: 

V 
E*g(1 -H) 

"Y(1+m)(1 —2*|i.) 

1/2 

(Obert and Duval I, 1967, p. 344) 

05.1) 

where: E = Young's modulus 

fj. = Poisson's ratio 

g = acceleration of gravity 

"Y = unit weight of basalt. 

When taken in comparison with the physical property data of 

Chapter 7, the Amboy rocks exhibit quite normal values for relatively highly-

porous basalt typical of individual flow plateaus (less than 6 m thick). 

15.6 Conclusions 

Vulcanism at Amboy falls into the single-cycle variety; a complete 

progression from early plateau flow units spread upon a nonvolcanic surface, 

to the dying gesture of a small cinder cone. As in other lava fields cited herein, 



285 

40 

30 

 ̂ 20 

£ 

10 

1 1 

\ 
A w 

\ • 

— 

*\ 
• 

• 
1 1 

10 20 30 

Unconfined compressive strength 
( x 10^ kg cm" ) 

Figure 129. Unconfined compressive strength of olivine basalt, Amboy, 
California, as it is influenced by porosity. In massive flow 
units, porosity increases directly with depth ( Data from 
Watkins, etal, 1966). 
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2.0 2.1 2.2 2.3 2.4 2.5 2.6 

DRY BULK DENSITY (/»): gmt cnf* 

Ftg. 130. RelaHonship between dry bulk density and compressional 
wave velocity (pulse method); Amboy basalt. After Watkins, Roach and 
Christian, in Watkins, J. S., Ed. (J966b, p. 29). 



287 

collapse depressions abound in the earliest units, but become succeedingly more 

rare in the younger flows. As in the case of the Jornada lava field (Chapter 14), 

the plateau flow units are interspersed with rougher-surfaced (though not aa in 

texture) units devoid of depressions. 

That lava tubes worthy of being called "tubes," and not merely parent 

of collapse depressions, were not formed at all, may be indicative of smaller 

volumes of lava, rather than being suggestive of a relatively higher viscosity. 

Toward the end of activity, two large volcanic domes (somewhat 

similar to Jornada Crater) formed, suffered partial collapse, and were followed 

by brief pyroclastic activity. 

The lava domes themselves point to an increased viscosity with duration 

of vulcanism. Lava at the domes simply welled out of vents and accumulated under 

a hardening crust until accumulating weight displaced the fluid interior; most 

likely to depth. With these two large, deflated mounds of lava lying directly 

over the two major vents, final gas-charged eruptions broke out at the site of the 

cinder cone, some 1500 to 2500 m away. 



CHAPTER 16 

THE PISGAH LAVA FIELD 
SAN BERNARDINO COUNTY, CALIFORNIA 

Unlike other lava fields previously discussed, Pisgah (Fig. 122) contains 

collapse depressions only in the oldest flow. This flow (Fig. 131), a micro-

porphyritic feldspathoidal olivine basalt (Wise, in press, 1969), was succeeded by 

two more feldspathoidal basalts, and a final olivine basalt unit. A simple lava 

tube distribution system is found in the uppermost unit, near Pisgah Crater, about • 

9.5 km north of the collapse depressions. 

16.1 Collapse Depressions 

The depressions are quite similar to those found at other sites. The 

more closely-spaced depressions appear to have been originally linked as small 

distributary lava tubes (Figs. 132 and 133). However, as at Amboy, the plateau 

units are much flatter and of greater surface area due to flow across the underlying 

surface of Lavic dry lake. 

Depressions were probably formed over a considerably larger area than 

now exposed. Although the toe of the oldest flow is still exposed at the edge of 

the dry lake, its upper extent was covered by a distinctly different block lava 

(Figs. 131 and 134). Wise labels the overlying flow a porphyritic basanite. 
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Figure 131 

Stereoscopic view of the southern tip of the Pisgah lava field, 
(Photographs by USAF, 1965) 

An extremely flat-surfaced pahoehoe unit is conspicuous for its light 
tone and numerous collapse depressions. The parent flow (m^) was the source of 
several smaller subsidiary units (n^) forming as small lava tubes emptied their 
contents. Lavic dry lake lies at the edge of the lava field. 

The pahoehoe was covered in turn by aa and block lava flows (p). 
The arrow in the central area indicates the position of the large-scale topographic 
map of Figure 133. 

Map units are from Wise (1969, in press): 

p: porphyritic basanite (feldspathoidal olivine basalt) 

m: microporphyritic basanite. 



Fig. 131. The southern tip of the Pisgah lava field 



Figure 132 

Collapse depressions of the Pisgah lava field. (All have a common 
orientation with regard to north; the common scale tar denotes 100 m; 
photographs by USAF, 1965) 

a) The most common type of depressions are slightly oval, with 
the typical peripheral tension fractures and inward-tilting pahoehoe stabs 
(arrow). The depressions formed from small lava tubes located at varying levels. 
Because of this, some pits are more shallow than others. The shallowest depressions 
are tributary to their deeper neighbors. The flow surface retains most of its 
original polygonal fracture pattern. 

b) White arrowheads denote the direction of flow within parent 
lava tubes responsible for each string of depressions. Within small areas, the 
direction of flow of these tubes often differed markedly over very short distances. 
The area is also shown in the lower half of Figure 133. 

c) The largest of the depressions (seen also in Figure 134). 
Subsidiary depressions formed as small tubes drained into one central tube. The 
general direction of flow movement is shown by the arrow, however, small tubes 
flowed at right angles to the sides of the large depression. The overriding 
block lava is seen at the top of the view. 

d) A lava pond formed by drainage at the edge of a flow unit. 
Arrows denote tension fractures bounding both the depressions and the flow front. 
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Fig. 132. Collapse depressions of the Pisgah lava field 



' Fig* 133. Topographic map of collapse depressions on the Pisgah ! 
A port Ion of the area is seen also as Figures 131 and 1 

m 



ipse depressions on the Pisgah lava field, California, 
seen also as Figures 131 and 132b. (Courtesy of NASA) 



Figure 134 

The largest collapse depression at Pisgah. An irregular planar outline 
(see in Fig. 132c) came about as individual flow layers drained into a central 
lava tube, as it made a change in direction. 

• 

The shallow depression in the foreground was created by flow from a 
short subsidiary tube lying at about half the depth of the parent tube. A 
typical surface of pahoehoe ropes and joint columns is visible. The overlying 
block lava appears as a dark ridge in the background. The foreground is about 
ten meters in width. 



Fig. 134. The largest collapse depression at Pisgah 
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16.2 Petrography 

Collapse depressions occur in rocks of intergranular to intersertal 

texture. Unrimmed olivine occurs entirely as phenocrysts. X-ray diffraction 

o 
response of 130, 2.82A peaks and optic axis negative interference figures 

with 2V equalling about 50 degrees suggest a composition of Fa 80-90. Visual 

estimates of mineral percentages are: 

Plagioclase 40-50 

Olivine 15-20 

Pyroxene phenocrysts 5-10 

Pyroxene in matrix 20 

Dark glass 0-15 

16.3 Conclusions 

The temperature, volume, and chemistry of lavas erupted at Pisgah 

seem to have varied unidirectionally rather than cyclically. For this reason, 

collapse depressions were formed only initially, and not in an alternating 

sequence with barren units. Study of the Pisgah features has added the 

following observations: 

1) The more irregular depressions often result from inflow of small 

tributary lava tubes forming in individual flow layers. 

2) Given the extremely flat surface of a dry lake over which to 

flow, the first flow unit plateaus spread to the greatest possible area. 



3) In the absence of cyclic variance in the character of basalt, 

depressions seem more likely to form only in the first lavas extruded. 



CHAPTER 17 

LOCATIONS IN NORTHERN CALIFORNIA 

Two important concentrations of lava tubes occur in Siskiyou County, 

California (Fig. 135). Both areas, Lava Beds National Monument, and the 

Hambone quadrangle lie on the margins of the Medicine Lake Highland, well 

known through C. A. Anderson's mapping (1941). 

17.1 Lava Beds National Monument 

Powers (1932, p. 272) originally estimated the age of the youngest 

basalt flows in the Monument to be about 500 years. Hotchkiss (1968) now 

reports that the National Park Service has placed the minimum age at about 

1400 years. 

17.1.1 The Lava Tubes 

The lava tubes have not been recognized previously as the extensive 

systems shown in Figure 136 (pocket). They are herein named for the first time. 

Individual collapsed segments of the longer tube systems have been known as 

separate caves; 293 of them appearing in the compilation of Knox (1959). Only 

a relatively small number of these caves are associated with the collapse 

depressions lying in the northern half of th<e Monument. 
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Fig. 135. Lava tubes and collapse depressions of northern California 
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The lava tube systems, as mapped on Figure 136, are: 

Modoc Crater tube 
Mammoth Crater tubes (I through V) 
Bat Butte tube 
Bearpaw Butte tube 
Hardin Butte tube 
Tickner Cave tube 
Valentine Cave tube 
Ice Caves tube. 

Oberbeck, Quaide and Greeley (1968) called attention to the lava 

tubes as they drew an analogy between the Modoc Crater lava tube (Figs. 10 

and 137) and the sinuous rilles of Oceanus Procellarum. Both Greeley (1969) 

and Howard (1969) have furthered the work. Their findings are that: 

1) the tubes tie at elevations of 0.3 to 1.7 m above surrounding 

lava. 

2) distributary branching occurs over steep slopes. 

3) blisters occur along the tube ridges; probably as a result 

of hydrostatic pressure within the tubes. 

4) some tubes are partially aligned over old lava channels. 

5) branching and rejoining of the tubes are common. 

6) the tubes generally have circular cross sections. 

7) width-depth ratios for the tube sections were as large as 1.5. 

8) the Modoc Crater tube has an average overall gradient of 1015' 

over 14 km, and an average lower-segment gradient of about 0°20'. 

Gradients for six of the longer tube systems were measured in the 

current study (Fig. 138 and Table 1). Individual gradients are greater than 



Figure 137 

Modoc Crater lava tube, as it was forced to take a path around the 
Schonchin Butte cinder cone. 

The head of the Bat Butte lava tube is seen to the upper right, as it 
skirts a small-cinder cone. Outflow from the source vent formed an aa unit 
paralleling the tube. Faults are shown by dashed lines. (Photographs by 
ASCS, USDA; scaled to Fig. 136) 
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Fig. 137. Modoc Crater lava tube 
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measured at other locations (with the exception of two tubes on the Bandera 

lava field, New Mexico). Gradients in excess of 1°50' are owing to tube position

ing on the highlands associated with volcanoes and subsidence craters. 

One of these mutual associations of tube and highland is that of 

Mammoth Crater tube (Fig. 139). Two features are worthy of mention. The tube 

(equivalent to note 1, above, of Greeley and Howard) appears slightly raised in 

elevation above the surrounding terrain, as a result of frequent and large outpourings 

of lava from local ruptures. The second important feature is that of collapse of the 

vent area after the tubes were formed. This type of feature is rare, having been 

observed elsewhere only in the Hambone quadrangle, to the south. 

Most of the lava tubes are sinuous to two different degrees. A localized 

sinuosity is nearly always present in tubes; wave lengths being only one or two 

hundred meters. A grand sinuousity comes about as lava flows moved around 

existing cinder cones, such as in the case of the Modoc Crater tube, which 

developed two major changes in direction in skirting Schonchin Butte cinder cone. 

Other features of the tube systems are similar to those reported elsewhere 

in this work. Cross sections (Gale, in Knox, 1959, p. 62) reports oval to circular 

shapes in section (Fig. 6, Chapter 2). Large chambers, attributed by most to 

accumulations of gases, probably result from pockets of less viscous lava. Spatter 

vents are common, such as the complex of them at Modoc Castles (Fig. 137). Knox 

reports the existence of multilevel tubes at Skull and Golden Caves (Modoc Crater 

tube), with four tiers of tubes being found within 650 m of the 32-m-hJgh entrance 



Figure 139 

The distribution network of the Mammoth Crater lava tubes. The 
collapsed crater supplied large amounts of lava which flowed radially about the 
vent, but preferentially to the northeast. Five separate tubes radiate from the 
vent. 

Faulting may have caused the broad collapse and outflow about 100 m 
east of the rim of Mammoth Crater.. However, indications of this faulting were 
not observed about the trough. 

The lava tubes are characterized by slightly raised rims and outflow. 
Faults are denoted by dashed lines. (Photographs by ASCS, USD A, 1955) 



Fig. 139. The Mammoth Crater lava tubes 
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portico. Existence of multilevel tubes should prove to be entirely fortuitous, rather 

than the individual levels being contemporaneous. 

As is generally the case, lava apparently flowed in most of the tubes 

for only short periods of time after their formation. A portion of the roof of 

Golden Dome cave was noted by Knox (1959) to lie embedded in the floor of the 

tube, after having been rafted some distance by flow. 

17.1.2 Collapse Depressions 

Collapse depressions are directly associated with lava tubes only along 

the proximal reaches of the tubes (Fig. 140). The plateau flow units forming the 

northern third of the Monument contain many-depressions. A few of the plateaus 

formed from outflow of the ruptured Modoc Crater lava tube (Fig. 140c/.l4l). 

17.1.3 Faulting 

A distinct rectilinear fault pattern was observed during study of the 

aerial photographic coverage (Fig. 136). Powers (1932) discovered a rudimentary 

pattern before aerial photography was available. He ascribed it to regional block 

faulting. Anderson (1941) advanced the theory that the fault pattern resulted from 

settlement of the summit area in the Medicine Lake Highland, after extrusion of the 

massive volume of lava in the area. Most of the faults appear closely associated 

with the cinder cones. In particular, the north-south set seems older than the 

cones which overlie them. A general lack of vertical displacement suggests that 

the faults are either predominantly strike-slip in nature, or that they were formed 



Figure 140 

Lava tubes near their proximal ends, Lava Beds Nationai Monument, 
California. (Photographs by ASCS, USDA, 1955. Township grid reference, 
county symbol, flight strip, and exposure numbers noted.) 

a) A small tube and flow lying within a valley along the base of 
Gillem Bluff; a fault. The lateral extent of the flow unit is confined by the 
older Bat Butte lava flow and tube, just to the east. 

b) Collapse depressions formed in outflow from the Modoc Crater 
lava tube. 

c) Breached flow from the Modoc Crater lava tube. The outflow 
took the form of a positive surficial lava tube at first, and then, within a short 
distance, became a small plateau containing collapse depressions. Such features 
are rare and are almost always found at or near the terminus of lava tubes. 
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Figure 141 

Collapse depressions of Lava Beds National Monument, California. 
(Photographs by ASCS, USDA, 1955) 

a) Typical collapse depressions occur on and near the margins 
of overlapping lava plateaus. Two faults, crossing the view in a northerly 
direction, were active at the time of formation of the plateaus. 

b) A fissure flow originating from, and later truncated by, the 
Big Crack fault (at the east border of Fig. 136). Unusual conditions of viscosity 
led to formation of distinct plateaus linked by narrow ridges and separated by 
irregular depressions. 
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Fig. 141. Collapse depressions of Lava Beds National Monument 
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in flexure according to Anderson.. Some of the faults were active at the time of 

formation of the collapse depressions (Fig. 141) and, in one case, may have been 

the source of the basalt. 

17.1.4 Physical Properties of the Basalt 

Fogelson (1968) has measured physical properties of olivine basalt in the 

vicinity of the lava tubes. The data (Table?) are quite similar to those discussed 

In Chapter 7 for other locales exhibiting lava tubes and collapse depressions. 

17.1.5 Conclusions 

Lying within a cluster of cinder cones, these lava tubes all originated 

on a volcanic highland, unlike other locations studied in previous chapters. 

1) The tubes are more sinuous in their upper reaches, where obstacles 

such as older flows and cinder cones forced movement of flow units. 

2) The tubes are generally marked by strings of collapsed segments. 

3) Tube outflow is common;.mainly aa. 

4) Chimneys and spatter cones are common. 

5) Tube gradients are greatest along the upper reaches, denoting the 

fact that the tubes formed on broad volcanic shields, and lose much of their 

gradient rapidly at the edges of the highland. 

6) Collapse depressions are occasionally formed in outflow along 

the lower reaches of the tubes. 



Table 7 

Physical properties of vesicular olivine basalt, Lava Beds National Monument, California (specific location 
not supplied), from Fogelson, D. (1968), supplied by W. J. Kennedy, National Park Service, Lava Beds 

National Monument, 4 February 1969 

Specimen 
No. 

Bulk Density 
—3 gm cm 

Apparent 
Porosity 

(%) 

Young's 
Modulus 
105 kg cm"2 

Compressive 
Strength 
kg cm"2 

Tensile 
Strength 

kg cm"2 

1 2.25 20 1.97 703 77 

2 2.22 . • 24 1.76 387 42 

3 1.52 46 1.90 394 57 



7) Collapse depressions are found in small plateaus originating from 

fault vents. 

17.2 The Hambone Lava Tubes 

Nine lava tubes lie in a narrow strip (Fig. 142, pocket) about 7.5 km 

wide, along the south edge of the Medicine Lake Highland (Fig. 135). Gardner 

(1964) subdivided the Modoc basalt of Russell (1928), to include the Hambone, 

Glover and eight older Holocene and Pleistocene formations. Studies are currently 

underway by Greeley and Baer (1971). 

The lava tubes occur mainly in the Holocene and late Pleistocene 

Glover formation. The Glover basalt, subdivided further in the present study, is 

made up of four distinct flows. All of these units came from vents in about a 

10,000 square meter area. There is no evidence of lava tubes in any of the 

surrounding undifferentiated lavas (mainly andesite). Lava tube units were 

controlled in width, by channeling over an older lava terrain. 

17.2.1 The Lava Flows 

Pliocene Andesite. Andesite of Pliocene age appears to have originated from vents 

north of the Hambone flows. These rocks do not contain lava tubes or collapse 

depressions. 

Hambone Formation. Gardner (1964, p. 66) named these subophitic and intergran-

ular olivine basalts for type exposures at the site of Hambone, a former fogging 

camp (Sec. 1 and 2, T39N, R2E). The rocks are prpbably late Pleistocene in age. 
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Gardner placed the eastern contact of the Hambone basalt at the 40-

meter-high scarp marking the Lava Crack Spring fault (Fig. 143a), but evidence 

was found placing several broad areas of Hambone basalt east of the fault. Two 

eroded lava tubes of 9.2 and 10.6 km exposed length were found in the aerial 

photographic coverage. Since the tubes are not visible to the west of the fault, it 

is inferred that the Hambone tubes predate the fault. A uniform gradient of 0°44' 

to 0°54' was measured using topographic map coverage. 

The Glover Cinder Cones. Five of seven conder cones from a line trending south 

southeast from the Glover vents. 

Glover Formation. Gardner (1964, p. 74) named this unit after exposures on Julia 

Glover flat (southeast corner of the geologic map, Fig. 142). Gardner (p. 82) 

noted the rock to be intersertal in texture, with a general increase in augite 

content from bottom to top of the uppermost flow. The Glover basalt (Fig. 143) is 

herin subdivided into five major flows. 

Chimney Crater Flows. Chimney Crater (Fig. 145) is a rimless subsidence pit about 

15 m deep and 190 m in diameter. The crater lies along a fault connecting Shastina 

Crater and the small cinder cone northeast of Papoose Hill. It is not clear if the 

Chimney Crater lava tube (about 1200 m long) was originally a part of the Giant 

Crater tube, since the Giant Crater flow overlaps the Chimney Crater flow at the 

subsidence pit. The juncture of the two tubes is probably coincidental. 

Giant Crater Basalt. The Giant Crater basalt was the most fluid and voluminus of 

the Glover units. The flow spread over a broad expanse south of its vent at Giant 



Figure 143 

Lava tubes of contrasting age; Glover and Hambone basalts, Siskiyou 
County, California. (Photographs by ASCS, USDA, 1955. Symbols denote 
County, flight strip, and exposure numbers. Scale is identical to geologic map, 
Fig. 142) 

a) The Giant Crater lava tube (Glover basalt) lies a narrow valley 
in older Hambone rocks. The scarp of the Lava Crack Spring fault and formational 
contacts are shown in black (Sec 19, T40N, R3E). 

b) A typical exposure of the Hambone basalt, as seen through windows 
in the surrounding Glover basalt. The soil-filled lava tubes collect surface water 
and assume a darker photographic tone, as well as supporting a preferential growth 
of larger pine. (Located on the Great Northern Railroad, four km east of 
Chippy Spur) 
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Fig. 143. Lava tubes of contrasting age 
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figure 145 

The Giant Crater and Giarjt Chimney flows at their source* The 
scene is dominated by Giant Crater, p subsidence pit discussed by Anderson 
(1941, p. 380-81; plate 9, p. 420-2]). Faults are marked by dashed lines. 
(Photographs by ASCS, USDA, 1955) 



Fig. 145. The Giant Crater and Giant Chimney flows at their source 
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Crater (Fig. 145). Gardner noted that the lava tube (in the vicinity of Figure 

143a) is about nine meters deep and 18 meters wide. An apparent roof thickness of 

1.5 meters was noted; being all that remained after initial collapse and continued 

spoiling of the tube. 

The lava tube can be traced along its upper reaches by a series of 

individual collapse pits (Fig. 145), rather than by the long, continuous channel 

that marks its lower reaches (Fig. 143a). An overall gradient of 1°12" was meas

ured (Fig. 144). 

Each of the lava tubes in the Giant Crater basalt shows distinct features. 

The Water Caves tube developed large patches of aa, formed from breached outflow 

(Fig. 146c). After the tube was formed and began to collapse, two cinder cones 

grew along the tube. The cones lie on a linear extension of the Porcupine Butte 

fault. 

The Snag Hill lava tube has an obscure upper reach, but terminates in an 

outpouring of aa lava. Hie tube may have formed locally in response to a temporary 

condition in relief of hydrostatic pressure. 

The most recent of the Glover flows came from a small crater less than 

180m in diameter, near Deep Ice Caves (Fig. 146a). Unlike the other Glover units, 

this flow is initially quite narrow, but spreads over a large area beyond Porcupine 

Butte. The Ice Caves lava tube formed in this unit probably at the time the flow 

advanced past the constriction at Porcupine Butte. The lava tube has a mean 

gradient of 1°54' (Fig, 144). 



Figure 146 

Stereograms showing lava tubes typically modified by ordinary volcanic 
features. (Photographs by ASCS, USDA, 1955) 

a) The Ice Caves lava tube along the south flank of Six Shooter Butte. 
This is the source area of the Deep Ice Caves flow. A number of small pit craters 
were active at the time the lava tube was formed. Short aa flows from the craters 
are detectable by virtue of their darker tone and rougher texture. The lava tube is 
braided at the left side of the view. 

b) In areas without collapse features, the lava tube is marked by thin 
aa flows. The spatter cones may have been related to venting along the tube. The 
view shows the Ice Caves lava tube just east of Powder Hill. 

c) Two small cinder cones grew along the Water Caves tube, east of 
Snag Hill. 
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Fig. 146. Lava tubes modified by ordinary volcanic features 
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17,2.2 Conclusions 

Minimum gradients of 0°44' are characteristic of the terminal .reaches of 

the tubes, although gradients of almost two degrees are common over short distances 

along upper reaches. 

The area is unique for its windowed-exposures of older lava tubes 

adjacent to younger tubes. The exposures are also unusual for their heavy con

centration over a relatively narrow strip of terrain. 
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APPENDIX B 

COMPUTATION OF ISOTHERMAL SPACING, THERMOELASTIC MODEL 
(Fig. 61) 

Using method of Jaeger (1968): 

I. Case explained: An extrusive lava flow with upper surface at 

zero temperature (p. 511). 

II. The formulae: 

T/T0 = ^(i,T)-A2k-i,T) 

where: = 1/2 r £+1 r £-1 
^75 ^75 

(Table II, p. 509, Jaeger, 1968) 

and where: £ ~ — 
a 

T = ~ or ~ or of Jakob (1949) 
2 2 2 a a s 

k = thermal diffusivity; usually (a); cm^ sec"^ 

2 —1 K = thermal conductivity; usually (k); cm sec 

x = vertical distance from midplane of sheet, meters 

a = 1/2 thickness of sheet, cm 

t - time after extrusion, sec 

_3 p = density, gm cm 
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c = specific heat 

T = temperature at any point, °C 

Tq = initial temperature at center of sheet, °C. 

III. Using the factor of k = depth of medial plane below surface. 

Assuming TQ 
s initial temperature of lava; 1000°C. 

IV. The lava sheet is about 12.6 meters thick as observed in the 

field (Fig. 61 ). 

V. T/Tc is determined at time (t) = 1007 sec. = 17 minutes. 



|=Va 2-e /*(2-I,T) T/T0=^,TM2-£,T) x=spacing(m) T°C 

0 0.975 2.0 0.013 0.962 6.1=0.962(6.3) 38 
0.2 0.960 1.8 0.037 0.923 5.8 77 
0.4 0.909 1.6 0.090 0.819 5.2 181 
0.6 0.814 1.4 0.186 0.628 4.0 372 
0.8 0.673 1.2 0.327 0.346 2.2 654 
1.0 0.500 1.0 0.500 0.000 0.0 1000 
1.2 0.327 0.8 - 0.673 -0.346 -2.2 654 
1.4 0.186 0.6 0.814 -0.628 -4.0 372 
1.6 0.090 0.4 0.909 -0.819 -5.2 181 
1.8 0.037 0.2 0.960 -0.923 -5.8 77 
2.0 0.013 0.0 0.975 -0.962 -6.1 38 

where: = 0.0025 cm^ sec~'^ 

t = 1007 sec = 17 minutes 

a = 1/2 thickness = 6.3 m 



APPENDIX C 

COMPUTER PROGRAM FOR THERMOELASTIC STRESS ANALYSIS 

Programmed In BASIC II Language for repetitive looping between 0° 
clockwise from the vertical/ around a lava tube such as seen in Figure 6 

100 PRINT 
ISO PRINT 
eoo PRINT 
850 REM -- POSITION OF LAVA TUBE AND BOUNDARY FOR CALC* IN X D1REC* 
300 A*4*3*100 
350 0*35*100 
400 REM — OUTER LOOP) RADIAL ANGLE FROM VERTICAL 
450 FOR M-0 TO 180 STEP 10 
500 REM -- TITLE BLOCK 
550 PRINT 
600 PRINT" ANGLE - MIKfH DEGREES" 
650 PRINT" •••*•••••••••••••••••" 
700 PRINT 
750 PRINT" «"l" X"l" R"J" T"l" SC13"J" Stai"!" SC33" 

I" U1"J" U2HJ" D1 D3" 
600 PRINT" CMJ"J- CM3 •?»" tM3MJ" CDEG3"J" CKG/SOUARS CM3-I 

" tCM X 10«53" 
850 REM -- INNER LOOPS CALCULATIONS ALONG RADIALS FROM TUBE CENTER 
900 FOR R-A TO Q STEP 100 
950 REM -- CALCULATE DEPTH z (CM> 
1000 Z»780-<R*C0S(M/S7.3)) 
1050 IF Z«*0 THEN 1600 
1100 IF Z>-6.3*100 THEN 1300 
1150 REM — DETERMINE TEMPERATURE 
1800 T-1000*(Z/630> 
1S50 GO TO 1400 
1300 T«1000*< < < 1260-Z)/630)) 
1350 REM -- BOUNDARY CONDITION! BOTTOM SURFACE OF FLOW UNIT 
1400 IF Z>*1260 THEN 1600 
1450 REM — SUBROUTINE FOR CALC. OF PROPERTIES# STRESS# DISPLACEMENT 
1500 GOSUB 1750 
1550 NEXT R 
1600 NEXT M 
1650 STOP 
1700 REM — CALCULATE POSITION X. CCM) 
1750 X-R*SIN(M/57*3> 
1800 REM — ANGLE FROM VERTICAL} FOR TITLE BLOCK PURPOSES 
1B50 Ml-M 
1900 IF M»90 THEN £050 
1950 REM — ANGLE UP FROM PI/41 FOR COMPUTATION OF STRESS AND DISPL* 
8000 GOTO £150 
8050 M-ABSCM-90) 
8100 REM -- COMPUTE VERTICAL LITHOSTATIC STRESS 
8150 S1-((8*65*Z»/1000) 
8200 REM -- COMPUTE COMPR. STRNGTK* CU1> AND TENSILE STRNGTH* CU2) 
8850 U1-463*447+<2.542E-02*T >-C5*562E-04*T»2>•< 6.540E-08*T13) 
8300 U8*39*907+(8*963E-03*T)-(5«088E«05»T*2)*< 7»872E»09*T'3) 
8350 REM — COMPUTE MODULUS OF ELASTICITY (TEMPERATURE DEPENDENT) 
8400 E-14.667*(3.077*T>-(2*l38E-03*Tt8)*(7.083E-09*T»3> 
8450 E-E*>00000 
8500 REM — COMPUTE POISSON'S RATIO (TEMPERATURE DEPENDENT) 
8250 P-.835»<1.437E-04*T>-(6.O39E-O7*T«8)*<4.3l0E-!O*Tt3> 
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8600 REM — COMPONENTS OF DISPLACEMENT 
A650 D3-<S1/2>*(R-»<A»2/R>> 
8700 D4>((St/8>*(R-(A»4/Rt3>+<4*A*8/RJJ#C0S<8«<M/57*3>>> 
8750 D5-(Sl/8>*(R-(Ai8/R>> 
8800 D6-C(Sl/8)*CR-CA»4/R»3))«C0S<2*(M/57.3>)> 
8850 D7"-((S1/2>*(R*(2*A»2/R>+(A*4/R»3>>«5IN(8*(M/57.3J>> 
8900 D8"(CS1 /2>»<R-C2*A'2/R>*(AM/RI3 >)+SINt2*(M/57»3>)) 
8950 Dl«((l/£>#(D3+D4>-< (P/EJ+CD5-D6J > >*100000 
3000 D2*(((1/E)*(~D7>)-((P/E)*D8)>*100000 
3050 REM — COMPONENTS OF STRESS 
3100 S2-C51/2»*Cl-(At2/R*S)> 
3150 S3«(Sl/2>*C0S(2*(M/S7.<*>>*(l«-(3*A»4/R»4>-(4*A»4/Rt4>» 
3800 S4><SI/2>*Cl+CAf2/R«2>) 
3850 S5"»(S1 /2)*( I*(3*A'4/Ri4> >*C0S(2*(M/57.3J > 
3300 S6-CS1/2)*<1-<3*A*4/R«4>*C2*A«2/R*8>) 
3350 S7-SIN(2«CM/57.3>) 
3400 REM — COMPUTE STRESSI RADIAL* TANGENTIAL* AND SHEAR 
3450 S(l>-S2-S3 
3500 5(21-54485 
3550 S(3)-S6*S7 
3600 REM -- RESET ANGLE (M) FOR USE IN NEXT TITLE BLOCK 
3650 M-Ml 
3700 PRINT 
3750 REM — SET POSITION VALUES EQUAL TO METERS (FOR TITLE BLOCK) 
3800 Z1>Z/100 
3850 Xl-X/100 
3900 Rl-R/100 
3950 PRINT USING 4350#ZI«Xl»Rl«T*S(t>»S(2>jS(3>#U1«U2»D1«D2 
4000 RETURN 
4050 PRINT 
4100 PRINT 
4150 PRINT 
4800 PRINT 
4850 END 
4300.REM — IMAGE STATEMENT FOR DATA PRINTOUT 
4350t##*## ##•## ##•## #### ###.# ###•# #•# ###•# ##'•# ##• 

ANGLE • 0 DEGREES 
••••••••••••••••••••a 

z 
CKl 

X 
CMC 

R 
CHI 

T 
CDEG1 

sen SC8J SC3J 
(KG/SQUARE 

Ul 
CHI 

U8 

3*50 •00 4*30 556 •0 -•9 .0 317.1 87.8 

8*50 •00 5*30 397 •3 -.8 •0 390.0 33.6 

l.so •00 6*30' 838 • 3 .0 •0 438.9 37.8 

•50 •00 7*30 79 • 1 .0 •0 468.0 39.8 

ANGLE - 10 DEGREES 

E 
CHI 

X 
CHI 

R 
CM 

T 
COCO} 

sen Stei 513J 
CXO/SOUARE 

Ul 
CNl 

US 

3*57 • 75 4*30 566 •0 -.8 •0 311.6 86.7 

8«se •98 5.30 410 •3 -.8 •1 385.0 33*1 

(•60 1 *09 6.30 853 •3 •0 •1 435.3 37.5 

• 61 1.87 7.30 •7 • 1 •0 •0 460*7 39.7 



8*6C *•»> I* l* 0* sa OC*ll 99** W 

i*8C »•«»» <• •• 1* iSI OC*OI 68*1 • ft 

i*9C 6*M» C* c*. 1* 698 0C*6 8I*i 88*1 

8*CC 8*86C »• s* 8* I6C 0C*8 9C*» 9**» 

6*68 «*iW s* t* 8* C6* 0C*1 6S*S ll*C 

C*S3 C*S63 9* 6* 8* S6S 0C*9 C8*(r st*c 

6*61 6*3C3 9* 3*1 I* 169 OC*S 90*» «C*» 

9*CI 0* 191 0* 9*1 0* 66 i. • 0C*» 63*C »0'l 

3n 
CH3 

in 
3HVnDS/0X] 
CC3S (31S ens 

coaai 
X 

CHI 
H 

3H] 
X 

CHI 
z 

• *MI ••••••< 

S33HQ3Q 1 OS • aiottv 

9*6S 6'6» I* I* I* 101 0C*6 86*S 89* 

0*8C 6*0»V 8* 8* 8* 633 0C>8 ce*s »»•! 
o*sc 6*90V »* C* 8* OSC 0C*1 69*» 18*8 

9*0C »*9S« «• «• C* 8IV 0C*9 SO'V 16*8 

»•» 3*963 S* 9* 8* MS oc*s i»*e U*t 

6*81 0* 188 0* 8* 0* su oc*» 91*8 IS*» 

30 
tHO 

in 
3UVnOS/9Xl 
CC3S C3JS (IIS 

coaai 
X 

CHI 
« 

]M3 
X 

CHI 
7 

saausaa 1 D» • atONV 

1*6C 1*09» l* I* I* -16 0C*8 Sl'» 19* 

6-tC 9*6C» 8* I* 8* SC8 OC*l s9*e 8»*l 

»*W C*66C C* 8* C* 31C 0C*9 Sl*c - »C*8 

3*63 1*0»C »* 8* C* OIS oe*s S9*3 I8*C 

1*33 8*»93 0* 0* 0* 1(9 oc*» SI *3 80*» 

sn 
CMD 

in 
auvnos/oxi 
cess tajs CMS 

coaai 
X 

CM] 
H 

3H1 
X 

CH] 
a 

•••••• 

saatoas OC - 310NV 

6*6C »*C9» 0* 0* 0* 0 oca »8*8 00* 

8*6« l*SS» I* 0* 8* 6H OC*l OS* 8 •6* 

S*9C 3*C3» 8* t* C* 868 0C*9 Sl*8 88* t 

i'lt C69C 8* 0* C* 8»» oc*s 18*1 88*8 

8* S3 S*»68 0* s*« 0* " 16S oe*» 1*M 91*C 

CMS anvnos/oxi coaai CM) 1H1 CH) 
en in ccis tsis ens i u x t 

saattaaa 03 - xionv 



ANGLE * 00 DEGREES 
••••••••••••••••••••a 

z X II T sen SCSI 5(33 U1 118 
CM] tMt (HI CDEG1 (K8/SCUARE CHI 

5*69 3. 72 4*30 897 " .0 3*0 *0 86*1 7*3 

8*15 4*59 5*30 617 *0 1*9 *6 148*3 18.6 

4.65 5*46 6*30 738 *i 1*4 *7 805*5 17.5 

4*18 6.34 7*30 659 *i 1*1 *6 857*6 88.0 

3.65 7*19 8*30 579 *i *9 • 6 304*8 86.1 

3*15 8.05 9*30 500 • i «7 *5 345*3 89.7 

8*65 8*98 10.30 481 *i *6 .4 380*6 38.7 

*•15 9.79 11.30 341 •i *5 *3 410*0 35.3 

1*65 10.65 18.30 868 •i *4 *8 433*8 37.3 

1.15 11.58 13.30 188 •i .8 *8 450*0 38*8 

•65 18.38 14.30 103 *0 *1 *1 460*8 39.7 

.13 13*85 15*30 84 •0 *0 *0 463*7 39.9 

ANGLE p 70 DEGREES 

Z X R T SCI] SC8] SC31 U1 08 
CM! IMC CM! CDEG1 CKG/SQUARE CM] 

6*33 4*04 4*30 995 *0 4*8 .0 8*8 *8 

9*99 4*98 5*30 950 -.1 8*7 .5 41.4 3.5 

5*64 5*98 6.30 896 *0 8*0 • 6 86.7 7.4 

5*30 6*86 7*30 848 *0 1*7 • 6 189.8 11.0 

4*96 7*80 8*30 767 *0 1*4 • 6 170*6 14.5 

4*68 8*74 9*30 733 *0 1.3 • 5 808*9 17.8 

4*88 9*68 10.30 679 *0 1*1 .5 844*9 80*9 

3*93 10.68 11.30 684 • t 1*0 *4 878*3 83*8 

3*59 11.56 18.30 570 • 1 *9 *4 309.8 86*5 

3*85 18*50 13.30 516 • t *8 *3 337.5 89*0 

8.91 13*44 14.30 468 • 1 *7 *3 363.1 31.8 

•*57 14*38 15.30 407 • 1 .6 .8 386.0 33.8 

8*88 15*32 16.30 353 *0 • 5 *8 406.0 35*0 

1*88 16.86 17.30 899 *0 .5 *8 483*8 36*5 

1.54 17.80 18*30 844 .0 *4 • 1 437*4 37*7 

1*80 18.14 19*30 190 *0 .3 *1 448*6 38*7 

.86 19.08 80*30 136 *0 '.8 • 1 456*8 39*4 

•51 80.01 81*30 81 .0 .1 *0 461*9 39*8 

.IT 80*95 88*30 87 .0 .0 *0 463*7 40*0 



ANGLE • 80 DEGREES 

l 
(Ml 

X 
CMC 

n 
CHI 

T 
CDEQl 

sen SC8J SI31 
CKG/SQUARE 

Ul 
CHI 

08 

7.05 4.83 4.30 880 .0 5.4 •0 99.3 8*4 

6.88 5.88 5.30 908 ».8 3.5 •3 76*9 6*5 

6.71 6.80 6.30 936 •»8 8.7 .4 53.9 4*6 

6.53 7.19 7.30 963 -.8 8.3 •4 30.3 8.6 

6*36 8.17 8.30 991 ". 1 8.0 •4 6.8 • 6 

6*18 9*16 9*30 968 -.1 1.9 .4 14.3 1.8 

6.0t 10.14 10.30 954 «*1 1.8 • 3. 38.3 3*3 

8*84 11.13 11*30 986 "•1 1.7 •3 61.6 5*8 

S.66 18.11 18.30 899 .0 1.6 • 3 84*4 7*8 

5*49 13.10 13.30 871 •0 1*5 .3 106*6 9*1 

5.38 14.08 14.30 644 .0 1.4 •3 186*8 10*9 

S.I4 15.07 15.30 816 •0 1.4 •3 149*3 18*7 

4.97 16.05 16.30 789 .0 1.3 • 3 169*7 14.6 

4.79 17.04 17.30 761 .0 1*3 .8 189*5 16*8 

4.68 18.08 18.30 733 .0 1*8 •8 808.7 17*8 

4.45 19.01 19.30 706 .0 1.8 .8 887.3 19*4 

4.87 19.99 80.30 678 .0 1*1 *8 84S.8 81*0 

4.10 80.98 81.30 651 .0 1.1 .8 868.5 82*5 

3.93 81.96 88.30 683 .0 1.0 •8 879.8 83*9 

3.75 88.95 83.30 595 .0 1*0 .8 895.8 85.3 

3.58 83.93 84.30 568 .0 •9 .8 310.5 86*6 

3.40 84.98 85.30 540 .0 *9 .8 385.1 87*9 

3.83 85.90 86.30 513 •0 *8 •8 339.1 89*1 

3.06 86.88 87.30 485 .0 *8 .1 358.3 30*3 

8.88 87.87 88*30 ' 458 .0 *8 • 1 364.9 31*4 

8.7! 88.85 89*30 430 .0 • 7 .1 376.7 38*4 

8.54 89.84 30.30 408 .0 *7 .1 387.9 33*4 

8.36 30.88 31.30 375 .0 • 6 .1 398*3 34*3 

8.19 31.81 38.30 347 .0 • 6 • 1 407.9 35*1 

«.0I 38.79 33.30 380 .0 '•5 • 1 416.9 35*9 

1.64 33*78 34.30 898 .0 •5 • 1 485*0 36*6 



ANGbE • 90 DEGREES 

z X R T sen SC8) St33 Ul 
(Ml CM] CM) CDEG1 CKG/SQUARE CM] 

7*80 4.30 4*30 768 *0 6*8 *0 188*8 

T.80 5.30 5.30 768 •*8 4*1 .0 188.8 

7.80 6.30 6.30 768 •*3 3*8 .0 188*8 

7*80 7.30 7*30 768 -.8 8*8 .0 188*8 

7.80 8*30 8*30 768 •*8 8*6 .0 188*8 

7.80 9.30 9.30 768 —8 8*4 .0 188.7 

7*80 10*30 10.30 768 ™* 1 8.3 .0 168*7 

7.80 11.30 11.30 768 •• 1 8.3 .0 188*7 

7*80 ie.30 18.30 768 •.1 8.8 •0 188*7 

7.80 13.30 13.30 768 •»1 8,.8 •0 188*7 

7.80 14.30 14.30 768 ".1 8.8 .0 188*7 

7.80 15.30 15*30 768 " • 1 8.8 .0 188*7 

7.80 16.30 16*30 768 ••1 8.8 .0 188*7 

7*80 17.30 17*30 768 •• 1 8.1 •0 188*6 

7.80 18.30 18*30 768 —• | 8*1 .0 188*6 

7.80 19.30 19*30 768 .0 8*1 .0 188.6 

7.80 80.30 80*30 768 .0 8.1 .0 188.6 

7.80 81.30 81*30 768 .0 8*1 .0 188.6 

7.80 88.30 88.30 768 *0 8*1 .0 188*0 

7.80 83.30 83.30 768 *0 8.1 .0 188.6 

7*80 84.30 84*30 768 *0 8.1 .0 188.6 

7.80 85*30 85*30 768 *0 8.1 .0 188.5 

7.80 86.30 86*30 768 .0 8.1 .0 188.5 

7.80 87.30 87*30 768 .0 9*1 .0 188*5 

7.80 88*30 88*30 768 .0 8.1 .0 188*5 

7.80 89.30 89*30 768 .0 8.1 . *0 188*5 

7*80 30.30 30*30 768 <0 8.1 .0 188*5 

7.80 31.30 31*30 768 .0 8*1 .0 188.5 

7.80 38.30 38*30 768 .0 8.1 .0 188*4 

7.80 33.30 33*30 763 •0 8.1 .0 188*4 

7*80 34.30 34*30 763 .0 8<t .0 188.4 



ANGLE • 100 DC OR ECS 

i X R T sen SI21 SC33 U1 U2 
CM) t« CHI CDEB1 CKG/SOUARE CHI 

• 

8*55 4.23 4*30 643 •* .0 6*5 *0 266*9 22.8 

8.7a 5.22 S*30 616 -.2 4*4 *4 283*4 24*3 

8*89 6.20 6*30 588 -.2 3*6 *5 299*2 25*6 

9.07 7.19 7.30 561 -.2 3*2 *5 314*3 27*0 

•.84 8*17 8*30 533 -.2 3*0 *6 328*7 28*2 

9.41 9.16 9.30 506 •• 1 2*8 *6 342*5 29*4 

9.59 10.14 10.30 478 — 1 2*8 *5 355*6 30*5 

9.76 11.13 11.30 451 -.1 2*8 *5 367*9 31*6 

9.93 12.11 12.30 423 — I 2.8 *5 379.6 32*6 

10.11 13.10 13.30 396 •0 
ID • 

C0 
*5 390.5 33*6 

10.88 14.08 14.30 368 .0 2.8 *5 400.7 34.5 

10.45 15.07 15.30 340 •0 2*8 *5 410.2 35*3 

10.63 16.05 16*30 313 . •0 2.8 .5 418.9 36.1 

10.80 17.04 17.30 285 .0 2.9 *5 426.9 36.8 

10.98 18*02 18*30 258 .0 2.9 *5 434.1 37.4 

11.15 19.01 19.30 230 .0 2.9 '6 440.6 38.0 

11.32 19.99 20*30 203 .0 3.0 *6 446.3 38.5 

11.50 20.98 21*30 175 .0 3.0 .6 '451.2 38*9 

11.67 21.96 22.30 148 .0 3*1 .6 455*3 39.3 

11.84 22*95 23*30 120 .0 3*1 *6 458.6 39.5 

12.02 23*93 24*30 93 *0 3*1 *6 461.1 39.8 

19.19 24*92 25*30 65 *1 3*2 .6 462 .8 39.9 

12.36 25*90 26*30 38 .1 3*2 *6 463.6 39.9 

12*54 26*89 27*30 10 *1 3*3 • 6 463.6 39.9 

ANGLE •» 110 DEGREES' 

Z X R T sen SC21 SC31 U1 U2 
CM) CM) CM) CDEG1 CKG/SOUARE CHI 

9*27 4.04 4.30 529 *0 6.2 *0 331.2 28*4 

9*61 4.98 5.30 474 •*1 4.4 • 8 357.4 30.7 

9*95 5.92 6.30 420 •* 1 3.6 1*1 380.8 32.8 

10*30 6.86 7.30 366 *0 3.3 1*2 401.5 34.6 

10*64 7.80 8.30 311 *0 3*1' 1*2 419.4 36.1 

10*98 8.74 9.30 257 *1 3*0 1.2 434.3 37.4 

11.32 9.68 10*30 203 *1 3.0 1.2 446.2 38.5 

11*66 10.62 11*30 149 .2 3.0 1*8 455.1 39.2 

12.01 11.56 12.30 94 .2 3*1 1*2 460*9 39*7 

12.35 12.50 13*30 40 •2 9*1 1 l«8 463*6 39*9 



ANCLE • 180 DEGREES 
••••••••••••••••••••a 

E X R T SCI) SC8) SC3) U1 U8 
CHJ CM] CM! CDEG) CKG/SQUARE CM) 

9*95 3*78 4.30 481 *0 5*3 *0 380*6 38.7 

10.45 4.59 5.30 341 .1 3.9 1*8 409*9 • 35*3 

10*95 5.46 6.30 868 .8 3.3 1.6 433*1 37.3 

11*45 6*38 7.30 183 .3 3.1 1*8 449*9 38.8 

11*95 7.19 8.30 103 .4 3*0 1*8 460*8 39.7 

18*45 8*05 9.30 84 *5 8*9 1*8 463.7 39*9 

ANGLE - 130 DEGREES 

Z X R T SCI) SC8) SO) Ul US 
CHI CM] CM) CDEG) CKG/SQUARE CM) 

10*56 3.89 4.30 383 *0 3.8 .0 415.8 35.B 

11*81 4.06 5.30 881 .4 3*1 1*5 448*6 38.8 

11*85 4.83 6.30 119 *6 8.8 8.0 458.7 39.6 

18*49 5*59 7.30 17 . .8 8.6 8.8 463.7 39.9 

ANGLE - 140 DEGREES 
•••••••••••••••••••SI 

Z X R T SCI) SC8 ) SC3) ' Ul U8 
[HI CK) CM) CDEG) CKG/SQUARE CM) 

11*09 8*76 4.30 839 *0 1*9 *0 438.6 37.8, 

11*86 3*41 5.30 118 *7 8*0 1*6 458*9 39.6 

ANGLE « 150 DEGREES 
«*•••< •••••a•••••••••• 

Z X R 7 SC!) 5(8) SC3) Ul US 
CM) CH) CH) CDEG) CKG/SQUARE CM) 

11*58 8*15 4.30 171 .0 .0 >0 451.9 39.0 

18*39 8.65 5.30 33 i.O *8 1.4 463.7 39.9 

ANGLE • 160 DEGREES -

Z X R 7 SCI) SC8) SC3) Ul US 
on CHI CM) CDEG) (KG/SQUARE CM) 

11*84 1.47 4*30 181 .0 -1.7 .0 458.5 39.5 

ANGLE - 170 DEGREES 
••••••••••••••••••••a 

z X R T SCI) 5(8) SC3) Ul UB 
CM] tHl CH) CDEG) CKG/SQUARE CM) • 

18*03 *75 4*30 90 .0 -8.8 .0 461*3 39.8 

ANGLE • 180 DEGREES 
•••••i •

 
•
 

•
 

I
 •
 

1
 
•
 
•
 

i a •
 

a a a a a 

z X R T SCI) S(8) SC3) Ul U2 
CM) CM) CH) CDEG) CKG/SQUARE CM) 

18*10 .00 4*30 79 *0 -3*8 *0 468*0 39*8 
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