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PREFACE

The Geophysical Laboratory was first attracted to the study of Lassen Peak
by Mr. J. S. Diller, Geologist of rhe U. S. Geological Survey. Mr. Diller was on
the ground during the early eruptions of 1914 and on his return to Washington
expressed a wish that the Geophysical Laboratory should cooperate in the study of
the outbreak because of the physical and chemical relations involved. [t was
agreed, tentatively, that the Geological Survey would undertake the necessary
geological studiest and the Geophysical Laboratory the physical and chemical
phenomena. Accordingly the authors made their first visit to the mountain in
June, 1913, some four weeks after rhe culminating volcanic ourbreak of that year.
Except insofar as conclusions could be drawn from the visible consequences of the
eruptive activity of the first year (1914) and the grear carastrophic outbreak of
May 19-22, 19135, we were therefore dependent upon orhers for many of the field
observations.

We are accordingly under obligation first of all to Mr. J. S. Diller, of the U. S.
Geological Survey, who visited the Mountain in 1914, 1915 and 1921, aad cooper-
ated with us throughout, then to the Supervisors and Rangers of the Forast Service
who, although inexperienced in volcanic marters, were nevertheless men practiced.
in field observartion, of excellent judgment and keen discrimination, and contributed
very greatly to the record contained in the fgllowing pages.

Mr. A. Sifford, Proprietor of the Drakesbad Camp (seven miles southeast of
Lassen Peak), Mr. Roy Sifford his son, and Charley Yori, who acted as guide in
this region during both 1914 and 1913, not only provided all facilities and much
camp comfort, but were able to contribute important details of personal observa-
tion and photographs, as did also the brothers George W. Olsen and Nelson Olsen
of Chester, whose observations will be found in detail in the Appendix (page 176).

We were also fortunate in having the cooperation of Mr. B. F. Loomis, one time
a professional ph: tographer and now in the lumber business at Viola (7 miles north-
west of Lassen Peak) whose splendid collection of photographs, some of them copy-
righted, were unreservedly placed at our disposal, together with his diary. The
frontispiece and many of the finest illustrations in this book are rhe work of Mr.
Loomis.

Miss Alice Dines, Postmistress at Manton (15 miles west of Lassen Peak) kept
an unceasing watch upon the mountain from rhe beginning to the end of its activity.
Her observations will also be found in the Appendix (page 176).

Of the occasional visitors the authors wish particularly to acknowledge the
assistance of Professor R. S. Holway of the University of California, who permitted
the free use of his photographs and the record of his visit in June, 1915. Likewise
the written (and photographic) record of the visits of Mr. W. H. Spaulding, Presi-
dent of the Great Western Power Company, and a group of friends, in 1914 and 1915,

+ Not yer published.
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and the photographs of Mr. Jack Robertson of San Francisco were kindly placed ac
our disposal. The photographers Mr. R. E. Stinson of Red Bluff, Mr. Chester
Muiten of Redding, and Mr. E. N. Hampton of Mineral, also kindly permitted the
use of excellent phorographs, some of which are copyrighted.

To all of the above named individuals and many others who cannot be men-
tioned in so brief a space the authors feel under greac personal obligation for the
uniform courtesy shown in helping us to provide a complete record of this volcanic
outbreak, the first of its kind in this country ir our generaticn.

For the laboratory studies of volcano material collected during the eruprions
the authors are most grateful for the indispensible cooperation of rheir colleagues
Messrs. Aurousseay, Menwvin, Morey and Shepherd, whose accurate work has
thrown a flood of light on the whole problem of volcanic acrivity.

The study of the hot springs (Part II) is entirely the work ot the authors, with
the help on the ground of Charley Yori and Allen Rzker, guides, who aided in every
practical way during the vears 1913, 1916, 1922 and 1923.

THE AvTHORS.
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PART 1.
ERUPTION OF THE VOLCANO.

By Arruur L. Day anp E. T. ALLEN.




INTRODUCTION.

Lassen Peak, in the southeastern corner of Shasta County, California, is the
southernmost expression of a great volcanic region, to which Mount Shasta,
Mount Hood, and Mount Rainier belong. Volcanic activity in the Lassen region
began in early Neocene time and has continued, with diminishing violence, to the
present day. The period of most violent activity was concomitant with the up-
heaval of the Sierra Nevada, and some of the earlier lavas are intercalated with
deposits of the Ione epoch. The earliest extrusions were of hornblende andesire,
and the general course of eruption produced, in turn, pyroxene andesite, rhyolite,
dacite, basalt, and, finally, quartz basalt. In detail the sequence is more com-
plicated, some of the basalt flows being old, but, in general, they are the youngest
lavas of the region. Some rhyolite flows have succeeded flows of dacite, but for the
most part the former precede the latter.: The-absence of augite andesite from
the whole magmatic region to which Lassen Peak and the associated volcanoes
belong is noteworthy.* Whatever may have been the course of differentiation, that
of eruption has been from the production of intermediate lavas to that of extreme
types, ending with a basic type; a sequence that was pointed out first by von
Richtofen as that of Californian and’other lavas,* and later by Iddings, as the
general law of succession of lavas. The activity of the whole comagmatic region of
northern California, Oregon, Washington, and Idaho, has been su low within recene
times that the field may be regarded as almost extinct. Lassen Peak and Cinder
Cone, however, have shown activity within historic times,* Cinder Cone having
extruded a flow of quartz basalt, perhaps no more than zoo years ago, and Mount
St. Helens and Mount Hood are believed to have been the scenes of ash eruptions
within historic times.” :

The terrane through which the lavas of Lassen Peak have been erupted is
worthy of comment. The extrusions rest upon the Chico formartion (Cretaceous) of
the upper part of the Sacramento Valley. Beneath the Chico are the Jura-Trias
rocks, which in turn rest unconformably upon contorted Palzozoic formations.
The Palzozoic formations contain both contemporaneous volcanic and transgressive
igneous rocks of varied nature, some of the volcanic rocks, though metamorphosed,
being similar to those of the Tertiary eruptions, though they may bear no magmatic
resemblance to them. Chemically they are uninvestigated. The thicknesses of
the various members of this Palzozoic and Mesozoic terrane are unknown, and

! By M. Aurousseau,

2 [ 5. Diller, Lassen Peak, U. §. Geol. Survey, Folio No. 13, 189s. ’

* Hague and lddings, Notes on the Voleanoes of Northern Californta, Oregon, and Wasiwngron Territonies, Amer, Journ.
Sci., (3), 23, 223=233, 1883, .

+F. von Richtufen, Principles of the Natural Svstem of Volcamie Rocks, Mem. Califurma Acad. Sa, 1, 39, 1868,

b J. P lddings, The Ongin of Igncous Rocks, Bull. Phil. Soc. Washingeon. 12, 178, 1392; lgneous Rocks, 1, 257, 1909,

¢4, L. Day, Posnible Causes of the Volcanie Acrivizy ac Lassen Peak. Bull. Seinul. Soc. America, 12, 33-36, 1922;
Joumn. Franklin Inst., 193, 560-382, 1922, J. 8, Diller. Lassen Peak—our mast active volcano, Bull, Seismol. Sce. America ,
G, 1=7, 1916; A lare vuleanic eruprion in Northern Califormia, U. 5. Geul. Survey, Bull. 75, 1891,

1. R, Jillson, Geogr. Rev., 3, 481=483, 1917; 11, 598-405, 1521,
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though, for the most part, they consist of shales and sandstones, limestones appear
to be abundant, especially in the Calaveras formation (Carboniferous) and in the
Cedar formation (Jura-Trias).' There are abundant himestones in the Carboni-
ferous of the Klamath Mountain section, one horizen 2,000 feer in thickness
outcropping for 30 miles along the McCloud River, ;0 miles to the northwest of
Lassen Peak. The Trias of this district emerges from beneath the Lassen volcanic
field along Cedar Creek, and contains.pne horizon of limestone 200 feet in thickness.
The dip and strike of the Palzozoic rocks ot the Klamath Mountrains render it not
improbable that they extend beneath the Mesozoic formations underlying parr, at
any rate, of the Lassen volcanic field,® but no alkaline rock, as possible evidence of
assimilation of limestone (Daly), has been found in the region, with the possible
exception of a boulder of hornblende basalt, found in 2 stream bed near the Great
Bend of the Pit River on the extreme northwest of the Lassen sheet. The relations
of this rock are quite unknown, and it can hardly be considered to belong to the
Lassen suite of lavas. Nothing of its kind, chemically or mineralogically, is known
from the field.*

The position of the Lassen group of vents with relation to the orography of the
surrounding regions is significant. They lie ar the northern extremity of the
geosynclinal depression of the Sacramento Valley, which separates the mass of the
Sierra Nevada from that of rhe Coast Range. The dupression is partly filled with
the flat-lying Mesozoic and Neocene sediments. The abundance of volcanic vents
between the northern end of the Sierra Nevada and the Klamath Mountains is in
accord with the tectonic weakness of such a regional structure.

Lassen Peak itself was the center of fairly extensive glaciation, which reached
its maximum after the period of major volcanic activity. Some of the later lavas
have flowed fur long distances down vaileys cut and glaciared into lavas of earlier
age. Solfararic action has continued down to the present time, however, and
in a consideration of the eruptions since 1914, which seem to be exceptional voleanic
manifestations in many ways,* it is well to bear in mind that Lassen Peak itself
has been relieved of its ice load in recent times. It is by no means impossible that
some isostatic adjustment, consequent upon the relief of ice [oad, may have assisted
the mechanism of the more recent outbursts. '

LU, 8. Geol. Surv. Geol. Adlas, Lassen Peak Folio, 1893,

t . 5. Diller, Klamarh Mouncain secnion. Califorma, Am. Journ, Sei. {4}, 13, 342=362, (903.

1 1. S. Diller, Hoenblende basale in Northern Califurnta, Am. Geol.. 16, 253-255, 1397

4 A, L. Day, Possible causes of the volcanic acuvity ac Lassen Peak, Bull. Setsmol. Soc. Am.. 12, 35-46, 1922; Jousn.
Franklin Inst., 194, 360—392 1922, J. §. Diller, Lassen Prak—our mose active volcano, Bull. Susmol. Soc. Am., 6, 1=7,
1916.




CHAPTER 1,

SEQUENCE OF EVENTS.
BEGINNING OF EXPLOSIVE ACTIVITY.

On June 1, 1914, the following telegram was sent by the local observer of the
Forest Service at Mineral, California, to the central station in Sacramento.
Minerar, CaviFornia, June 1, ror4.
StaTe ForesTER, Sacramento, California.

Volcanic eruption of Mount Lassen occurred 5 p. m. May joth. Crater 25 X 4o fr.
with lateral fissures formed. Mlud, boulders, and sand 1 to 2 feet deep thrown over an
area 200 feet in diamerer. Ranger Abbey examined eruption vesterday. Heavy volumes
of steam rising this morning. Crater 'y mile from summic. No damage yer.

(Signed) W. J. Rusuing.

This brief message contains the first trustworthy record of the outbreak of an
active volcano within the boundaries of che United States in the memory of men
now living.

Lassen Peak (fig. 1}, or Mount Lassen, as it is frequently called, lies in north-
eastern California near the southern boungary of Shasta County, something over
200 miles northeast of San I rancisco and about 75 miles south by east from Mount
Shasta. It forms the southern exrremity of the Cascade Range, although from
neighboring cities (Redding, Red Bluff), where views of Lassen Peak are obrained,
it appears isolated and stands out quite conspicuously as the highest point in a
small mounrtain group forming a portion of an older and much greater center of
volcanic activity of which little now remains. Its height as given by the U. S.
Coast and Geodetic Survey (1913) is 10,466 feet above the sea, but it is no more
than 4,500 feet above the surrounding teriane. Its nearest neighbor, Brokeoff
Mountain, is a part of the rim of the ancient crater of Lassen Peak, bur its activity
has long since ceased. Only a few feeble sulphur springs remain to indicate where
the northern border of the active basin may have been.

Diller! calls attention to the fact that Lassen Peak is included within the great
outpouring of basalt to the north, which forms one of the greatest lava fields in the
world, including northern California, Oregon, Washington, Idaho, and a part of
Wyoming, covering altogether some 230,000 square miles. Nevertheless, most of
the exposed lava sheet immediately about Lassen Peak is andesite rather than
basalt and suggests thac we are here in a transition zone, just outside rather than
within the great “plateau” basalt field. The present cone is made up of a racher
dense dacite, not unlike the dacite of Mont Pelée (Martinique), and presumably

LR 5‘. Diller, Volcanic Histury of Lassen Peak, Saence, N. 8. 43, 727, 1916,
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of high viscosity at the time of its eruption. The lava accordingly piled up about
the opening and is insignificant in volume as compared with the great basalt out-
pourings to the northward, which were for the most part relatively fluid.

It has been supposed that the last preceding period of activity of the present
volcano brought to the surface the rough region known as Lassen Crags, just north
of the peak, and thar this eruption occurred at least 200 years ago.* Probably the
most recent volcanic activity in the region occurred some 10 miles to the northeast,
where a low cone (Cinder Cone) emerges somewhat abruptly from the plain and
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Fig. I.—June 9, 1914. One of the earliest eruptions of Lassen Peak. Photo Loomis.

reaches a height of about 620 feet, with an open summit crater rather more than
200 feet deep. From the side of this cone, at an elevation not much above the level
of the surrounding plain, there emerged a flow of rough lava of aa type, covering
more than 3 square miles and from 100 feet to 125 feet in thickness.

From Indian tradition the age of this flow has been assumed to be berween
75 and 100 years, but an investigation of the age of adjacent trees® indicates that a
somewhar greater period has elapsed since this flow occurred. So far as we have

_

L CE H. S. Washingron, Deccan Traps and other plareau hasales. Bull, Geol. Soc. Ameriea, 33, 775-780, 1922,

* Diller, loc. cit.

2 At the sugpestion of the wnter, Supervisor Murnll of the Forcse Service cur down onc of the trees srowinz about 3 feet
from the How and roored in the ash.  He counted more than 200 nngs on the stump. Ses also J. S, Diller, A Lacte Yoleanie
Erupuoa ir Norchern Califuenia and s Pecubiar Lava, U, 3. Geol. Surv. Bull, 79, 22, 1391,
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record, therefore, the only local volcanic activity during the past century, and
perhaps the last two, has taken the form of steam fumaroles and hot springs in the
ancient basin to the southwest of Lassen Peak (Supan’s Springs) and in the valleys
to the south and southeast of it (Morgan's Springs, Bumpass Hell, Devil’s Kitchen,
The Geyser, Boiling Lake, etc.).

Fig. 2.—1891. [nside old crater Iuokirg southenst. Note deposit of
snow in foreground. Photo Drew.
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Fig. 3.—The bottom of the old crater with its pool of water draining west-

ward through the western notch (left). Phota- Yori.
The outbreak of May 30, 1914, referred to in the Forest Service telegram
quoted above, came without premonitory symptoms of any kind having been
observed. No change was noticed either in the temperature or in the activity of
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the neighboring hot springs, and no local earthquakes attracted especial attention.
A lowering of the ground water so often observed at Vesuvius' as a conspicuous
premonitory indication of impending eruptions was not noticed here.

The valleys surrounding Lassen Peak for a distance of 20 miles or more are
occupied for the most part only in summer by cattlemen and lumbermen. The
nearest point of observation during the winter season is probably the hamler of
Mineral, from which the telegram was sent and which is regularly used as a winter
observation point by the Forest Service. The summer observation point at the
summit of Lassen Peak itself was not regularly occupied before the lorest-fire
season (July).

Fig. 4.

In the summer season Lassen crater was reasonably well known and was
acce'ssible to and occasionally visited by tourists before any sign of activity appeared.
In appearance the crater was a smooth bowl with a floor of voleanic sand and lapiili,
the lowest point of which was about 360 feet below the highest point of the rim
upon which the Forest Service had builr its shelter. A small pool of drainage water
was usually to be found in the bottom of the bowl and the portion of the inclosing
parapet which faced north, was never free from snow (figs. 2 and 3). The shape of
the bowl itself was roughly oval, with the long axis nearly east and west, but it was
not entirely symmetrical. The north and south sections of the inclosing™ rim
retained approximately the original conical form but the east and west sections were
broken by V-shaped openings (fig. 4), pointing to earlier explosive action and per-
haps indicative of structural weakness in this azimuth. It is interesting to note in
this connection that the general faulting of the region (see Diller) is in a nearly

1Juseph Presewsch, On the Agency of Water in Volcame Eruptions, Proc. Ruy. Soc. No. 246, 117, 1886,
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east-and-west direction, and the earliest cracks reported from the present eruption
were in this azimuth. No fumaroles or other signs of latent activity are known to
have existed on the summit within the memory of thaose living near. Snow is
reported to accumulate within the summit basin to a depth of 4o feet or more each

Fig. 5.—Jjune 28, 1914. Explosion crater showing the ‘'lateral Assures.’
Photo Holway.
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Fig. 6.—The first explosion crater showing the snow with ash and debris
lying upon it. Photo Yori.
winter, and it may or may not be noteworthy that the time of the initial eruption

corresponded approximately with the period of rapid spring melting of this accu-
mulated snow, and that streams of water from this melting snow were reported to be
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pouring into the new crarer opening in the very earliest announcements of the
renewal of activity (see below).

Notwithstanding the sparsely inhabited character of the region, the first
explosion appears to have been plainly seen (from Chester, 21 miles away). On the
next day Mr. Harvey Abbey, of the Forest Ranger Service, made his way to the
summit over snow and found an opening about 25 by 4o feer, obviously a small
explosion vent on the inside of the crarer bowl, between the small pool at the bottom
of the bowl and the northwestern rim, rather less than half way up.

The early photographs of the explosion crater show plainly in section the snow-
bank through which the explosion occurred (figs. 5 and 6) and the accumulared
debris of the explosion scattered over the top of the snow. It is obvious from these
photographs that the lapilli and fragmentary ejecta thrown out by the explosion
were cold, otherwise they must have melred their way into the snow upon which
they rested. Steam and hot warer within the explosion crater are reported by
Ranger Abbey, but the solid material ejected was not hot.

Following the telegram above reported, the records of the Forest Service con-
tain the following memorandum under date of June 2, which contains some further
details:

At 4 a.m., May 31, Ranger Abbey left Mineral for the mountain, arriving on top at
9 a.m., eraveling 14 miles over snow from !t to 6 ft. deep. He found-a new crater 235 X 4o
ft. in extent and about j00 ft. from the top on the north side of the small lake. There
were 2 lateral fissures about 100 ft. long extending from the crater. Hot mud, stones 18
inches in dizmerter, and sand had been chrown over an area 200 ft. in diameter to a depth
of one to two feer [Sce fig. 6. Ashes and fine sand were scattered over an area of about
one mile across. A large quancity of hot water had run down the slope into the lake,
cutting a channel in the snow. Large volumes of steam were being blown our, and there
was a continual loud hissing. Large quanticies of water from the snow were pouring into
the crater, also sand, gravel, and boulders from the sides. Abbey approached to within
50 ft. of the brink, but owing to the caving bank it was unsafe to approach closer. The

entire disturbance acts more like a geyser than a volcano.
(Signed) W. J. RusHinG.

The following extract is taken from a letter addressed by the local supervisor
to the district forester at San Francisco under date of June g, 1914.

Such wild stories are being circulated concerning Mount Lassen that I am sending you
the results of our observacions to dace.

Sacurday, May 30, an ourbreak occurred ar 3 p.m. This was witnessed by [ke McKen-
zie of Chester, who was looking directly at it when it occurred. Abbey investugaced it
Sunday, May 31 . ... (see telegram above}). . . . The sand thrown out was granitic n
character, sharp, and conrained mica. No molten marterial was chrown our ac all. Ac
83 a.m., June 1, 2 second outburst occurred, throwing out large quantities of the same
material. Some boulders weighing ali of 2 ton were thrown out. The vent was enlarged
to 60 X 275 fr. The fumes escaping were said by Boerker and Macomber to be arsenic [,
hydrochloric acid, and sulphur. Boerker, Abbey, and Macomber went up June 4, re-
mained ac the top in the lookour house over night, and came back June 5. . . .

We have watched it carefuily and ac no time have we been able to see any Hame or in-

dication of fire.
(Signed) W. J. Rusunc.
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For the next few days eruptions continued at the rate of about one every two
days and were of increasing violence and duration. The fourth recorded outbreak,
which occurred at 4*30= p.m. on June 8, continued for 4o minutes and was heavier
than any which preceded it. On l"ruhy, June 12, the ash cloud was very dense
and poured out for 50 minutes or more. [t was after this eruption that a visit to
the summir showed that the explosion crater had increased to 4oo feet in length
and 1co feet across, the inner walls and botrom being formed of infallen ralus.

Sunday, June 14, brought three eruptions, during one of which the ash cloud
reached an elevation of 2,500 feer above the summit, and explosions of great power
were reported. After the eruption of Friday, June 19, the explosion crater had grown
to 6co feet in length and 100 feet across (fig. 7), evidently extending eastward along
e - U e S B ey TP e e A

-

Fig. 7.—June 20, 1914. Looking narth. E.xpkmon vent now 600 ft. long and 100 ft. wide.
Photo Loomis.

a preexisting summit fault. During this period of development a considerable
number of people visiced the mountain and made phorographs and observations of
various kinds. One party was so unfortunate as to be caught in the midst of a
severe outbreak (June 14, 9h43™ a.m.), during which a member of the party suffered
a broken shoulder from a falling stone, and ail were obliged to bury their heads in
the snow to avoid breathing the dust-laden air. The dackness within the cloud was
reported to be intense for a period of 10 minutes or more, bur suffocating gases
were not encountered. (Plate [.)

In general during the summer of 1914 the eruptmn: continued to increase in
violence. On July 13, for example, a very heavy erupnon arér;=a.m. was reported
which lasted 4 hours and was followed at 12"3= on the same dav by the greatest
disturbance thus far recorded. It lasted durmg the entire afterncon and vast
quantities of dust were discharged. This period of acrivity (19i14) probably
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culminated in the outbreak of Saturday, July 18, beginning at 5*28~ in the morning.
Of this, the record kept by the Forest Service stares. “By far the most violent
eruption to date. Ash, steam, etc., arose to height of 11,000 fect pracrically entire
morning.”” This eruption is No. 24 of the Forest Service record (No. 30 of the
combined record hereto appended, p. 176).

Following this outbreak the mountain was quiet until August 10, when a
moderate quantity of ash was thrown gut in the late afternoon and early evening.
Under date of August 135, Forest Supervisor Allen reported to Mr. Diller of the
Geological Survey that a tape measurement of the explosion crater showed it to be
6oo feet by 209 feet. Other outbreaks followed during the summer, notably on
August 21, when the entire crater appeared to be active and the smoke cloud
reached a measured elevarion of 10,560 feet above the summit. Following is an
abstract from a letrer from Supervisor Rushing dated August 27, 1914, describing
the activity of this period:

The eruprions of last week were considerably heavier than any formerly seen, and the
erupcion of August 19 was plainly heard by parties entering the Manzanita Chute [distant
about 5 miles northwest of the mountain]. From the west end seven vibrations were felt
by Ranger Bramhall at Jessen and Stuart’s place in section 30, T. 31 N, R. E. [distant
5 miles northease; reference is to Forest Service map of Lassen Nacional Forest, 1913).
Rumblings and noises stmilar to rocks sliding have been heard by the lookout on Brokeoff
Mountain [4 miles southwest| during all recent eruprions. There is only one crater so far
as we can determine. . . . Rumors of new craters are caused by parties seeing the ashes
or dust being blown by whirlwinds from differenc parts of the Mountain . . .

From this time on eruptions were of greater duration and heavily ash-laden,
but apparently of more moderate violence. The total number of outbreaks re-
corded at the Forest Service observation stations during the year 1914 is 6g (from
all sources 110). Of these, the first 17 (up to July 13) were sharp and short, none
lasting more than an hour. The eighteenth eruption (July 13) lasted 4 hours, and
of the following outbreaks up to and including the forty-ninth (September 30,
1914) but two are described as short, the average length being 3 to 4 hours. From
the fiftieth outbreak (October 1) to the end of the year but one eruption (the
fifty-third October 7) exceeded an hour in length, (see p. 176, & seq.).

CHARACTER OF EXPLOSIONS OF 1914.

The discussions of volcanic activity at Lassen Peak by newspapers and random
observers have not served to set before us a very clear picture of the actual activity
there as compared with other volcanic eruptions of historic record. The number of
observers was actually small, by reason of the isolated location of the volcano, and
the proportion of these who had seen volcanic phenomena before was almost negli-
gible. It is, therefore, not surprising if the emphasis has occasionally been mis-
placed in the accounts which have come to us of the different phases of activity.
By way of illustration, it will be recalled that a rather serious discussion took place
in newspapers, in which one or two magazines of local circulation participated, as
to whether Lassen Peak should properly be described as a volcano or a geyser, the
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latter apparently being suggested by one of the earliest Forest Service dispatches
(p. 8), by the steam clouds, and by the seport of streams of hot water within the
crater basin. This point need never have been in doubt. Lassen Peak, both in the
visible record of past activity and in the characteristics of the present eruption, is
a true volcano.

The precise character of the explosions which occurred during 1914 can not be
determined from information available or the ground. No report of fumes of
sulphur or acid in the smoke cloud itself has come from any observer. During 1914
acid fumes in insignificant volume were twicé reported on the mountain, once by
the Forest Service and once by Mr. Diller of the Geological Survey, but neither of
these reports was connected with the more violent phases of activicy. Neicher have
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Fig. 8.—October 27, 1914. The explosion crater and its vertical rift. Photo Olsen.

any reports indicated the presence of incrustations or precipitated matter on the
rocks exposed by the explosions. There was steam at all times, both in the explosion
clouds and pouring from cracks and loose ejecta (fig. 8), both during and after the
explosions. Practically all reports from visitors to the mountain, as well as photo-
graphs taken at the summir, confirm this. It would almost seem as though the
explosions of the first summer were altogether of the steam-boiler type without the
participation of fresh lava or more than insignificant quantities of the more active
chemical ingredients common to the explosive volcanoes of the West Indies or the
Mediterranean.

The absence of any evidence of continued high temperature on the mountain
appears to confirm this conclusion, for all of the phenomena observed during the
summer of 1914 could have been produced by exploding steam without attaining
high temperatures locally. The further fact that most of the outbreaks were of

'
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low intensity and large volume also suggests the same interpretation. The single
recorded observation of red-hot objects (Forest Service, see below) thrown out of
the crater offers little to disturb this view. It is altogether possible, considering the
volume of dust and heavier ejecta removed from the crater by the successive ex-
plosions continuing through several months, that for a few moments red-hot rocks
should have become exposed and a few fragments ejected while still hot enough to
show red, but the evidence in support of such a hypothesis is meager.

This question, whether or not liquid lava appeared in the crater in 1914 or
red-hot rocks were thrown out, has been somewhart difficult to answer conclusively.
The newspapers reported such occurrences very early, and isolated observers re-
ported having seen such displays at night during the summer months. [t is hardly
possible to give full credence to such observations so long as they remain entirely
isolated and lack all precision of detail. With the mountain under constant ob-
servation from all directions in a time like this, a real display of glowing lava or
bombs would certainly find more than one observer when it occurred, and would
leave unmistakable traces after its conclusion. The reports of the character of these
displays are very incomplete, some reporting red-hot rocks and others brilliant white
flashes. No one with whom the writer has ralked has ever described a full flight
of any hot object (in 1914), including its fall and landing, although the mounrainside
was in plain view to many observers (cf. observations of 1913, pp. 18,19).

A glow in the heavens at night was reported on cne or two occasions from
Chester, but this observation also is subject to a certain amount of reservation in
view of the fact that the sunser during the summer monchs is behind the mountain.
From Chester illuminated clouds are ofren seen in the west in the evening hours
without any unusual significance being attached to them. Such a glow was nort
reported from cther places, nor was it reported from Chester during the darkest
hours of the night in 1914. The only authentic statement of reasonably positive
character bearing upon this subject during this year is found in the Forest Service

records.
SEPTEMBER 30, 1914,
Mr. R. B. HoLway,

Mr. Wade, the lookout on Turner Mountain [15 miles to the south], distinctly saw
luminous bodies which appeared to him to be red-hot stones thrown out. He counted
17 distinet luminous bodies. The same phenomenon was seen by several parties at Cheseer.
This is the first time thac any forest officer has seen indications of fire or molten macerial
although on at least two other occasions private parties asserted thac they saw whar ap-
peared to them to be fire. The crater has opened up on the west side of the mountain for
a considerable distance and considerable quantities of steam 1ssue from its enrire lengeh.

(Signed) W. J. Rusuine.

No other incident of the kind appears in the records of the Forest Service. In
reply to an inquiry from the Geulogical Survey upon this subject the following
positive statement was received:

DeceMBER 14, 1914.
Mr. J. S. DiLLER,

We have no record of anyone having visired the crater lately, so can not quote any

proof of heac excepe as given by our Turner Mountain lookout as described in my lecter
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of November 7. [Repeats information contained in letter addressed to Professor Holway
on September 30, quoted above.]

The eruption upon November 18 was seen bv me from near Reading, and I feel posi-
tive that there is 2 vent somewhere near the base of the mountain on the north side, al-
chough no vne has verified this by finding a crater there, The crater on the west side near
the top is much enlarged and che entire west slope of the mountain is discolored by volcanic
dust.

(Signed) W. J. Rusuine.

In endeavoring to reach a“proper conclusion regarding these occurrences, we
should not overlook the fact thiat all these eyewitnesses were viewing volcanic
phicnomena for the first time. This is not primarily to question the available
evidence, but rather to emphasize the need of bringing experience to bear on the
interpretation of this evidence, for which purpose the introduction of trustworthy
observations elsewhere may be profitably invoked. The observeis reported bright
objects in flight above the crater. It is a narural inference, but not a necessary
consequence, that these moving objects were blocks of hot lava. Such witnesses as
I had the good fortune to talk with afterward were uncertain about important
details which were necessary to esrablish this conclusion. They were not sure, for
example, whether the flying objects were red or white, nor did they observe that
they fell to the ground. The record of the eyewitnesses during the year 1914 is
confined to the observation of moving objects appearing to emerge with the explo-
sion cloud from the crater, but which wete not seen to leave the cloud or to fall.

In explanation of this may be placed a fact of common observation in all violent
volcano outbreaks, that dust-laden clouds shot out at high velocity frequently
develop electrical phenomena due to the friction of the dust particles in passing
swiftly through the air. These electrical flashes are widely variable in color and
behavior with the intensity of the explosion and the dust content, and at distances
of 20 miles may easily have suggested more tangible objects.

To this we may perhaps add that during the year 1914 no volcanic ejecta show-
ing evidence f recent heat were found, cither on the summit or flanks of the
mountain, despite 2 most diligent search. It is particularly noteworthy in this con-
nection that all the early photographs of the crater show the ejecta lying on the
surface of the snow, without sinking through it. There can be no question of red-hot
rocks in that period. Neicher were any fires started in the surrounding forest afrer
the snow had melted, though dry leaves are kindled by contact at temperatures
far below red heat. Such scanty evidence offers no very tangible ground for sup-
posing that any of the explosions of 1914, violent and long-continued as they were
during the summer months, reached down to a zone of red heat.

A still more positive and convincing proof of this is available which has not
been cited hitherto. Charley Yori, who frequently served as a local guide in the
Lassen Peak region, is thoroughly familiar with the seasonal appearance of the
mountain, both before and during its period of activity. His report that the
accumularion of snow on the summit was uncommonly heavy during the following
winter (1g14-15) is therefore entitled to full confidence and has been confirmed by
other visitors. This observation bears directly upon the question of high crater
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temperatures during 1914. If red-hot lava had been exposed on the summit during
the summer and autumn of that year, heavy snow accumulations upon it during the
following winter would have been impossible. Indeed, in the winter of 1915-16,
when moderately hot material did fill the ciater, no snow accumulated within the
area of activity. -

During the winter opportunities for observation are rare and usually poor.
The summit is surrounded by clouds and covered with snow. Except for explosions
of sufficient power to penetrate above local clouds and so be observed at considerable
distances, the reports of the winter of 1914135 must be regarded as incomplete.
There were no visitors to the summit before March, and there is no record of changes
in the observed conditions there.

Although the explosions continued to occur at intervals of a few days through
the autumn and winter of 1914, scattering ash and small fragments for miles to the
eastward under the prevailing wind, the intensity of the explosions gradually
diminished. In making comparisons of this kind, however. it should be borne in
mind that there is no proper measure of the intensity of such explosions. The
Forest Service, in defaulr of other standards, based its estimates on the height of the
dust cloud above the summit, but this is hardly a measure cven of the volume of the
blast, for the puffs vary, not only in intensity but in direction and in durarion, and,
furthermore, several new openings are believed to have participated in the winter
activity. Within a period of 4 or § months during the winter season, probably no
acrivity was observed from a point nearer than the Forest Service Station near
Mineral, 15 miles to the southward. The number of outbreaks, however, was
carefully recorded, in so far as they were visible in daylight.

CULMINATION OF EXPLOSIVE ACTIVITY, MAY 19-22, 1915.

In May the accumulated snows of winter begin to melt at this elevation. All
observers agree that the quantity of snow on the mountain in the winter 191413
was uncommonly large.! The drifts in the bays, high up on the flanks of the
mountain to the south and northeast, immediarely adjacent to the peak, were
probably not less than 50 feet deep. The crater conditions characteristic of the
first stage of activity (first year) were last observed by E. N. Hampton on March 23,
19135, when an ascent to the summit was made and several photographs of the
explosion crater were taken. From these photographs it appears that the new
explosion crater had grown almost to the full size of the old crater bowl. It is
described as nearly circular and about 1,000 feet in diameter.

Between this visit and the more violent activity of May following, certain other
physical changes at the summit were indicated to observers at a distance, though just
what these changes wereand how they occurred, whether by continuous slow uphcn\(ﬂf
or as the result of successive explosions, it is impossible to say. Mr. B. F. Loomis.

! Records at nearhy stations of the U. S, Wearher Bureau are as follows: Snowfall at Chester {elevation 4,330 feet) 1514°
12, 915 iM 1012=13, 155.2 in. 101304, 210.0 in: 1904-15, 183.2 in. Snowfall at Tnskip (clevation 4.975 feer) wgia=ie.
130.6 0.2 1912-13, 352.6 1.3 1913=04. 233.7 in.; 1914=13, 230.4 m. Climarological Daca for United States, Nurtheastern
Califormia, pp. 31, 335, L. 5. Weather Bureau, 1916,




e " Bital’ Bk A £

15

observing from Anderson, which lies to the west of the mountain, about 45
miles distant, was the first to detect a small biack mass pushing up into the cleft
in the rim on the western summit. Miss Alice Dines, postmistress at Manton (20
miles west), in a private letter June 8, 1916, writes of similar changes: . . .“the
dark formation began to rise above the level of the mountain about the 16th or
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Fig. 9.—May 22, i915. The great eruption seen
from the east. Photo Yori.

18th of May, black during a clear day.” This change appears not to have been
noticed elsewhere and no observer hazarded the winter ascent in pursuic of further
information. It would appear from these two bits of evidence, made by two inde-
pendent and most faithful observers of occurrences at Lassen Peak throughout the
eruptive period, that the crater had been partially filled from below before the grear
eruption of May 19 took place.t

1 See alse Appendix under May 19 “D", p. 192,
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FirsT Arrearance oF Growing Lava.

On May 19 an eruption occurred which for volume and intensity probahi,
overshadowed anything which had preceded, bur which was but imperfectly ol
served because it occurred during the night. Mr. Olsen, from the leeward side 1
the mountain (Chester), says: “Lassen seen this afternoon the first time fur ujy
days. Was in eruption all the time it was visible. After dark a steady glow of fighy
was seen shining on cloud of smoke for several hours.”

Miss Dines, from her viewpoint on the opposite (windward) side of the moun-
tain, enjoyed a more favorable view. She says “Mountain smoked ail day. Fire
lava seen on top at 9 p.m.”

The first report from the Forest Service came in a telegram at 10%j0-= ..
from ranger Seaborn at Jessen and Stewart's place to the northward of the moun-
tain: “First indication of eruption was tremendous flood of mud, etc., down it

1 Creek. Meadows covered.”

G. R. Milford telegraphed on May 20 to Mr. Diller of the Geological Survey,
Washington, as follows: *“Lassen Peak in violent eruption 9*30™ to 10*j0™ last
night. Fire observed coming from crater. Incandescent ejecta roll down the
mountainside. 1 observed the specracle from Volra, 10 milest from Lassen Peak.
Many in Sacramento Valley saw the same.”

This graphic telegram was later supplemented by a letter (November 17, 1916)
to Mr. Diller, which we are permitted to quote practically entire:

Ever since May of 1914, when Lassen Peak first showed indications of springing into
life, and taking its place among the more or less active volcanoes of the world, reports have
been circulated fromn time to time as to the observance of fire within and coming from the
crater. These reports when thoroughly investigated, lacked substantiation and corrohora-
tion, boch as to the hour the fire was visible and also as to irs duration and magnitude.
However, it was not until the night of May 19, 1913, that the observance of an eruption
accompanied by fire of sufficient magnicude and duration was so generally noted and cor-
roborated. On that dace the writer was at the Volta plant of the Northern California Power
Company Cons., tins plant being located about 21 miles due west of Lassen Peak.

About ¢*13™ p.m. word was senc in by telephone that Lassen Peak was in eruption
and fire could be scen coming from the crater. In company with Mr. and Mrs. Chas. R.
Milford, Miss Caclierin Milford, Mr. C. E. Johnson, Mr. and Mrs. F. A. Dooley, Mr. and
Mrs. Geo. Risley, the writer went to a point of vantage about 1co vards southeast of the
power house, where an unobstructed view of the peak could be had, and there found that
reports were true and cthat che mountain was in eruption and fire could be observed coming
from cthe cracer.

Our actention was first drawn to the deep-red glow which appeared over the crater and
was of sufficient intensity o illumine rhe entire outline of the mountain rop. There was no
moon, the heavens were clear, vec this glow was bright enough to be reflected in the dense
clouds of steam and smoke arising from the crater. From time to time the glow seemed
to change in brilliancy, now brighter, now dimmer—this variation due, no doub, to the
varying density of the clouds of steam and smoke issuing from che crater. )

As we conrinued to gaze at the wonderful spectacle, the glow commenced to increase
in balliancy, now brighter, now still brighcer, until, behold, the whole rim of the crater
facing us was marked by a bright-red fiery line which wavered for an instant and then, ;

1 Obviously an error; Volea 1s 21 miles wese of Lassen Peak. See Milford's lester following.
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in a deep-red sheet, broke over the lowest part of the lip and was lost o sighe for a moment,
only ro reappear again in the form of countless red globules of fire 2bout 500 feet below the
crater’s lip.  These globules, or balls of fire, were of varying size, the largest appeared at
thar distance (21 miles) about 3 feet in diameter, the smallest appeared as tiny red sparks.
Al maintained cheir brilliancy as they rolied down the mountainside until lost to sight be-

hind the intervening range of hills.
These phenomena took place at intervals of about 8 minutes for a period of some 2

hours, and to the writer it appeared as though he were looking at a titanic slag-pot being
slowly filled by molten slag in some smelter.  The glow over the rim gradually increased
in intensicy unul the pot's rim was bnlliantly marked by the appearance of slag itself.
Finally, the slag spills over the lip in a vivid red sheet and, as it runs down upon and into
the slag dump, it breaks through the crust of older slag and appears against the back-

ground as splashss of deep-red molten material.
As stated earliest in this article we watched this re-occurring boiling-over, as it were,

of the crater for a period of two hours, at the end of which the activity seemed to decrease.
Concluding that the display for that evening was nearly at an end, we returned to the
power house and made prepurations for a trip on the morrow to Manzanita Lake, which

lies almost at the foor of the mouncain.
Nexrt day proved a disappointment, as the sky was overcast and the peak was shrouded

in dense storm clouds. Nevercheless we started, and arrived at the lake abour 10 in the
morning. At brief intervals the clouds would break sufficiently to permit us to see the
peak, which was steaming and smoking in greac velumes, indicating that the activity had
immenselv increased. We alzo observed thac there was on cthe western slope a dark mass
of marter appearing almost black, This mass appeared about 1,000 feet across and ex-
tended down the slope for possibly a distande of 2,000 or 2,500 feer. From ouc location
this mass appeared like volcanic mud and must have been of a consistency greater than
ordinary mud, as che surface still maintained its roughed, furrowed appearance.

Of direct observation of this eruption there is little more than is contained in
this account, the mountain was shrouded in cloud and darkness, except from the
west (windward) side, where the glow of incandescent matter was seen by the Mil-
ford party and by Miss Dines. Mr. Milford’s record, considering the distance
away, is clear and positive. Sufficient incandescent matter was visible at the
summit to illuminate the summit outline and the smoke column above it at a dis-
tance of 21 miles, and some appearance of movement there was plainly visible.
The incandescent mass which he describes to resemble a slag-pot overflowing at
intervals of 8 or 10 minutes does not, upon close examination afterward, appear to
have been a flow. There is no evidence of recent Huidity in the ejected marterial;
it appears rather to be a shattered portion of the solid volcanic plug uplifted through
the western cleft in the crater rim along with the general upheaval of the crater
bottom. The bright spots which Milford describes as splashes of ““deep-red”
molten material were probably due to the breaking off of hot fragments revealing
fresh red-hot surfaces which flashed out and then gradually cooled, while the separ-
ated fragment rolled down the mountainside. The lava is andesite of such extreme
viscosity that no splash is possible at the deep-red temperature described. Neither
does the form of the ejected material show any evidence of recent fluidity. Sharp
edges are not rounded nor side walls sagged. The total surface of the triangular
mass which Mr. Milford saw was about 1,000 feet long from the crater rim to the
terminating point (fig. 10) and about jco feer wide at the rim.
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It also appears from Milford’s letter that he does not believe the rumors of
glow on the mountain and red-hot fragments thrown out before this date, that
is, during the year 1914, to be true. Supervisor Merrill, of the Forest Service, who
was stationed within view of the mountain throughout this period, told me that he
was of the same opinion. There were violent and long-continued explosions dis-
charging great quantities of ash which no doubt caused occasional electrical dis-
plays, but there is no tangible evidence of the appearance of incandescent matter
in the crater until the night of May 19, 1913, nearly a year after the beginning of
the outbreak.

Fig. 10.—July 20, 1915. The upheaval in the western notch. Photo Day.
Professor Ruliff S. Holway, of the University of California, appears to have

_been the first to visit the summit crater after (5 days after) this upheaval. Not

only this fact, but his comment gains especial interest and weight from the fact
that he is one of the very few experienced geologists who have studied this erup-
tion on the ground. He says:

There were also many reports that the volcano had ejected red-hot boulders and molten
lava. The wnter examined the rocks in several of the localities credited wich having
received such deposits, but so far has found none differing from che characreristic rocks
of the old crater. Nor were there found any rocks, eld or fresh, bearing evidence of recent
fusion. It seems very probable that molten lava has been near the surface, and it is quite
possible that small quantities have been ejected. There are many reports from trustworthy
people that “fames™ have been seen. The writer, wich a good field glass, watched unail
after dark the diminishing puffs of steam and dusc of che eruption of June 16. Shortly
after sunset he saw apparently most perfect flames shoor up from the crater’s nm.
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Plate 2—Views of the mud flow, May 19, 1915, in Lost Creck and Hat Creck Valleys. Photo Seuborn.
l. June 4, 1915, West Fork of Hat Creck.
2. May 27, 1915, Lost Camp. The buildings steod in the foreground prior to the mud flow.
3. June 4, 1915, Jessen Meadow from the lower end.
4. Junc 4, 1915, Jessen Meadow from the northeast corner where the mud flow crossed Lost Creek Divide.
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1lowever, as the sun sank lower those apparent flames became entirely dark, except for the
highest part of the column. A minute or two later the entire jet became wholly dark.
There remain, however, reports of luminous objects and glows! seen 3 or more hours after
sunset, for which the writer can not account.

FIRST HORIZONTAL BLAST AND MUD FLOW, MAY 19, 1915.

Some important features of this eruption, which Mr. Milford describes so
graphically, were concealed by darkness and remained unsuspected until some -
time afterward. No one knew, for example, that there was also a horizontal blast
which swept down the opposite (east) side of the mountain with sufficient power
to carry everything before it. Not only were the snow and the forest trees swept
away, but even the surface of the ground was swept clean. The primary resules of
this blast escaped observation for the md®ment, but the great avalanche of mud and
water, boulders, and forest débris which resulted from it poured down the moun-
tainside along the valley of Lost Creek, in part over the divide into Hat Creek, and
thence around a sharp hend to the northward in an overwheiming flood which was
reported by Ranger Seaborn (p. 16), 7 or 8 miles below. These parallel valleys,
Hat Creek and Lost Creek, contained fertile meadows which were usually occupied
by herdsmen later in the season. On the morning of May 20 these meadows were
found covered to the depth of 5 or 6 feet with débris of this destructive flood, which
the newspapers forthwith described as a flow from the crater itself. This erroneous
conclusion was corrected by Professod Holway a week later, and by Loomis, who
visited it 2 days after its occurrence. His résumé in the dnderson Valley News of
March 17, 1922, is as follows:

It was on May 20, 1913, thac the first great eruption of Lassen Peak occurred. An
immense amount of hot water, steam, and hot rocks were chrown vut on the east side.
There were deep snowdrifts on the east side, and this mass of hot stuff melted the snow
and the whole mass ran down the mountainside, taking evervthing Lefore it. There was
a heavy growth of timber there before the flood, but chis was all swepe away. A great
part of this mud and water ran down Lost Creek while the other part crossed over the
divide and went into Hat Creek.

Four ranches were washed away by the flood. Nelson Stewart's place on Hac Creek,
Adams's place on Lost Creek, and Lost Camp, and vet farther down the Perkiss place.
The flood not only washed the land away, but lefc the places covered with logs and rocks
everywhere. The Perkiss place was formerly a flat meadow, but now there are a hundred
rocks or more from 5 to 1o feet in diameter where formerly there were no rocks ac all.

[Plate 2.

1 For exampie: “ Nebson Olsen of Chester, who kepe a nucebook of hapy s on the ain, said he had moved his
bed 50 as to see rhe tmouncain consranely from his window at might, bur had only once (2h10® a.m, May 135, 1913) seen
evidence af ire. He described the phenomenaon as a senes of Hashes conung from the erater and shooung upward hke Roman-
candle bails. Several in number. Short flighes. Lasted $ minutes. In reply to a question whether cthey appearcd white or
red, he said white, and added th:u he thoughe at the time that they mighe be electric Hashes. as they expired higa in the air
without recurming to the ground.”  (Day, Ficld notes of May 13, 1916.)

*Charlev Yon, the Lassen Peak guide, also uf Chesrer, said he had heard from Olsen of the above observation znd later,
i the month of October, 19135, had seen fashes himsell.  Asked uhat they looked like, he said * Lightmng"" (Day, Field
notes of May 13, 1916.)

“Miss Kellv, schooliniseress at Chester. said thae she. in company with the dniver of the Chester-Red Bluff stage (who was
present and confirmed rhe observanon) had scen unmustakable bright-red Aashes on the mche of October 29 or 30, which went
out suddenly and were noc scen to descend, | sugpested chat red-hor rocks would have 1o be very large eo be seen at a distance
ol 25 miles and that if very large, could hardly* go out suddenly’. She chougiic they mught be eleetrical Hashes.” (Day, Field
Nutes of June 1, 1915.)
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Wid Hall lived ar Old Station on Hat Creek, 20 miles from Lassen, . | | Hally
folks . . . left the door open on leaving and the mud filled the house up to the winduw.

sills.  This loaded the house down and kept 1t from floating away.

Professor R. S. Holway, writing in the Sunset Magazine for Auguse 1913
describes the occurrences in a similar way after a study of the situation on (1,
ground. He says:

In this gorge the winds drife the winrer’s snows, making a huge snow field which 134,
through the summer. During the period in which Lassen has been erupting ashes the win,
has drifted chem also inco this same gorge, making the conditions ideal for a fluod of muyd
and water, ;

Naturally this hot volcanic dust has melted the snow and caused mud Rows. T
writer has followed actually flowing mud on the side of the cone to the edge of the crater
and found at che head of the flow dry dust wherever the rim was bare rock, and muistencil
dust where it rested on snow, thus disproving the current reports that mud Rows really
issued from within the crater itself. On the crater rim no mud seemed o have been
ejected from the crater. The most reasonable theory for the big flood down the two erecks,
the swiftness and power of which can scarcely be exaggerated, seems to be the following,
viz., that on the accumulaced mass of snow and volcanic dust in Lost Creek gorge there full
a mass of steam and dust from the eruption of May 20, a mixture which probably came in a
blast directed downward by a sudden explosion.

Ortcin oF THE Mup Frow.

A second diificulty in establishing the mud flow as a direct outflow from the
crater occurs when the attempe is made o follow the mud stream to its source.
Instead of fixing by this means a connection between the mud flow and the crater,
all trace of the mud flow is lost on the mountainside 1,500 feet or more below the
crater rim (fig. 11). Although no eyewitness of its actual formation and progress
has been found, a most careful search fails to reveal any tangible connection on the
surface of the ground between the mud flow, now hard-baked and standing in its
tracks, as it were, and the explosion crater. It has proved quite impossible to find
support for the view that th®-crater sent forth this or any other mud flow, as such,
during the eruption of May 19. \W. H. Spaulding, who visited the summit on
May 30, says: “The first reports were that the mountain had belched mud which
had flooded Hat Creek Valley to the north and Lost Creek and Manzanita Lake
to the south and west of the mountain. Qur examinations showed no mud fiow
out of the mountain.” Neither has the more or less obvious suggestion that the
mud may have issued through a secondary opening near the foot of the mountain
found any supporting evidence on the ground.

To an observer of this scene 4 weeks after the explosion occurred, when prace
tically nothing was changed and yer the storm had cleared away, so that all parts
of the field were accessible, the true course of events appeared obvious, even with-
out the evidence of an eyewitness. Lost Creek has its source in a mass of snow and
ice (Ag. 11, left) which fills a great shallow bay on the outer (eastern) flank, reach-
ing nearly to the summit of the mouncain. Wichin this bay the snow accumulates
to such depth in the winter season that all of the summer heat is normally inade
quate to melt it away. (Compare snow deposit of 1916, Plate 5.) This year i
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particular we know that the volume of snow was very great, and even at the time
of these observations (July 1) a small body of ice remained on the upper slope, sud-
plying the head-warers of Lost Creek. The great mass of snow which had filled
this basin in May had, therefore, disappeared completely in one night, and in place
of it we had the flood or mud flow. There is no other outlet for such a quantity
of water on the one hand, and no evidence of any other source of the water neces-
sary to the flow except the melted snow and the hot, ash-laden rain condensing
from the steam explosions. Condensed volcanic steam, falling as hor rain charged
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Fig. 11.—=]July 14, 1915, The northeast flank of the mountain where the horizontal blasts
and the flood originated. Upper left, snow left aiter passing of horizontal
blast. Upper center (dark), eastern end of the upheaved lid, fumaroles indicat-
ing continuation of fault. Lower right, beginning of mud flow. Photo Day.
with ash, bathed the summit and melted the adjacent snow, forming rivers of
mud, not only in the vaileys of Hat Creek and Lost Creek but upon the west, north-
west, and north slopes also. One of these, accumulating in the Manzanita Lake
drainage basin (northwest), covered many acres and reached the proportions of
a considerable flood, though it caused no serious damage to the large forest trees
in its track and so remained pracrically unnoticed.

It was, however, not the mud fow but a volcanic blast of terrific power (nuée
ardente) and moderately high temperature, heavily charged with dust and rock
fragments, delivered atr a low angle in an east-northeast direction down Lost
Creek Valley, which cleared the valley of its immuense trees and indeed of every
maveable object for more than 4 miles. When accompanied by ash and con-
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densed steam from the cloud and directed upon the accumulated snow a torrent of
fresh mud was an inevitable but secondary consequence.

There appears to be no need to base this deduction upon grounds of probabil-
ity, for many direct observations of the effects of the horizontal blast are available,
Before May 19 the valley of Lost Creek is reported by the Forest Service to have
contained 5,000,000 feet of standing timber (original forest), much of which reached
the diameter of 3 to 5 feet. After that date rhe bortom of the valley was swepe
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Timber and boulders swept down Lost Creek by the mud flow of May 19, 1915.

Fig. 12—June 4, 915, Logs piled on the divide between Lost Creek and Hat Creek.
Photo Seaborn.

Fig. 13.—]July 18, 1913. Boulders and tree trunks, Lost Creek Valley. Photo Day.
Fig. 14.—June 4, 1915. Boulder from Lassen Peak carried for 4 miles by the mud flow of
May 19, 1915. Photo Seaborn.

Fig. 15.—June 4, 1915, Log jam below Jessen Meadow. Photo Seabarn.

like a floor, and was left without stumps or roots to indicate its previous forest
cover. It was hard to find even a pebble in thar area greater than a few inches
in diameter. In the lower reaches of the valley this floor still carries its covering
of baked mud fiow, sometimes 2 or 3, sometimes 3 or 6 feet deep, and it is only when
one arrives at the far end of the devastated region that the disposition of the boul-
ders from the summit and the timber which once covered the valley begins w'lw
evident. Here are giant trees broken and twisted into fantastic groups, with
here and there a boulder weighing up to 15 tons or more (figs. 12, 13, t4, 13) As
stated above, this cleaning-out of the timber cover of the valley was not accom-




23

plished in the first instance by the mud flow, because the valley walls are clean
far above any point reached by the mud. [t requires hardly more than a glance,
however, to show what the agent must have been, for higher up on the inclosing
sides of the valley, a little at the side of the main axis of the blast, we find the forest
trees down burt not removed, and in particular we find them lying in parallel rows
for nearly 2 miles, with their tops pointing uniformly away from the crater. It
is quite possible to-day to ride a horse through these avenues of parallel trunks
lying prostrate in faultless alignment, upon which a force must have been expended
which did not distinguish between saplings of a few inches and the oldest giants
of the forest. o
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Fig. 16.—July 14, 1915. View across Lost Creek Valley S to N showing the timber lying
away from the blast and across the hillside. In the foreground the center
of the path of the blast now swept clean. Photo Day.
One must not fail to note also that these parallel rows of trunks, as they line
the inclosing walls of the valley, are not in the position of rest to which a tree trunk
falling on a steep hillside would normally attain. namely, pointing down the slope.
On the contrary, without exceprtion, they lie along the contour lines in the position
least stable of all (fig. 16). Even the force of gravity aiding the fail of the trees was
quite powerless to dictate their position in competition with the force of the blast
which laid them low. A
Another interesting observation may be made in this outer zone at the side of
the blast. Most of the trees which line these corridors were uprooted, but some
were broken off a few feer above the ground instead. The standing stumps of such
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bear unmistakable, direct evidence of the bombardment which they received,
Without exceprion, their bark is gone on the side toward the mountain, while fully
retained on the protected side. Similarly, the exposed wood on the side towsard the
mountain is completely peppered with fine sand, oftentimes driven in for a
considerable fraction of an inch. Indeed, as one nears the source of the outburst
the intensity of this bombardment was that of a fierce sand-blast which rounded off
the stumps themselves (fig. 17). The power of this blast was sufficient to carry
away all the trees and the vegesation in Lost Creek Valley and those covering
the divide berween Lost Creek and Hat Creek ro the eastward. It also con-
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Fig. |7.—June 28, 1915. The path of the blast showing the sand-blasted trunks on the
south border. Photo Day.

tinued on across the Jason Meadows and laid low most of the trees for perhaps
half a mile on the far side of the divide. The total length of the devastated areaina
straight line from the point of outbreak on the mountain eastward to its greatest
extent is more than 4 miles. The area is in general fan-shaped (fig. 29) following
the contour of Lost Creek Valley and widening out below to an extreme width of
perhaps a mile and a quarter. On the boundaries adjacent to this area the trees
are down, bur were not carried away, and all the transition stages, dowr to com-
paratively insignificant damage, may be observed. Branches broken by falling rocks
are found in all directions for 2 miles or more about the devastared area.
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May 22 1915,

lassen Peak and Lost Creek Valley after the first and before the second horizontal blast
Nate the group of standing trees (right) which are down in subsequent views (Plaic 4).
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SECOND HORIZONTAL BLAST, MAY 22, 101.

There is trustworthy evidence that not all of the damage observed in the
valleys of Hat Creek and Lost Creek was done by a single blast. There appear to
have been two of these, the one just described, occurring on the night of May 19,
and one accompanying the culminating eruption on the afternoon of May 22. The
evidence of this is contained in a photograph of the mountain from Hat Creek
Valley made by B. F. Loomis in the early afternoon of May 23, just before the
greatest eruption occurred. In this photograph the effects of the first explosion
and of the resulting flood are plainly shown, but a group of forest trees on the north
side of Lost Creek Valley (on the right, Plate 3) is still standing in this picture, while

Fig. 18.—May 24, 1915. Minor mud flows on the north and west flanks of the mountain
due to falling ash and condensed steam melting the snow. Photo Loomis.

in subsequent views they are down (Plate 4). No other essential change has
been noted berween this and the later views. There was a second flood accom-
panying the eruption of May 22, but the snow had been carried out by the earlier
blast, so that the warter causing the second flood must have been furnished almost
entirely by the condensing steam from the explosions themselves. Further evidence
of this is found in the fact that three other mud flows of secondary magnitude
accompanied the eruption, on the west, northwest, and north sides ot the mountain
respectively, as shown in another photograph by Loomis, taken on May 24 (fig. 18).
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Of these minor mud streams of May 22, which were witnessed by Loomis, e+,
- - = ]
{private letter April 20, 1922):

I have a phorograph taken in the morning of May 22 which shows whire snow 14, 11
summit and only one black streak on the west side, where 2 small mud fow probal, i
down in the cruption of May t9. In fact, the snow was white to the summit when ¢
eruption of May 22 began, and directly afterward we saw the streams stare down ¢
of the Peak . . . These mud streams did not start before the grear eruption, ner aivs ;.
ward, bur while the greac eruption wason . . . It is unthinkable thar warer, either vasld
or hot, would flow over the crater rim in gentle ripples, while hot racks and mud bomb,
were being hurled into the air a mile. But [ know that hot water fell in the form of 4 ain
which searted the mud flow, because nothing else could have done it.

l\ W g
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Of the second grear blast and accompanying mud flow down the east slope 1of
the mountain following Lost Creek Valley, Loomis says (Anderson 'alley Newo,
Anderson, California, March 17, 1922):

On this second big eruprion (May 22) a second flood went down Lost Creek, but neot
large as the first one.  Very little snow was left 1o be meltedl, so that the water from 1he
crater (rain) was che greater part of the column of water that went down.  Anocher fiight.
ful thing happened there re add ro the damage caused by the flood. Hor steam flew out
through that slic in che east side of Lassen, which blew down across the heads of Lost and
Hat Creeks and blew down every tree for a space of a mile wide, and on the ourer vdpe of
this area the trees were burned to a crisp wich the hot steam.

PERIOD OF SUBSIDENCE.

Following the great eruption of May 22, the volcano entered upon a perind
gradual subsidence, interrupted at intervals by sporadic activity, but none ol «
magnitude comparable with the great eruption or even of the heavier eruptions of
the previous year.

During June eight eruptions were recorded, all of short duration; during July,
six, the last of which was fairly heavy and accompaniec by rumblings which were
heard several miles away. In September and October nineteen were recorded, two of
which are reported to have been accompanied by bright flashes as though bombs
were being shot high in the air, bur which were probably electrical effects (page
19). During November and December there was but one eruption of consequence
{November 13), and in the winter following no signs of activity were noted.

In view of the fact that the first outbreak vccurred late in the month of May.
during the period of most rapid melting of the accumulated snow of winter, and the
maximum intensicy of action was reached in the siwne month of the following year
(1915) under like conditions, it was deemed of importance to make a trip o rlfc
mountain in May of 1916 in order to ascertain whether the snow conditions of this
season could be definitely associated with the intensity of volcanic activity. Aee
cordingly, the month of May and parz of June following was spent on-or near the
mountain. :

It may be said at once that so far as this primary purpose is concerned, nothing
conclusive could be ascertained, for the reason that the major portion of the t:-\:l“’-‘“ll
plug on the summit remained warm enough to prevent any accumulation of snow
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July 22, 1915. Lassen Peak from the northeast showing the devastated area alter the blast of May 22, 1915. Photo Day.

Note the absence of the trees on the right which are standing in Plate 3.
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on it during the winter of 1915-16. ‘At the time of our visit on May 22, the anni-
versary of the great eruption, there was no snow to be seen in che crarer, except on
the surrounding rim, and in consequence there was no surface water to be disposed of.
Whether itisa consequence of this or not, there was also no activity observable during
the period of our visit, save only a few fumaroles, notably on the northeast slope
below the lid at the point of origin of the two great horizontal blasts of 1915.

Fig. 19.—July 26, 1915. The bottom of the summit crater after the great eruption of May 22, 1915.
Photo Loomis.

Fig. 20.—July 15, 1915, Rift extending radially down the north flank of Lassen Peak after the

great eruption of May 22, Photo Day.
During the remainder of the year (1916) only two eruptions of noteworthy
magnitude appear to have been noticed (October 16 and 24). The vear 1917 began
with a serious show of activity on January 17, and in the month of May some
powerful eruptions of several hours’ duration were noted. The smoke cloud rose to
a height of 12,000 feet on May 18 during an eruption of 6 hours’ duration, and on
May 19 and 20 activity was nearly continuous. It is of considerable interest to note .
that this brief resumption of sustained activity not only falls at the same period of

ég\_ﬁcu SU?"
MENLO PANK “c
JUN2 51958

Licaskl

' 13255




E
#
l
4
5
4
3

@

28

,

the year as the initial outbreak in 1914 and the period of maximum activity in
1913, but also that considerable quantities of snow, accumulated during the
previous winter, were agitin available (Plate 5). Eruprions followed this resumption
of viclent activity almost daily until the middie of June, when the extinction
became practically complete. Smoke clouds were reported sporadically thereafter
by the newspapers and by various observers, but it is not likely thar any of these
represented true eruptions. Indeed, many of them were nothing more than
movements of dust under the action of the wind.

During this period of activity of May and June (1917), however, some explo-
sions occurred of such violence as to displace large masses of marerial at the top of
the mountain, and materially to change the appearance of the crater. So far as
known, this is also the only period following the great eruption of 1915 when such
displacements occurred.

Fig. 21.—July 7, 1922, Summit of Lassen Peak. Shal-
low 1917 crater. Fhoto Day.

At the close of the activity of 1915 there were two major centers of eruption—
oné within the old crater ar the northeast corner of the crater bowl {(fig. 19), de-
veloped by the activity of 1914 and 1913, the other outside the cone on the north,
where a radial crack (fg. 20) several hundred feet in length opened some time dur-
ing the period of maximum activity (May 19-22, 1913), from which most of the
subsequent eruptions took theirorigin. In 1915 this crack was no more than a few
feer wide, but during the activity of 1917 it increased in magnitude to a crater about
500 feer in dizineter and possibly 300 feet deep, separated now by only a. thin wall,
probably less than 30 feet thick at any point, from the older inside crater above
referred to. Indeed at the top 40 to 50 feet of this wall has been blown away so
that the two craters are now nearly merged.

There is also a third center of activity which developed in 1917 within the
periphery of the old crater rim, immediately to the west of the inside ¢rater above
referred to, and possibly 200 feer distant from it. This crater is both larger and
shallower than the others, but around "the margin of it are to be found the only
fumaroles which persist at the top of the mounzain. These are not seriously active
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and the highest temperature noted among them during our visit of this year (July

g22) was 79°. This third crater is probably not more than 75 feet in depth below
the general level of the upheaved plug, and lies immediately te the east of that
porrion of the western rim which is still standing (fig. 21).  Threugh the ceurtesy
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! Fig. 22.—Lassen Peak from the air (northwest) showing all three summit
craters.

Beginning at the arrow left:

(1) The outside rift (Fig 20) after its enlargement in 1917, This crater
was the center of most of the activity subsequent to the
great eruption of May 1915.

{2} The main crater in 1914 and 1915 (Fig. 19) Ongm of the catastro-
phic eruptions of May 19 and 22, 1915.

(3) A shallow summit crater (Fig. 21) developcd in 1917. Photograph by
U. S. Army Air Service. From National Ceographic Maga-
zine, Copyright 1924,

of the Army Air Service and the National Geographic Society it is possible to show
the relation of the three summit craters of Lassen Peak which have survived from
the eruptions of 1917. The photograph (fig. 22} is taken from the air above and
to the northwest of the summit,
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So far as may be ascertained from the present appearance of the summi, this

entire period of activity is now closed. There are no signs to indicate its carly

SUMMARY OF FIELD OBSERVATIONS.

Garchering together for purposes of discussion the various threads of evidence

that have been followed thus far in their chrondlogical sequence, we may divide the

present activity into three periods: (1) the activity of 1914 and the early months

of 1913, during which the culmination was approaching; (2) the devastating erup-

tions of May 19 and 22, 1913, including the upheaval of the crater floor which was
the only lava movement recorded; (3) the slow subsidence from May 1915 through

the year 1917.
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Figs. 23, 24.— June, 1914. Explosions encountered on the summit by Robertson's
party. Photo Robertson.

Considering these periods in this order, the first comprehends the long series
of explosive eruptions thar occurred at intervals of 2 or 3 days for almost a full
year, the intensity increasing rapidly from the beginning in May to the late autumn
and then diminishing during the winter season preceding the violent outbreak of
the following May (i915). At the time of the first outbreak the crater bowl was
filled with snow to a depth varying from 135 to 4o feet, and the rapid melting under
the hot May sun was at its height. The initial eruption was explosive in character,
sending up a cloud of “smoke” to a height of several hundred feet and scattering
small fragments and miscellaneous débris from the bottom of the old crater to 2
distance of 200 feet or more in all directions. The succeeding explosions were
characrerized by violent outbursts of stéam, some white and some black with their
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load of ash (figs. 23, 24), ascending to different heights from a few hundred to
11,000 feet above the summit and continuing from 1 to 4 hours. Stones from 2
few inches to 2 feet in diameter were scattered in all directions, reaching an extreme
distance of 4 miles on the leeward (east) side of the mountain. The fine ash floated
eastward under the prevailing wind for a much greater distance. The ejected rock
fragments were cold and remained on the top of the snow without melting their way
in. During this period the dust exerted no melting action upon the snow which it
covered. After the first eruption the forest rangers noticed rwo cracks extending
in general direction east and west from the explosive opening, and out of these
cracks clouds of steam were exhaled.« The snow adjacent to the cracks and to the
explosion opening was melting and considerable quantities of water flowed into
the cracks and so into the bottom of the explosion crater, where it disappeared in
the talus without forming a pool.

Other eruprions, following the first at intervals varying from a few hours to 2
or 3 days, showed increasing intensity and duration, the explosion crater becoming
rapidly enlarged as the explosions succeeded one another. The general direction
of growth of the explosion crater was east and west, apparently following the initial
cracks, which also correspond in general direction to the rift in the cone and to the
faulring in the Lassen Peak region, since studied by Diller.

The period from July 13 ro October 1 included all of the more powerful explo-
sions of 1914, and the average duration of the activity was 3 to 4 hours. From
October 1 to May of the following year explosions were less frequent and of only
moderate violence. It is altogetheér likely that many of the explosions of this
period escaped observarion by reason of the short days and the winter clouds and
SNOW.

Little information gathered in this period of activity appears to bear very
directly upon its possible cause. That the explosions were steam explosions, in
which neither chemical reactions nor extreme temperatures played any visible parr,
appears to be established. Evidence of hear on the summitandin the ejectaisalmaost
entirely wanting. The explosions were for the most part of comparatively large vol-
ume and low intensity when compared with typical eruptions of Vesuvius, for
example. This conclusion is equally crue, whether it be based on the height of the
explosion cloud or on the size and character of the ejecta. The explosion cloud was
heavily dust-laden always, but it rarely rose to great heights, nor was it, in this
period, ever observed to be hot or strongly acid either by persons coming in conrtact
with it or from its effects on vegetation.

Similarly, the ejecta thrown out during this vear were composed entirely of
small rock fragments and lapilli. No heavy boulders were thrown beyond the
crater rim, no bombs or fragments showing signs of recent fusion, and no fragments
hot enough to meit the snow so long as there was snow where they fell. Later in
the season when the forest carpet in the vicinity consisted of dry leaves of highly
inflammable character no fires were set by ejected marterial.

This evidence, when brought together, plainly indicates that during the first
year of activity (1914 and the winter of 1913) there were no evidences of chemical




S T L AR s W]

4l

Al Ll AN AL Al

LT o F AR

i 3y gt 2

32

action, of high temperature, or of the development of great volcanic power.  Neither
was there during rhis period any dislodgment of any portion of the mountain stryc.
ture beyond the original east-and-west rift, or of heavy boulders.

It is pertinent, and perhaps significant, to note that a considerable body of
snow within the crater basin melted and disappeared in cracks leading down to the
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Fig. 25.—Explosions in quick succession in summer of 1914. Photo Mullen.

center of activity during the early weeks of the eruptions. The water thus assimi-
lated certainly participated in the steam explosions, but whether or not as a con-
tributory cause will perhaps better be left to a later chaprer for discussion. Diller,
who has also commented! upon this fact, has discarded it as an essential factor in the
activity, because the explosions continued (fig. 23), with generally increasing

1 Unpublished communicanon,
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violence throughout the summer months long after the snow had disappeared.
This fact, however, may indicate merely that the explosions were not so simple
a matter as pouring a mass of water 'nto a hot cavern and witnessing the immediate
explosion of it as steam. Indeed, if the operation of the volcano had been as
simple as this we should not have had separate explosions at intervals of several
days during the period of melting snow, but a more or less continuous discharge of
steam (during the daytime at least) unril all rhe snow was melted, followed by a
cessation of acrivity unril the following spring. The fact that no such simple
mechanism was discovered in no wise disposes of the parricipation of warter in the
activity at Lassen Pesk. Grear quanrities of water acrually Howed into the
explosion crater and its tributary cracks, as observed by the forest rangers and
many others, and great quantiries reappeared in the explosions. There is no
evidence thar the activity was damped thereby; on the contrary it increased
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Fig. 26.—August 10, 1915. Summit, looking west along the south-
ern edge of the pheaved plug. Photo Diller.

rapidly during this period, both in intensity and duration. The participation of
the water in this activity therefore constitutes one of the chief problems offered by
Lassen Peak during chis eruption. It requires laboratory srudy for its elucidarion,
however, and will therefore be discussed more in detail on a later page.

SECOND PERIOD OF ACTIVITY, MAY, 1913,

As has been indicated in the preceding description, the first sign of the change
in the character of the activity at the close of the first period was indicated by the
observarions of Loomis and Miss Dines a day or two previous to the great eruption
of May 19 and 22. These observers noted (p. 15) the appearance of a black mass
thrust up into the western notch on the summit, which suggested to them,-and may
well have been, an upheaval of the whole bottom of the old crater bowl (fig. 26),
completely filling the explosion crarer, which had grown during the previous year
to occupy nearly the whole of this bowl. . The last estimare of the size of the explo-
sion crater reported it to be nearly round and about 1,000 feet in diameter (March
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1915). Its depth was never measured, nor did any observer from June 1914 to
March 19135 take note of any exposure of the solid bottom, other than the point of
meeting of the talus from the surrounding walls. In other words, the explosion
crater during the first period was always approximately an inverted cone, ar first
narrow and afterward broadening out as the explosions continued and removed the
loose material out to the inclosing rim of the bowl. These explosions of the firse
period, then, apparently failed ro reach solid rock, still less molten magma. The
observations of Loomis and Miss Dines therefore offer the first clue to the appear-
ance in action of the greater forces through which the volcano plug was lifted ar
least j00 feet, and perhaps much more than this,! and which found release after-
ward in the two mighty explosionstof May 19 and 22, 1915.

These explosions were of very considerable intensity. The first (May 19)
came in the night and so brought to view the only incandescent lava cerrainly
observed on the mountain during its activity. By virtue of this observation we
have a clue to the crater temperature while the activity was at its maximum. The
second of the grear explosions occurred during daylight and so enabled the Forest
Service observers to estimate by triangulation the height of the dust cloud accom-
panying the blast (25,000 feet above the summit). Associated with each of rhese
great explosions was one or more horizontal blasts of tremenclous destructive power,
suggesting the nuées ardentes of Lacroix at Martinique. These outbursts were
heavily charged, both with dust and heavier detritus and wirh water vapor, which
together were sufficient to melt completely the snow in their pathway and so to
cause destructive flcods which submerged the valleys of Lost Creek and Hat Creck
to a depth of from 2 to 10 feet for some 20 miles. It will also be recalled that these
blasts carried away or laid down in a single direction, peinting away from the
mountain, standing timber up to 3 feet in diameter, far above any level reached by
the flood; that they were hot enough ro singe but not to fire the foliage of the
evergreens, and thar the flood material when allowed to settle yielded something like
9o per cent of solid matter (including pore-space). We shall consider these facts
in some detail in the subsequent discussion. -

Following this culminating outbreak a normal subsidence period ensued,
covering altogether a period of about 2 years, in which the activity only once (May
1917) attained to any considerable intensity. The only nroteworthy feature of this
period for purposes of a discussion of causes is the date of the renewal of the violent
explosions (May 18. 1917), which corresponds very closely to the date of the first
outbreak (May 30, 1914) and to the height of the activity (May 22, 1915).

In type the present outbreak was a mild and but incipiently developed counter-
part of the eruption of Mont Pelée (Martinique) in 1902. A great number of ex-
plosions occurred, causing violent displacements of old material within the crater
and an eventual upheaval (May 1913) of the entire crater floor, but these disturb-
ances did not lead to a lava flow, nor were they sufficient, as in the case of Bandai-

1300 fect represents merely the diffcrence i level hetween the bottom of the old crater bowl (before 1914) and the
elevarion of the top of the plug after the uplieaval (May 1915).  The depth of the débas overhying che solid plug befure the
upheaval is of course unknown. The amoune of this dcbrs scattered over the countryside dunny che hundred and more
eaplosions of the first year, before che upheaval, would indicare that it was considerable.
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san, to destroy or blow off the top of the mountain. There is also this further
difference, that the violence of the explosions of Bandai-san was sufficient to relieve
the pressure within the mountain in rather less than an hour, and the eruption had
practically spent itself within that time. The explosions at Lassen Peak continued
intermittently through nearly 5 years, no one of them being sufficiently violent to
alter radically the shape of the mountaia or to remove any considerable volume of
matter from the crater basin (like the grear Katmai eruption of 1912 for example,
when about a cubic mile of the mountain top and crater basin was blown away).
In point of violence, therefore, compared with the grear explosions of history,
Lassen Peak showed only moderate actlvity at any time, although during the
second year there were two explosions (May 19 and 22) of sufficient violence to
have overwhelmed a small city (like St. Pierre, Martinique) in case it had happened
to be located in Lost Creek Valley. Accompanying the May eruption in 1915
there was an upheaval of the crater floor which penetrared through the rim, both
east and west, for a total length of about 2,000 feer, and rising at its highest point
some 300 feet above the original floor-level, but only random fragments, and these
practically all at the eastern notch, were projected bevond the mounrtain top. A
few of these boulders weighed several tons.
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CHEMICAL AND PHYSICAL RELATIONS (Laboratory Study).
CHEMICAL COMPOSITION.

Perhaps no North American volcano has been so extensively studied chenically
as Lassen Peak. Derailed field intestigations, of somewhat limited scope, to he
sure, have also been carried to a stage of admirable completeness. Unfortunately,
however, little has been done in the detailed description of the volcanic products,
and, although the materials are available and awair use, an adequare petrological
interpretation of the field has yet to appear. Several andesites and dacites and a
number of pyroclastic products have been described,® and Diller has made 1
detailed study of the quartz basalt of Cinder Cone,* while Hague and lddings
provide some generalized descriptions of the lavas.t Desirable detail on the order of
succession and the 1nineralogical and textural variety of the rock types, however, is
lacking. Of the mineral phases produced we know practically nothing, the only
mineral analysis being that of a plagioclase which contains glassy inclusions.

We possess now some 33 analyses of rocks from the Lassen field, of which 7 are
tuffs and 5 are “secretions” in laya flows. The remainder consists of 6 rhyolites,
8 dacites, 14 andesites, 8 quartz basalts, and 5 basalts from the regional suite,
together with 1 hornblende basalt, mentioned above, and 1 pumice, which are so
exceptional in character and occurrence that in all probability they do not belong
to the Lassen magmatic series at all. Nearly all of the analyses are of excellent
quality, and most of them have been published by the United States Geological
Survey. They enable certain conclusions to be drawn.

It the analyses of the lavas be arranged and examined critically they are found
to represent five well-defined groups, corresponding to the five types: rhyolite,
dacite, andesite, quartz basalt, and basalt. The “secretions” demand separate
treatment. The lavas, as Harker has shown,* form a graded series, but whereas he
considered that the quartz basalts do not fit well into the serial arrangement, we
find that in general they show divergence of serious magnitude only in being fow in
alumina and high in magnesia (the oxides chosen by Harker to demonstrare the
exception). The only other notable difference is in their low water content. They
fit the scheme, indeed, quite as well as the so-called *“secretions,” which are high in
alumina and low in lime. The fact that the silica range of the “secretions” embraces
that of the quartz basalts is suggestive of some relationship between them. Arrang-

1 With the co-operativn of Mr. Aurousseau. a

L. 8. Geol. Surv. Bull. 1350, 13¢8.

3], 8. Duller, A late voleanic eruption in Northern Califorma. U. S. G. S. Bull. 79, 1891. .

+ A. Hague and J. P. [ddings. Notes on the vuleanuves of Narthern California, Oregun, and Washingron Teenituries, im
Journ, Sai. (3}, 23, 232-233. 1863,

# H. 8. Washingron, Chemnical analyses of igneous rocks, U. 5. Geol. Surv., Pruf. Paper 95, 1917; U.S. Geol. Susv. Hull
143, 191=200, 18g7: Bull. 591. 16g=173, 1915.

¢ A, Harker, The natural history of igneous rocks, 1909, pp. 123, 333, hgs. 28, 110
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ing the lavas in the order of their silica percentages, the five types are found to be
characterized by a well-defined silica range, and are generally separated by signifi-
cant gaps. The rhyolite range is well separated from that of dacite and is un-
bridged. That of dacite is well separated from andesite. The andesite range is
comparatively wide and overlaps that of quartz basalr, but it and rhat of quartz
basaltr are well marked off from true basale. The “secrerions” embrace the quartz
basalt range and overlap that of andesite, but not that of basalt. The analyses for
each type group of rocks were accordingly averaged and the results recalculated to
100 per cent, as shown in table 1.

TABLE 1.—AVERAGE COMPOSITION OF THE DOMINANT ROCK
TYPES, Lassen Peak.

1 l 2 ]? 3 4 5 6
73493 ! 68 41 l 60 89 56 .25 535 34 5124
14 05 6402 | 1690 16.79 18 .50 18.17
099 1.76 1.7 1.70 39 +.19
0.59 114 e BAr .1 + B4 3.18 4 81
0.2 1.28 313 6 54 5.13 6.29

104 3 20 6.45 790 754 9,90
330 408 3.99 326 3.0 2.8
4.23 260 I 65 1.31 1.22 073
1.36 1.00 0.81 0.52 0 %0 0.9
0.18 0.24 0.53 054 0.51 0 55
004 0.10 ' 0.15 0.17 010 0.17
0.08 l 0.09 on 0.13 0.12 0.15
0.11 0 06 0.04 003 Trace 0.
0.01 0.02 0 0.02 004 Trace
Tra Trace Trace Trace Trace None
Sem........... 10000 i 10000 | 10000 | 10000 | 10000 | 10000

. 6 rhyolives. Silica range, 74.65 to 72.40 per cent.

. 8 dacites (includes 2 “andesites™).  Silica range, 69 .51 vo 67.89 per cenc. ’

. 14 andesites (includes 1 “daciee™).  Silica range, 43.81 to 35.20 per cent. Water range of 12 analvses, 1.24 1 0.51 per
cent.

. 8 quarez bagalts.  Silica range, 537.39 ¢o 54.56 per cent.  Water range of 5 analyses. 1.2 10 0.27 per cent.

. 5 “secretions " in dacires and andesites.  Silica range, 3897 o 53.35 per cenr. Al porably rich 1n alumina.

. 5 basales. Silica range. 32.95 10 47.93 per cent.

U oda b b b

The serial relations are admirably shown by the averapge type values and have
been plorted as a variation diagram (fig. 27). It is noteworthy, in comparing this
diagram with the “smoothed” curves of Harker (another method of averaging,
which should lead to identical diagrammatic results), chac the forms of the individ-
ual curves differ somewhat at the basic end. This is doubtless due to the fact that
he has included in his diagrams the hornblende basalt, which we regard as ex-
traneous. The figures for this rock and the pumice differ so greatly from those of
the undoubted products of the Lassen field, that they must of necessity displace the
average figures of basalt considerably. The mineral character and single occur-
rence of the hornblende basalt throw suspicion upon it, and the pumice is not only
exceptionally silicic, but shows low alumina, and, contrary to expectation, high lime
and reversed alkali values. Its water content is low (perhaps not a significant

A, Hatker, The natural history of tgncous rocks, 1909, pp. 123, 355, figs. 28, 130,
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point) and it contains no manganese. In every way it is exceptional, and we ex-
clude it from membership in the Lassen suite.

The Lassen rocks on the whole show some interesting individual features for
the field, which link it with such areas as Shasta, Crater Lake (Oregon), and
inferentially, with Mount Hood and Mount Rainier. It can hardly be doubted that
these great volcanoes have all had a similar magmaric history and express similar
processes in the production of their lavas.t The Lassen rocks are normally alkali-
calcic, and only in the range of their minor constituents do they differ from similar
andesites, dacites, etc., from other parts of the world. Their TiO; content is a
lictle lower than usual. They contain notable amounts of BaO, especially towards
the silicic pole, which preponderates as a rule over an ever-present but small
amounr of SrO. All contain traces of Li-O, but ZrO: is present, where it has been
sought, only in the smallest amounts, and P:0; throughout the suite is in smaller
amount than is usual. MnO is present in normal quantity. Cl, F, and §, if present,
exist in quantities barely determinable by gravimetric methods. The values for
H.O deserve close inspection in relation to the last producrs of eruption (1913).
Only in the quartz basalts do they fall below o.50 per cent. In all the other rocks
water is present, usually in amounts well above this value. These minor characters
are also to be seen in the published analyses of rocks from Shasta and Crater Lake,
Oregon.

The “secretions” do not fit the variation diagram. - Diller regards them as
products of early crystallization in the rocks in which they occur? They are
notably high in alumina, a little low in lime, and exhibit smalil but notable amounts of
strontia. Their alkali content is close to that of the tvpes of the suite.

Little can be said concerning the nature of the processes of differentiation in
the Lassen field, excep: that from the diversity of rocks produced they must have
proceeded nearly to comnpletion. Hague and Iddings have published two interesting
tables of analyses which suggest how crystallization affects the composition of the
remaining magma. In a pumice from Shasta they give analvses of the rock, its
hypersthene, feldspar, and glass; in a dacite from Lassen, the rock, the feldspar,
and the glass are given.' In both examples the glass is highly silicic and the
greater part of the potuash is concentrated in it. We have calcuiated the analysis of
the feldspar (which contains glassy inclusions) from the Lassen dacite. It is as
shown herewith:

Quartz,.v.c.oo..... 16,08
Alumina........... 0.50
Orthoclase. . ....... H .oo]
Albite....cc0one. 19.781
Anorthite. ..., 28.36; =Abudng
Water. . .....ocnn 0.34

100 .08

YA, Hague and . P. [ddings, Notes on the volcanoes of Narchern California, Oregon and Washington Ternraries, Am.
Jouen, Sei. (3}, 23, 223-233, 1883,
2 U. 5. Geal, Surv. Bull. 350, 1898,
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These interesting results suggest that rowards the silicic pole the process has
proceeded from the basic side to the production of silicic types. The “glass™ of
the dacites may well correspond to the composition of the rhyolites.  This early
chemical work is an attempt at phase analysis, and merits attention.

PRODUCTS OF RECENT ACTIVITY.

The recent activity of Lassen Peak has been characterized by the eruption of ash,
the evolution of steam, and on May 19 to 22, 19153, by the filling of the crater with
lava from below (the uplifted plug). We propose to examine critically the mareriul
extruded in this latest upheaval on external, internal, and experimental grounds, in
order to ascertain if it presents any evidence on the mechanism of the recent acrivity,

From the general considerations of the preceding sections, Lassen Peak may
be interpreted as an old and dying volcano. It has extruded the products charac-
teristic of a very well-differentiated magma, and its greatest period of activity has
long since passed. Occasional outbursts of no great violence may still be expected,
the most likely product of which would be comminutec ash due to attrition in the
choked vent, with a moderate discharge of steam and rising gases. If magmatic
material in sufficient quantity to produce a lava flow still exists beneath the cone,
the recent history of Cinder Cone, and the stage of differentiation attained, would
lead one to expect the eruption of a lava resembling the products of the later
stages of activity, a rock of more extreme type than the extrusions of the opening
or most active phases (andesite)}—a quartz basalt or ¢ven a normal basalt would
not be astonishing. The beltavior of the Cinder Cone suggests that it is not ime
probable. Lassen Peak itself consists of dacite on the northeast, which embraces
the crater, of pyroxene andesite on the southwest, with normal basalt on the lower
flanks all around, and an area of rhyolite on the low western flank. A mile north of
the crater is a very small area of quartz basalt,

The real products of the recent eruption, however, differ considerably from
what might have been expected. The ash is andesitic, or dacitic, in composition,
while the uplifted and shattered plug is an andesite of somewhat variable com-
position, exhibiting threc significant physical modifications, having in the main the
chemical composition of some of the old andesitic or daciric rocks which form the
northeastern part of the upheaved mass and the inclosing crater of Lassen Peak
itself. The composition of the ash and of two forms of the lava which now fill the
crater, together with an analysis of the youngest dacite of the region (according to
Diller), are given in table 2.

The ash. dust, and pumice of the recent eruptions covered the country to the
northeast of Lassen Peak. That analysed by Shepherd was collected from the Hat
Creek “mud How” in June 1915. It was air-dried, that is, it remained in a screw-
capped glass jar until analysed in 1923. The analysis (No. 2 of rable 2) shows no
peculiarities except a slightly higher amount of silica than would be éxpected from
the composition of the lava. Physically this mud flow consists of fine ash, mixed
with fragments of two modifications of the andesite of the new lava. These coarser
fragments were removed by passing the material through a 28-mesh sieve. Of the
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L. Andesitic ash, Lassen Peak, September 1914, U. 5. Geol. Surv., Prof. P2p. 99, p. 259. W. C. Wheeler, analyse.

2. Andesioe ash.  Hae Creek mud Aow, erupuion of 1915, Lassen Peak. E. 5. Shepherd, analyst.
. .3 Pyroxene andesite (dacinc).  Dense. glassy vanety. The crarer, Lassen Peak. Eruption of 1913, Callecred by
E. T, Allen. June 1922, M. Auroussean, analyst. !

4. Pyroxene andesite (dacitic). Pumiceous variety. Thecrater, Lassen Peak. Eruption of 1915, Collected by E. T.
Allen, 1922, M. Anrousseau. analyse.
. 5 Dacite. East end of Chaos, northwest base of Lassen Peak. The youngest dacite of the region.  J. 5. Diller, U.S.
Gieel. Surv., Bull, 150, p. 218, 1893, W. F. Hillebrand, analyst.

! Present—Not determined.
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remaining portion about half, by volume, passes through the 125-mesh bulting
cloth without further grinding. Microscopically this powder is distinguishable fromny,
the powdered andesite (vesicular variety) only in the obvious presence of slightiy
more quartz. It is a mixture of glassy material containing small crystals of feldspar
and pyroxene, broken grains of feldspar phenocrysts, and occasional grains of
magnetite and shreds of biotite. Apparently this material is merely comminuged
andesite (vesicular variety) from the lava in the conduit. In passing, it may be
noted that the grains of magnetite and shreds of biotite appeuar identical with the
biotite-magnetite relations in the andesite. The main mass of the “mud flow,”
as well as the great quantities of ash and pumice which covered the country to the
northeast, seem to have been of this marterial. The ash of 1914 agrees more closely
with the andesite of the volcano plug (1913) in composition, the differences in the
two analyzed samples of ash being due perhaps to the sorting effect of the atmos-
phere. The presence of so large an amount of free sulphur in Wheeler’s sample is of
no particular significance, in view of the fact that we do not know its local origin,
but the differences in the iron valuesare interesting. Wheeler’s sample is practically
a comminuted form of the andesite. The Har Creek sample suggests a preponder-
ance of magnetite.

The andesite of the lava of 1913, which partly filled the cracer and intersecrs
the rim on the western side,! is a dacitic rock, an andesite containing insignificant
amounts of free quartz, a licrle biotite, and a litctle pyroxene. It is very variable
in composition and shows three distinct physical modifications—a dense andesite,
a pumiceous, and a bread-crust variety. The crater was rifted east and west? and
the 1,000-foot tongue of lava, which transgiesses the rim, occupies the western
notch of the rift. From the general nature, disposition, and appearance of the lava
it is the top of a mass of material (the “plug”) which has risen in the vent to the
level of the old crater rim, convex in general form, crusted and solidified above, and
capable of viscous movement below. In expanding to fil cthe larger diameter of the
upper part of the crater and the rift on rhe west, the upper crust has been cracked
and fissured vertically as the viscous lower portions pushed it upward.

The modification of this lava, which we term the dense, glassy andesite, is a
black rock, containing abundant glistening phenocrysts of plagioclase. It has a
smooth fracture. The color is the neutral-gray M of Ridgway. With the white
plagioclase phenocrysts, which range up to 8 by 15 mm. in size, a little free quartz,
a rare flake of biotite, and an occasional phenocryst of pyroxene, perhaps 7 mn. long,
may be seen. Apparently rolled into it are occasional inclusions from which the lava
has more or less pulled away. One specimen shows a wrinkled surface and an
abortive, laminated mass-structure which suggests its having been rubbed along 2
colder or more rigid mass, or that the nearly rigid material has been fractured; other-
wise it resembles all the specimens of the dense material in showing flow while in an
almost rigid condition, which came little short of fracture. All of the dense,

' ]. 5. Daller, Lassen Peak—our most active voleano, Bull. Semol. Sec. Am. 6. 1=7, 1916,
A, L. Day, Possible causes of the volcamie acttviry at lLassen Peak, Bull. Smsmol. See. Am., 13, 335-36 1923
Jeurn. Franklin Inst. 194, 366-382, 1922,
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glassy material examined is shartered throughout in a peculiar manner; a network
of minute cracks divides the mass into cells about 0.5 cm. in diometer. While
not noticeable on first inspection, a smooth or polished surface, when wetted, will
in drying show the cracks distinctly. The fracturing is not pronounced enough to
prevent cutting 4 mm. slices of the rock, but it is quite definite. The feldspar
phenocrysts are all shattered and easily broken out, and those of pyroxene are
fractured. Apparently the dense, glassy andesite occurs chiefly near the source of
the extrusion, or in angular blocks thrown out and scattered about the mountain-
top. Dr. Fenner (in 1919) found one piece, apparently of this material, showing
the transition from dense to vesicular structure on the top of Cinder Cone, 10 miles
distant from Lassen Peak. In all respects it suggests flow under pressure while in
a viscous, almosr rigid state. Whether any portion of the upheaved plug now
exposed was actually viscous during the eruptive period 1913~17, or the fragments
showing indications of viscous movement belong to an earlier period of acrivity, it is
nor possible to say with certainty on account of its shattered and disconnected con-
dition. As far as is known, however, all of the newly erupted material consists of
one or another phase of this parent andesite, or dacite. :

Microscopic examination shows the dense andesite to be variable in composi-
tion. It may contain from 4o to 6o per cent of glass, according to the specimen
examined. An estimate of the amounts of plagioclase, biotite, pyroxene, and
quartz occurring as phenocrysts gavie the respective proportions 13 : 3 :2 :less than
1. Magnetite, in minute grains, is the only noteworthy accessory.

The plagioclase is partly fragmentary and mostly rounded. [t shows successive
reaction surfaces and irregular zoning with less and more calcic material alternat-
ing. The more calcic material often penetrates along a fracture line through a
zoned crystal. The narrow outer zones of the phenocrysts are sharply marked and
notably more calcic than the neighboring inner ones, but they show resorption.
The range of composition, as determined by refractive indices on powder, varies
between Abs An, and Abs An.. None of the phenocryst feldspar is as calcic as
some of thar of the ground-mass.

The biotite is always surrounded by a border of reaction products ! and for the
most part is decomposing, as might be expected in a conduit plug which may have
been reheated several times. This decomposition results in the grains of magnetite
noted in the ash of the Hat Creek mud flow, and explains the ferrous-farric ratio of
the analysis of the ash. Biotite separated from the rock magnetically showed
optical characteristics, undoubtedly due to loss of volariles and partial oxidation
(as will be explained below). It gave y=1.68 to 1.7¢c, with 2E=10" to 40° and
showed varying degrees of reddening. The pyroxene is near diopside in composirion,
having e=1.675, and y=1.715. It usually occurs in granular aggregates as though
§hattcrcd. A few grains of quartz occur, their corrosion being the only point of
interest.

The ground-mass is a brownish glass in which both plagioclase and pyroxene
needles are abundant, but orthoclase is absent.  Most of the plagioclase needles are

1T H. 5. Washingron, The magmarie alteranion of homblende and biotiee, Journ. Geol., 4, 237-282, 1366.
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more calcic than any of the phenocrysts, reaching Ab.An, in composition. “I'he
glass. is brownish by transmitted light and full of minute microscopic crystals.
It is highly siliceous, with a refractive index varving greatly over shore distances
from 1.485 to 1.500, and is thus notably inhomogeneous.

The composition of the rock is stated in table 2. It is the most silicic of )¢
andesitic group of rocks from Lassen Peak. It has a lower water content than iny
rock other than quartz basalt which hus been analyzed from that field, with the
exception of its own vesicular modification. The warter was determined by rhe
Penficld method, and was checkéd by a more elaborate method (exhaustion of 1he
water on hearing the powder in vacuo, with subsequent absorption by 1),00,).
The results were in the closest accord. The’ ferric ratio ' is ©.281, and the gas-
content is 10.6 c. c. per gram, at 1200° C. (see p. 48). Volatile constituents seem
to be present in the Lassen rocks in amounts not determinable with certainey by
gravimetric methods. Cl and S were determined in this rock, on large portions,
blank determinarions being made at the same time. The results merely prove the
presence of these constituents bur can not be accepted as an accurate measure of
the amounts present.  The results of gas analysis, given below, afford 2 much more
reliable appraisal.

The petrological study of this rock, then, shows it to resemble the rocks of which
the crater region of Lassen Peak is buile. Chemically it resembles certain dacitic¢
rocks, which have been analyzed, from the northwest base of the mountain.t
As a volcanic product it represents material which is in anything bur a state of
equilibrium, judging from the condition of the biotite, the nature of rhe plagioclase
phenocrysts, and the variable composition of the glass. Physically also it has
suffered a preat amount of shattering and movement. It is just the kind of mass
which would be expected from an old conduit lining and plug, slowly forced upward
after being shattered and locally heated by 1scendine; gases or otherwise.

The second modification of the new lava is a pumlceous or vesicular andesite,
much llghrer in color than the dense, pglassy variety. It apparently forms the
interior portions of the blocks on the cracked and fissured, crusted and expanded
surface of the new lava filling rhe crater. [ts vesicular character, and consequent
lighter color, and its rough, hackly fracture, distinguish it from the dense andesite.
In places the vesicles show a rough alignment due to movement of the mass. Micro-
scopically it resembles the dense form very closely, and has not been given such
detailed oprical study. The glass is lighter and more uniform in color, and less
variable in index than is the dense variety. The chemical composition of chis rock
is stated in table 2. It pnrallcls that of the dense variety closely, though it is
ahghtly more silicic. It is lower in water content than any rock from the Lassen
region (excluding the quartz basalts) which has been Jn'llyzcd Its ferric ratio is
0.362, and the gas content 7.8 ¢. c. per gram at 1200° C. Thus there is more ferric
iron 'md less gas than in che dense variety.

! The Ferric ratio 18 the ratio of FeyQ, in the rock o thc taral amount of iron in the rock reckoned as Fe,0. e will be
used here as a rthermal index., .

* 4, Hague and J. P Iddings. Nores on the voleanves uF Narthern Californiz, Oregon, and Washington Territuries. Am
Journ, Sei. (3), 23, 222-233, 1883, U, 5, Geol. Surv. Bull. 391, 160-173, 1915.
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The third modification is a dense, gray, glassy outer layer found upon some
blocks, both dense and pumiceous. We refer to it as the bread-crust variety.
It is usually about 5 cm. in thickness and merges gradually into the normal dense or
pumiceous form. As it is obviously the same material as the latter a complete
analysis was not made. The biotite calls for comment. A flake 5 mm. from the
outer surface of a specimen of the bread-crust variety was decidedly biaxial, with
v greater than 1.67. Within the vesicular portion of the specimen, about 30 cm.
from the surface, a flake showed v = 1.67. The glass of the bread-crust is decidedly
clearer and lighter in color than thap of the dense variety. It is not vesiculated,
however. The ferric ratio of this variety is 0.480, and the gas content 9.5 ¢. c. per
gram at 1200° C. The bread-crust variety seems to have had the most drasric
natural reheating. Its rario and gas content are higher than those of the pumiceous
variery, and suggest that it has been affected by rising gases under oxidizing con-

ditions.
WATER CONTENT OF CONDUIT LAVA.

It has been stated above that the conduit lava is strikingly low in water
content. This applies to all three modifications and has been verified in several
ways. With the exceprion of the quartz basalts, the Lassen volcanic rocks are all
significantly richer in water than the new lava. The various water determinations
are stated below. Those from the rock analyses were carried out by the Penfield
method; only one check by the P4O; method was made (p. 44); the values from
the gas analyses, determined upon 150 grams of rock, which was broken into lumps,
and hence free from the plus error due to adsorption of water shown by powders,
are produced here, calculated to weight per cent.

On rock powders. |
Rock. Rock fr:;mex'm-—
gas analysis,
Penfield method. P04 method.
Dense andesite..... ......... 035 | nd. 0.150
Pinmiccous zodesice, .. .. ..., 0.18 0 183 0113
Bread-cruse andesice. ......... n.d. i n.d. 0.133

It is evident that the bread-crust variety contains more water than the
pumiceous, both being lower in water than the dense andesite. Results to date show
that a similar relation holds true berween bread-crust and pumice from Martinique.
The bread-crust contains considerably more water than the corresponding andesitic
pumice. This general poverty in water content in comparison wich other rocks of
the Lassen region is appropriate evidence in support of the hypothesis that the
lava which was pushed up to fill the crater is an old rock which has been reheated.
The higher water content of the bread-crust surface may be due to surface
exposure to H.O (gas) at high temperature and pressure (see pp. 76 and following).
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GAS CONTENT OF CONDUIT LAVA!

The gas content of rocks has been investigated by various students, any y,
previous work well sumined up by Chamberlin in his “Gases in Rocks.” l‘ut..:.
tunately none of these investigators has given any special attention to the reliation
between the composition of the rock and the gases obrained from it. Nor hay 4,
one of them except Gautier remembered that H.O is a regular, and perhaps the
most important, constituent to be derermined. The gas content of the marteria .,
the 1915 eruption of Lassen Peak was examined in connection with a gencral i,
of this problem of the gases‘in the rocks which is now in progress. The resulr.
are tabulated in table 3. Abour 130 grams of 1ock, preferably obrained from the
interior of a specimen, in order to avoid accidental contamination, were placed in ,
silica tube which had been heated and exhausted of its own gases before the speci-
men was introduced.

. TasLE 3.

(Volume percentage composition of coral gases. Andesite, Lassen Peak ersprion of 1935, Basalt frum Kilaues s

‘ | Dense. Pumiceous. !Brucf-cnﬂt.:‘ Az, 1 Pahochoe. |
‘ =5t S ... t e ! tase | o2om ! s 5613 |
CO:iinn WA . 030 0310 *' 063 38 | 060
T A G 1.187 0200 | o042 | 618 | 108
LR ST L4 002 | o016 | 05w ! 13 | 0269
AR el & T R 6003 0O | 0003 | o0 | 0003
B T i : n. d, n.d. {0009 | 036 | 0404
S At 0 123 0215 | 082 | nd 1384
o SRS AR R 0129 | 042 | 0297 | 026 o040
[ e o o | nd. Vi admd | md
‘H,o 96 067 97.519 93658 | 8017 | 90580
Total gases per gram of | [ | 1
‘ rock, ac 760 mm. and | | l l
l IO Chlciaiiiaiidss | 106cc. | 78ce. | 95ce | 9Bece | Sdee
‘ | | , |

|

The first feature to attract attention was the obvious presence of considerable
amounts of Huorine. This showed itself by etching the glass tubes next to the
furnace. Unfortunately, in only one analysis was a reasonable attempt at its
determination possible. In the absence of data on other rocks too much emphasis
must not be laid upon chis fluorine content, which may be due in part to the bivtite.
One has the impression, however, that the amount is much too great to be accounteil
for in this way alone.

In general, the volume of gas per gram of rock is the first matter of interest.
[f these quantities be calculated on a weight per cent basis they are insignificantly
small, but expressed by volume at 760 mm. and 1200° C. (the temperarure at which

! With the cowperacion of E. 5. Shepherd, .

*Table 3 pives the volume percenrages of pases nbeained by heating the rock in racue ro aboue 1200° C. Jr must W
remembered that carrying out cumpueations to the third or fourth decimal place 18 not evadence of grear procmon 18 the
analytical work, but a resule of including in the computation about 0.2 wn. H:O which 1 waghed as such. Suntlach the
halogens and sulphur (except SO:) have to he derermined gravimerncally and included 1 the computanion, In prmwral
the fixet) gases amount to about 10¢. c., which 2re passed over into the apparatus and analvzed. When computed ro 760 unn
and 1200° C., the warer vapor usually amounts to about a liter, so that the other constiruenes, if they are to be expron d
at all, musc be given in decimals.
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all the volatile constituents of the rock would exist as gases), they may be used,
together with the rock analysis, in any discussion of the composition of the material.
In thg case of the new lava of Lassen Peak it will be noted that the dense andesite
and the bread-crust variety show abour the same gas content, while the pumiceous
portion has lost an appreciable amounr of its gas. The relation is similar to that
of the Hawaiian lava given in table 3 for comparison. The halogens run higher in
the pumiceous and bread-crust varieties, that is, in the modifications supposedly
most subjected to reheating in the conduit. Hydrogen seems to be definitely higher
in the original, dense andesite, and, in a general way, it might be said that the sup-
posed reheating has been accompanied by some slight oxidation of the volarile
matter. A similar relation seems to exist in the gases of the Hawaiian lavas.

It was most astonishing to find fluorine ranking with CO: as 2 major volatile
constituent.! While it would be unwise to infer too much from this one measure-
ment, apparently the fluorine content was high in the other two varieties also.
Mr. Perret, in his volcano studies in the Mediterranean region, has noted that the
initial stages of an eruption are usually characterized by predominant halogens,
whereas the declining stages show sulphur compounds predeminant.: This observa-
tion is in accord with what we have so far observed. At Kilauea, where the
halogens are minimal, it was found in the 1912 gas collections, which involved about
1,000 liters of gas, that fluorine was about twice as abundant as chlorine, while at
Mount Katmai, Alaska, it was found to be only about one-fourth as abundant,
Of course, in ordinary field observations a distinction between fluorine and chlorine
is not feasible, and it is possible that fluorine has frequently been overlooked. It
combines so readily, and its compounds are so easily obscured or removed, that it
may prove to have been present in many places without attracting the attention
which it merits.

It is wichin the bounds of probability that fluorine will prove to be not only a
significant fatror in the mineralogical composition of the plutonic racks, but also
that its presence or absence may give some hint as to the nature and past history of
petrogenic processes. For the present it will suffice to note that the renewal of
volcanic activity at Lassen Peak was accompanied by an appreciuble quantity
of this elusive element. The actual amount of gases present in these rocks after
they have reached the surface is of course not great in weight per cent; on the other
hand, the volume of gas which these rocks can vield when heated is significant. In
the above analyses it appears that there is sti// available, for each kilo of rock, some
10 or more liters of gas (total volarile matter, including water). Presumably this
is only a small porrion of the gas content of these lavas when below the surface.

i Since che above was wrirren a similac high fluorine content has been observed in the gases from che Martinique lavas.

2 The observations are in general accord with thuse of Sainte-Claire Deville 2¢ Etna (1857) and cliewliere, Fouqué at
Santonm (1665), and other ubservers. For the hrerature see: F. W. Clarke, The data of geochemistry, U. 8. Geol. Surv,,
Bull. 693, 253-284, 1920; and F. von Wollf, Der Volkanisinus, 633, 1914,
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FERRIC RATIO IN CONDUIT LAVA:
Determinations of FeO, Fe.Os, and SiO. were made on the three varietics of

the andesire, before and after treatment for the extraction of the gases. The resuly.
are shown in table 4. SiO. was determined (zo the first place of decimals) in arer
to ascertain if the fused rock made any appreciable attack upon the silica tube
which it evidently does not, and also as a test of the unilormity of the S:Implrsj

The iron values are taken from the rock analyses for the dense variety. For e
other samples the determinations were made on special portions by the method of
decomposition with hydrofluoric acid. The samples varied, as might be expecred,
within narrow limits. In order that the values might be compared directly, the
figures from the actual determinations have been recalculated on the basis of an
average value of 4.82 per cent of total iron expressed as Fe.0;. The ferric ratio, of

course, is not affected bv the recalcu

TasrLe g.—Ferric Ratio v THE Conbutt Lava, Lassen

lation.

Peax, 1913,
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Sumsmary STATEMENT or THE CHanGEs 1N THE Feazic Ratto,

~ane Gascontent 1n
Rock vaniety. Untreated. 'wasd Ei‘(;:cam 1260* C.inracuo.| c.c./gm.as
d 1200° C,
| !

Dense.onns vnnnnn. 0 281 03435 hrs) | 0349 3 hrs) 10.6 [
Pumiceous......... ... 0.362 0 369 (4 hrs.) 7.8 t
Bread-crust....... .. .. 0.480 f e rﬂ.!ﬁ') 4 hrs) | 9.5

|

In recalculating the average values (2) was excluded, being a small sample,

unduly rich in phenocrysts and peor in glass.
determinations on (2) were, however, raised to the average value, on the assumption

The values obtained f{rom the

thar the relarions of FeO and Fe.0; would be the same as in the other samples.

1 With the co-operation of M. Aurousseau.
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For this particular material the ratio, as stated above, suggests the artainment
of gquilibrium after the rock has been heated for some hours in a neutral atmosphere,
or tn vacuo. The results ubtained are in accord with the other evidence in showing
thar, of the three varieties of material, the dense andesite has suffered least in the
natural process of rehearing. Treated in the laboratory its ferric ratio approaches
that of the pumiceous variety, which itself is buc little affected by laboratory
treatment.

THERMAL STUDY OF CONDUIT LAVA:
MINERAL CHANGES ON HEATING.

Biotite and glass are the constituents of the rock most sensitive to thermal
treatment.  The first studies were confined to the stability of biotite when heated
through a range of temperature, both in air and in a neutral atmosphere.  Heated in
air a biotite from granite (v = 1.64) began to lose weight at 300° C., evenin an hour’s
time. At 650° C. it had become reddish and decidedly biaxial, with y=1.69. This
decomposition occurs in rwo ways; one is by loss of volatile marter, the other by
oxidation. The oxidation is the chief factor in the development of biaxialiry, red-
dening, and the increase of v. The biotite of the dense andesite, as stated above,
also showed decided reddening with a high value for ¥; thar of the bread-crusted
variety shows the same characrers but in a decreasing degree from the outer surface
of the crust inward.

In a neutral atmosphere * biotite persists fairly well at 850° C. but shows
increasing decomposition with further rise in temperature. Above goo® C. there is
fairly rapid decomposition with the formation of magnetite. The clearing of the
glass proceeds with increased rapidity as the temperature rises above 850° C.  Thus,
15 minutes at 1050° C. vields a clear, nearly colorless glass. Changes in the
biotite and glass are indicated in the experiments detailed in the following section.
Plagioclase and pyroxene are but little affected at these temperatures during such
short periods of exposure, though material subjected to a higher temperature shows
a lirtle less pyroxene.

In the dense, glassy andesite the biotite always shows partial decomposition,
with the formation of reaction rims, and on reheating to temperatures above 840° C.
it decomposes with increasing rapidity, even in the short exposures here employed.
Unless, therefore, the effect of pressure upon the stability of biotite is considerable,
it seems reasonable to suppose that this lava could not have been heated above
830° C. at any time after it approached the surface; otherwise, in the large blocks,
which would have remained hot for some time after reaching the surface, a complete
breakdown of the biotite would be expected. From the condition of the biotice,
and the phenomenon of glass-clearing, we may reasonably infer that we are here
dealing with a relatively low-temperature eruption so far as surface phenomena are
concerned. ‘

' With the cu-operation of F. 8. Shepherd and H. E. Merwin.

? For rocks and muncrals relanvely low in ferrous wron chis atmosphere was provided by steam and CO; obramed by
passing a slow current of CO; throuch boiling distilled warer and passing the mixcure over red-hut copper befoce it came in
conract with the minerals (or rocks), which are placed in a silica tube.

———— e
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BENDING (FLOW) TEMPERATURE OF DENSE ANDESITE.

For the purposes of this study, small prisms were cut from the dense andesire
and were heated for varying lengths of time in the neutral atmosphere mentione
above. Such prisms of dimensions of about 5 X 10 X 50 mm. were supported at firs
at both ends and allowed to sag in the middle; in later experiments they were stip-
ported by one end and at an angle of about 45° in order to get a somewhat sharper
indication of softening.

(@) Below 700° C.—Very little change occurs in the time available for a laboratory experi-

ment. ' :
(&) 770° to _780° C. for 5 hours.—No change was noted, even on a polished surface of the
prism.

(c) 840° C. for 3 hours.—A polished surface showed minute warping and the glass, which
was onginally brownish, had become much clearer.

(d) 930° to 970° C. for 115 hours.—A prism ;0 mm. long, supported at one end, had hent
about 10° swelled appreciably owing to the beginning of vesiculation, and the
glass was perfectly clear and colorless. The biotite was unoxidized, but the time
interval was shorr and the biotite was completely inclosed in the glass.

Fig. 28.—A prism of dense Lassen andesite, supported at two points and heated to 1040° C.
for 15 minutes. Note the sag at ends and center. Photo Snapp.

(¢) 1040° C. for 15 minutes.—A prism supported at both ends sagged, swelled, and developed
a glazed surface (see hg. 28). The glass was colorless in chicknesses which,
the original, were decidedly brownish.

() 1050 to 1100° C. jor g2 hours, closing with several hours at the lower temperature~1he
glass formed is clear, except as stained by che dissolving biotite, all of which has
decomposed, leaving spicules of magnetite and brownish streamers of color.
No evidence of recrvstallization was observed.

(g) 1260° C. jor 4 hours.—Shows only solution effects. The glass is brownish, with rela-
tively few crystals embedded in ir. The index of refraction of the glass reached
1.550. The feldspar phenocrysts, while reduced in size and corroded, were not
fused and, if anything, were more shattered than before.

Such results obtained from the thermal study of biotite will eventually be of
general application when rhe series of minerals known as biotite has been more
thoroughly investigated and the thermal behavior correlated with composition, ctc.
It must be emphasized, however, that the behavior of the dense glassy andesite from
Lassen Peak, as studied here, is peculiar to that particular rock. No inference
can yet be made, from its behavior, concerning the behavior of other andesites, even

——
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if chemically resembling it. For example, the andesites, dacites, and pumices of
Mont Pelée, Martinique, are now being studied in the same way. They bear
a generil resemblance to the Lassen Peak rocks, but their behavior on thermal
treatment is quite different. Whereas the dense andesite from Lassen begins
to soften at about 830° C., a similar rock from Mont Pelée does not do so until
about 1200° C. A glassy basalt from Kilauea crystailizes on reheating after
which it does not again soften at the low temperature at which it first lowed from
the crater (from 1100° C. down to 6o0® C.); furthermore, the gas content of the
Lassen rock can hardly be accepred as typical of the gas content of similar andesites
in general.
GENERAL EFFECTS OF HEATING TO 1260° C.

All three modifications of the rock, when heated in sacue for 5 or 4 hours, in
order to pump off the gases, yield identical products. The mass becomes vesi-
culated and the crystals of the ground-mass go into solution, though the phenocrysts
do not do so noticeably. The glass reaches an index of 1.530 rather uniformly.
It is brownish in color, with relatively few crystals embedded in ic. The biotite
disappears completely. The ferric ratio of the product tends to approach the
value 0.369, strongly suggestive of the attainment of a condition of equilibrium.
The actual values for the ferric ratio after this treatment are:

" Value for Hours

Variesy. ! fernc rano. l heating.
| |
Dense, glassy vanety.....  0.349 l 3
Pumiceous vanety.......| 0.369 4
Bread-cruse vanety...... L 0369 1 +

It is to be noted that the ferric ratio of the pumiceous variety was 0.362
before treatment in this way, and we may infer that it has already had, in nature, a
thermal treatment comparable with that given it in the laboratory. The ratio for
the dense variety has increased om treatment, the time of heating being less than
with the others, while that of the bread-crust has actually decreased. The last,
being a surface modification, would have been subject to oxidizing conditions in
nature, while the pumiceous interior of the same blocks would be relarively pro-
tected. We conclude that the three modifications represent the same original mate-
rial, each having been subjected to its own peculiar conditions of thermal alteration.

SOME CONCLUSIONS FROM LABORATORY STUDIES OF THE CONDUIT LAVA.

The lava extruded during the 1915 eruption of Lassen Peak is an andesitic or
dacitiec rock. It is variably brecciated, and the glass of the ground-mass is variable
in amount and composition within narrow limits and over short distances.

The plagioclase phenocrysts show several periods of alteinating resorption and
growth, with concurrent shattering. The larger pyroxenes have been shartered
and the biorite has begun to decompose. These features indicate repeated reheat-
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ing and cooling under differential stresses without the attainment of thermal equili-
brium. The greater basicity of the feldspar of the ground-mass and the vanishing
quartz indicate changes in composition other than those due to gradually |
temperature in a melt haviog the composition of this rock as a whole. )

Specimens of this lava heated under suitable laboratory conditions give 3 fen.
eral idea of the temperatures which may have operated at the surface during the
doming-up of the massive conduit lava. Under laboratory conditions 830° (
seems the lowest temperature at which the material could be deformed withiu
considerable fracturing. On the other hand, the biotite in cracks in the surfi e
rock and the unvesiculated character and opacity of the glass indicate a prevailing
temperature lower than this. !

It should be remembered also thar the material tested in the laboratory il
presumably lost the major portion of the volarile matter, which exerts a consider.
able influence on the viscosity of lavas, from which it is proper to infer that (he
figures obtained in the laboratory represent maximum temperatures, and that the
acrual temperatures, if they differed from these, would have been lower rather than
higher.

This lava of 1915 does not seem to have been a new magma erupted through
an old conduit. It seems rather more like an old conduit lining, which had been
fissured and reheated by a fresh influx of juvenile gases 'rom below until tinally
it acquired sufficient mobility to allow it to be forced upward by pressure, The
eruption of both pumiceous and dense lava together favors this hypochesis of
irregular reheating along cracks jn part of the old conduit lining.

Whatever the source of enerpy, the mass ulrimately acquired a suffivient
fluidity to permit it to reach the surface, where some of it was too cold to expanil
into pumiceous form, while the more highiy heared porticns continued to expand
and contributed te the enormous amount of ash which spread over the surraumding
country. It seems probable that the upward movement of the crater plug ma
have been an abortive attempt at spine formation, but the power hehind it was
released premarurely through a weak spot in the eastern crater wall.

It appears therefore to be a clear conclusion from the mineral content and
physical relations within the conduir lava, which alone afford a proximite cluc to
conditions within the volcano, that the eruption was in singular measure a4 low-
temperature phenumenon.

“A careful re-examination of this mass of ‘ dense glassy andesite’ and ;|s.-.m'_1'.|lrt|
material in May 1923 shows that rock of this type is exposed over an area ol saly
a few hundred square meters. [t is split vertically into large, often monolithi.,
blocks with the rifts decidedly widened at the top. These rifts are smooth (ractures
except near the bottom of a few of them, where the surfaces are rough for i vertn al
distance of a meter or so upward from the lowest point accessible, as though h_-unr-l
by the pulling apart of a pasty mass. This (lowest) portion of the bluck i slighthy
vesiculated and the glass cleared to some extent bur not reddened.

“In the western notch this dense rock gradually gives place to i coarse
of red dacite, similar to the Lop of Lassen Peak, in a matrix of red, vesivulated
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andesite. This material (the westerly two-thirds of the crarer mass) is a jumble of
broken blocks which individually show flow textures, though they are not oriented
in any particular direction.. On the other hand, the mass which forms the northeast
corner of the crater is composed of large, shattered, monolicthic blocks of glassy
andesite which have obviously been pushed up along the old crater wall. It is
significant that these blocks did not bend over and their sides are not warped
appreciably, even where they overhang. Some of the horizonral cracks (2 to 10 cm.
wide) between such blocks were found filled with ash, loose fragments of old
dacite, and even thin plartes of glassy andesite, the whole scarcely at all compacted.
There were no fingers of lava berween the fragments filling these cracks. One thin
plate of glassy andesite was bent but was not vesiculared nor had the glass cleared.
Certainly none could have been very hot.

“No evidence was found to support any interpretation of the phenomenon as a
fava flow,! at least not in the usual sense of that expression. It has neither top,
bottom, nor sides, while the material of the western end is appreciably less inti-
mately related than that near the source, though grading irregularly into it. If],
however, we accept the hypothesis that the 1915 upheaval merely brought up the
old plug or conduit lining, all of the observed facts fir rogether withour difficulry.”
(Memorandum by E. S. Shepherd, 1923.)

t Cf. Professor Holway, p. 18.
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CHAPTER III.

FIELD EVIDENCE OF TEMPERATURE RELATIONS.
HORIZONTAL BLASTS.

It would be a matter of very great interest and of no little importance in inter-
preting the mechanism of the eruption to fix the temperature of the two horizonal
blasts of May 19 and 22, but as there were no eyewitnesses, so also no thermometer
was available to record the temperature artained. It issignificant that excepr in one
small area no fire was started by the blasts, although on all sides the foliage of the
standing evergrecns was found scorched and brown. Around the blasted area both
standing trees and smaller undergrowth seemed completely dead, but as the summer
advanced it appeared that they were not so, and mos: of these trees attained to
complete restoration of their foliage before the foliowing winter. Both leaves and
branches were somewhat blackened at the most exposed points, but nowhere was the
appearance as if the branches themselves were burning and so contributing to the
heat. Rather they appeared to be scorched or singed, as though by momentary
exposure to heat which either was not sufficiently high or was of too short duration
to set the trees on fire.

On the burders of the devastated zone small trees and bushes which were
partly embedded in snow suffered no damage below the snow line from the passing
blasts. The exposed portion above the snow was either carried away or completely
blasted, indicating more definitely high velocity and high temperature. Toward
the center of the area everything was carried away root and branch and no trace of
snow or of vegetation remained,

The single area in which fire was started was a steep hillside forming a part of
the boundary of the Lost Creek basin. exactly facing the mounrain at a distance of
abour 3.5 miles and a little to the north of the axis of greatest intensity of the blast.
(See Skerch Map, fig. 29.) The second blast (May 22) must have struck against
the broadside of this steep hill and have been so far checked in its progress that the
vegetation upon the hillside endured a considerably longer exposure to its heat than
in those areas over which it merely passed by. Elsewhere the momenrary passage
of the blast was wholly insufficient ro kindle dead leaves, splinters, and small twigs,
bur on this opposing hillside these were set on fire and somewhat charred. Both
the extent and intensity of the fire appear to have been small, which is explained in
part by Forest Ranger Seaborn, who reports that the fire was soon quenched by
rainfall (probably condensation from che stean cloud). [t is also possible that the
second blast was considerably hotter than the first, bur, finding no.inflammable
material left in the track of the earlier blast, no fire was kindled except at this com-
paratively remote point. To judge by the appearance of this hillside 3 or 4 weeks
afterward, the fire must have been altogether insignificant, for the depth of penetra-

tion into the dead leaves which lined the hillside was small and dead leaves on the
54
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pine trees were only charred ar their outer extremities, the fire being insufficient even
to burn up all of the exposed dead foliage (fig. 30).

Of course, the effect of such a hot blast depends upon two factors, the temper-
ature and the time of exposure. If the time of exposure were extremely short the
temperature might be very high and still cause no fire. On the other hand, an ex-
posure of even 2 or 3 minutes to a much lower temperature might kindle such
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Fig. 29.—Apnl 28, 1922, Sketch Map showing a portion of Lassen Volcanic National
Park. Devastated area shown in black. 2 miles = | inch {approximately).
(Courtesy of Mr. M. E. Dittmar, Secretary, Lassen Volcanic National Park
Association.) k
vegetation immediately. In a crude laboratory test ir appeared that about 160° C.
for one minute would blast pine foliage in the same manner as the foliage was
blasted along the boundaries of Lost Creek, but a higher temperature {(and a shorter
time of exposure) may have prevailed during the period of destruction there and
still fall far short of the temperatures appropriate to red heat in the crater (600°
minimum). It also happened that the portion of the devastated zone nearest to
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the source of the blast was also the most barren, so that immediately adjacent to the
mountain the temperature of the blast might have been as high as 300° or 400° C,
without Ainding marerial upon which such a tcemperature could have left evidences of
burning. In the center of the track of the explosion no snow was found by Loomis
and his party, who visited it before the second blast on May 22. On the adjacent
hillside the snow was more or less protected by a cover of rocks and small stones,
projected by the earlier explosions, which blanketed the regions to the north and
south of the devastated zone to a depth varying from 2 feet down to a few inches.
These stones nowhere melted their way through the snow and so could not have been
hot at the time when they alighted. Even on the summit the explosions had
covered the snow surrounding the explosion crater to the depth of several feer with
rocks and ash without melting it, excepr in the case of a few very large boulders
weighing several tons, which penetrated through the snow (fig. 31). Their mo-
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Fig. 30.—July 7, 1915. Green pines blown down and

; charred at base of Jessen Mt. on Lost Creek,
May 22, 1915, by a hot blast from Lassen

Peak, Photo Diller.

mentum must have accomplished most of this result, for they appear to have had
no excess hear through which to melt any considerable body of the surrounding
snow. The solid ejectamenta, therefore, contributed little of the heat which melted
away the snow. This observarion also is of some importance in considering the
extent to which hot magma became exposed during rhis eruption. ‘

It appears from the evidence bearing upon the temperature of the blast, as
observed upon the snow and vegetation remaining along the borders of the zone of
destruction, that we must abandon any thought of extremely high temperature or
else assume that the velocity of the blast, even upon its-outskirts, was still so grear as
to prevent combusrion.
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As we approach the source of the horizontal vutburst just below the upheaved
lava “lid” at the summit, we have to consider the situation from a different view-
point. No momentary blast, however hot, can be assumed to have carried away
such an accumulartion of snow as existed in the bay of the mountain itself by melting

AT Y e e

Fig. 31.—June 28, 1915. Bread-crusted boulder im-

bedded in the snow on the summit showing

that the boulder was cold when il fell. Note

also smaller rocks and debris lying on the

snow. Photo Day.
from the top downward, for we know that under normal exposure to the sun an
entire summer does not suffice to do this., Either the snow was cleared away
mechanically by a very low-angle blast of extreme velocity, which conclusion finds
support in the fact that the whole valley was swept clear of vegeration, root and
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branch, as well as the snow; or near the mountain there must have been continyed
or repeated outpourings of hot vapors of lower intensity but of reasonably long
duration. There is some lictle difficulty with either assumption considered alone,
A downward blast of extreme violence might carry away the snow, even though it
were a hundred feet deep, but if so this snow must have been scattered rather than
melted, and so would have caused no such flood. If, on the other hand, a con-
siderable outpouring of hot gases at low velocity be assumed, the flood is accounted
for, but not the destruction to the trees. .

There must have been at least one blast of sufficient intensity to carry out all
the vegetation in the valley for a«distance of 4 miles, and in addition to this the
accumulated snow on the mountain slope near the source of the blast must have
received sufficient heat to melt it completely, except for the comparatively small
residue of ice remaining in the photograph (fig. 11). That the destructive horizon-
tal blast was of extremely high temperature or of long duration seems impossible,
for the reason that ar its borders there is no evidence of fire (with the single excep-
tion above noted). To account for the great body of snow melted, some supple-
mentary agency must therefore be sought. Either the great horizontal blast was
followed by hot gas exhalations of low velocity for several hours thereafter, or, as
seems to the authars much more probable, the condensation of superheated steam
from the volcano cloud, which certainly did continue for several hours, falling on the
snow to leeward of the mountain, furnished the major portion of the heat which
melted the snow and caused the floods. The fact that both of the great floods
(the night of May 19 and the aeh:crnoon of May 22) appeared to leeward of the
mountain accords with this view. The further fact that a flood occurred on May
22 art ali, after all the snow had been carried out on' the 1gth, probably admits of
no other explanation than this.

The heavy body of ash contributed materially to the immense quantity of
solid marter which the first flood carried down, but not to the heart of melting. [t
seems most probable, therefore, that the first violent blasz blew down most of the
trees in Lost Creek Valley and the flood of hot ash-laden rain, mingled with
the snow, carried the trunks within its reach, rogether with the boulders, out of the
valley along the line of Lost Creek and Hat Creek and stranded them among the
standing timber below. The fact that they were carried around a sharp bend to
the northward, about 5 miles from the explosion cenrer, indicates this mode of
transportation. The large boulders, both those remaining in the crater and those
detached by the explosion and sent down the mountain to be distributed by the
flood waters, were of andesite and were readily identified as a part of the original
summit cone, though some of them were moved for a distance as great as 4 miles
(see photograph, fig. 13). These boulders were not new lava, nor were any of them
of a temperature higher than the probable temperature of the flood which bore
them to their present resting-place, as may be seen from the fact that wood in
contact with them was not blackened. Several of these boulders weighed many
tons each (fig. 14).

! Forest Ranger Seaborn reporeed thae a hucker filled from the flood and nllua:cd ro stand over night showed only 10 per
cert in depth of clear water in the morning, indicating a2 very large content of sofid matrter.

.
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LAVA TEMPERATURE AND “FLOW.”

It has already been pointed out that few or no experienced observers of volcanic
phenomena were witnesses of either of the two great eruptions. It is therefore
necessary to build a somewhart hypothetical structure out of the actual observations
of individuals with little experience in such matters, and such studies as could be
made on the ground and in the laboratory after the eruptions had ceased.

In making such a compesite analysis Mr. Milford’s direct observation (p. 16)
is of importance. [From the statements of his party, which included a number of
people, it is perfectly clear that red-hot material appeared at the surface on the
night of May 19, probably for the first and last time during this eruptive cycle.
The report says explicitly chat both the lava and the glow were “deep-red” or
“vivid-red,” which probably fixes a temperature berween 600° and 750° (see pp.
49, ¢ seq.). The report further says that at intervals of 8 or 10 minutes molten
material flowed out of the western notch in the crater rim like slag out of a crucible,
but observations on the ground show no evidence of recent fluidity, and laboratory
studies show thart the rock is solid and not liquid at those temperatures, so that this
particular conclusion must be modified. Under high pressure in a closed chamber
with a considerable pe-centage of warter still in solution, the magma might con-
ceivably be somewhat mobile ar 7350°, but immediately the pressure is relieved at the
surface the excess of water will escape and rhe residual silicate become immediarely
rigid. Boulders, some of them probably red-hot, did break off at rhe point
observed and rolled down the mountain in the direction indicated. It would there-
fore seem more likely that the material which reached the surface was solid
throughout all of the events observed. The Miiford parry, after all, was 21 miles
away. Lassen andesirc would require to have a temperature above goo® to flow
under its own weight in the open air, unless ejected by force in the form of an emul-
sion, and above 1250° to “splash” in the manner indicared in Mr. Milford's descrip-
tion. Such a flow (at 1250°) would be white-hot and of blazing brilliancy, and not
deep-red, as the Milford party saw it. Moreover, it would contain no biotite;
indeed, all the crystals of the ground-mass would be converted into glass. On the
other hand, the breaking away of boulders from a solid mass at a temperature
between 600° and 750° (red heat) certainly would lay bare fresh bright-red surfaces.
Presumably one of these surfaces belonged to the rock which rolled down the moun-
tain, while the place from which it broke away remained behind and slowiy cooled
to blackness. Flashes of this kind, some moving and some still, appear to offer a
rational explanation of what the Milford party witnessed. This accords well with
the observed red heat and with the present formation of the mass on this (west)
side of the mountaia (fig. 10). )

After the summit crater had been filled (figs. 26, 32, 33) by the eruptions of May
19 and 22, the exposed rocks over much of the upheaved area (the volcano plug) are
uniformly reported by observers (Howell, Spaulding, Yori) to have been hot.
Heated air rose from the cracks and the radiation from the surface appears to have
been uncomfortable enough to prevent the Spaulding party from venturing out
upon the debris which filled the crater, but when the writer visited the summit,
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3 weeks later, no such limitation was experienced; it was quite possible 1, o

without discomtfort over any portion of the newly upheaved mass. Sume .y n.:.Ii
rocks, particularly the largest boulders, on the southern margin of the plyy “”:
too hot for the unprotecred hand when pressed against them and held llu.,:, b
were not otherwise uncomfortable. The northern half of the plug was (il ..,
nearly so. In one crack on the south side a thermometer thrust into the ash 1 ).,
depth of a foor showed a temperature of 150° immediately, and no doubt would Jy 44,
gone somewhat higher but for the limitations of the thermometer. A week Lo,
a temperature of 250° was measured by Shepherd in a similar crack.  No evidenr
of combustion was found upon the summit nor was any smell of sulphur or other o
the usual volcano gases found there, except for a faint trace of hydrochluriv aal,
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Fig. 32.—July 26, 1915. View in the Summit Crater of Lassen Peak after the upheaval

{on or about May 19, 1915). Photo Loomis.
barely detecrable in one or two places. Against this, however, it should be borne
in mind that Spaulding’s party, one week after the great explosion, reports odors of
sulphur and strongly acid gases at the summit. But when one recalls that strongly
acid fumes, when judged only by the effect upon breathing, probably indicate «
concentration no greater than 0.5 per cent by volume with air, and this ac the
source itself, the quantity of acid gases given off must have been insignificant, even
during the period of maximum activity.

These observations bring into the foreground a point which has been considered
already (pp. 52, 33) but which is the subject of some difference of opinion. The
newly erupted marerial on the west side of the mountain extends beyond the
old rim of the crater about 1,000 feet, ending in a narrow peint. Diller has de-
scribed this as a lava stream Aowing through the notch in the crater rim. He says
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(private letter Oct. 3, 1922): “It is my opinion that the lava crupted from Lassen
Peak, May 19, 1913, really formed a lava stream, broken to solid fragments on the
surface of the flow, but stiffly viscous, slowly flowing beneath, thus enabling it to
move down the slope gently from the overflowing top of the volcanic vent over the
bed of the old cracer iakeler, whose drainage it followed to the rim of the old crarer,
where it broke over the steep western slope, forming the wonderful spectacle seen
by Mr. Milford.” It is probable that he found support for this view in Milford’s
observations discussed above. He has not called attention to features of the flow
itself which point to this conclusion; beyond comparing its general appearance with
the nearby flow of Cinder Cone, which, however, is a quartz basalt and presumably
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Fig. 33.—]July 15, 1913, Another view of the upheaved floor of the crater showing details.

Photo Day.

more fluid than Lassen dacite or andesite. Its silica content is given as 56 per cent
compared with 68 per cent for the dacire (p. 37). There is also abundanr evidence
of high temperature at Cinder Cone which is not found at Lassen Peak. Perhaps
it should be emphasized, in view of the fact that a surface flow has been explicitly
insisted upon by a geologist of such long experience, that a careful examinarion of
the new lava on the west side of the mountain does not reveal surface evidence of
recent flow. Neither do the deep, gaping crevices yield indications of fluidity near
the surface. In appearance it suggests nothing but boulders and debris. (see fig.
33)- A highly viscous lava, such as this, if sufficiently hot and flowing ro its present
position en masse, would rather have advanced in great rounded lobes like heavy
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sirup filling a spoon or like the acid lavas of Lipari. Nothing of this formarion is
suggested here. Lassen dacite is in fact solid at red heat and not liquid, but suppos-
ing it to have been above red heat and fluid enough to move through the notch under
the action of gravity, it is difficult to see how a tlow could possibly have taken the
present form.

A supposition that the lava upheaval was really much hotter than the surface
evidence has indicated has been offered by Diller (personal communication) in
support of his belief thar the spur on the western slope is a true liquid flow and in-
deed is indispensable to such a conclusion. The supposition, however, encounters a
number of difficuities already pointed out as follows:

1. The lava in the western notch was found to be cold when we visited it, 5 weeks afrer
the eruption, at the time when the eastern portion was still hot, as noted above. It there-
fore appears not to have been one of the hocter portions of the upheaved area, which could
be assumed to be more mobile hecause superheated.

2. The words of Professor R. S. Holway, of the University of California, an expe-
rienced observer (yuoted on page 18), who visited che crater only 5 days after the upheaval
occurred, are important in this connection: ‘‘Nor were there found any rocks, old or fresh,.
bearing evidence of recent fusion.” E. S. Shepherd has reached the same conclusion
{p. 53).

3. The single assured case of viscous conduit lava in situ, offered by Diller in support
of his contention {Plate 6, No. 2), {was not found in the westein notcn, but ac the opposice
end of the crater. It is, in fact, located ac the summic of a steeper slope (fig 35) than the
western notch and much nearer the center of activity, nevertheless it shows no tendency
to flow from its poinc of emergence down the slope.

4. Unaltered biotite is found evervwhere in Mount Lassen andesite (dacite). In the
laboratory this biotite becomes biaxial and suffers partial dehvdration when exposed to
the air at 650°; when exposed in an armosphere of steam and air it begins to show oxida-
tion and turns reddish brown a few degrees above 800° (cf. p. 49). At neicher of these
temperatures is dacite fuid enough to move under its own weight. If dacite actually
emerged into the air at a temperature above 800° the biotite would certainly be quickly
alcered. Nothing of this has been found on the dacite surfaces chus far studied.!

5. At the point where Diller has indicated that the lava “broke over the rim” rhere
has been a considerable sertling of the new lava since the upheaval in 1915. The general
contour of the surface was then convex to an observer looking down upon it from eicher
side (north or souch). It is now distinctly concave, as may be seen from figure 34, the con-
cavity extending entirely across the western notch. There are of course no bench marks
through which to actempt a measurement of this depression, but it may be estimated at
from 235 to 30 feet. Whether this sertling has significance here or not may be a matter of
opinion, bur to us it has seemed more probable thar the solid surface of a viscous plug
might, after upheaval, settle more easily than a stream-flow over an old and cold bench.

It therefore appears from field studies, no less chan from the laboratory studies already
cited, that this exposed tongue of lava was moved to its present posicion after solidification
of its surface, not before. It could not have Hozwsd through the notch to its present posi-
tion under any conditions of which we have any present indication.?

If this spur of lava did not reach its present position by flow it must have been
pushed up from below along with the rest of the volcano “plug,” and this assump-

1 Excepr in the bread-crust bombs, page 71. ?Sce also p. 51 a1 seg.
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(1) A part of the exposed castern end of the voleano plug.

(2) An instance of flow structure in situ cited by Diller (p. 62).

(3) (Center) A large block from the original plug (solid) tilted outward $0° by the
upheaval, Photo Day.
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tion seems to accord well with the form of the spur and with the east-and-west
faulting of the crater, concerning which other evidence has been adduced.

For example, supervisor Rushing, of the Forest Service, writes to Professor
Holway under date of September 30, 191+ (before the upheaval) as follows: “The
crater has opened up on the west side of the mountain for a considerable distance
and considerable quantities of steam issue from its entire length.” (p. 12). Again
in a lecter to J. S. Diller, December 14, he says: “The crater on the west side near
the top is much enlarged and the entire west slope of the mountain is discolored by
volcanic dust.” (p. 13). -W. H. Spyulding in the (unpublished) memorandum of
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Fig. 34.—August 14, 1923. Looking west across the upheaved urea eight years later.
Note the concave sky-line. (cf. fig. 26) Photo Day.

his visit to the mounrain on May 30 (after the upheaval) has offered a similar view;
he says of this western spur: ‘It appeared that the mountain had been cleft and
that a tremendous Assure extended down into the mountain abourt 1,000 feet. The
whole west half of the mounrain appeared shattered.” Finally, Loomis and Miss
Dines reported (pp. 14, 135) that the western notch was aiready filled by a black
mass thrust up into it before May 19.

There is also evidence that the east rim of the bowl was similarly broken
through by the same upheaval, furnishing some of the grear blocks which were
subsequently carried down Losr Creek Valley with the flood. The form of the up-
heaved mass from east to west is also such as would be given to a volcano plug,
solid above but viscous below, rising in an open funnel.

1 See alsa acenrate desertprion by Olsen following 3 personal viste on Oce. 1o, 1914, Appendhix p. 178,
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On the eastern slope, a little to the south of Diller's viscous extrusion (Plate ¢,
No. 2), there is also to be found a great lava block from the casternmost end of 1
plug, which has been tilted ourward go® from the position in which it ariginally
solidified, as may be plainly seen from its structure (Plate 6, No. 3).  Outwand 1i)y.
ing is rather to be expected when u shattered plug emerges ac the funnel fim. By
the eastern and western notches guve opportunity for such ourward rilting, and evi.
dences of it are abundant.

The total area of the upheaved portion of the summit is about 2,000 feet in
length by about 8co feet in width in the widest part. The western end is sharply
pointed, while the eastern end is truncated, perhaps by breaking off over the steep
precipice which forms the eastern rim, but more likely by the emergence of the
horizontal blast at this point. These fragments were carried several miles by the
flood. The general form of the upheaved area is that of the explosion crater which
it fills, plus the additions east and west along the fault and tapering out toward
the west end. Being generally convex upward, it is deeply cleft at several points
where it was broken up during the operation of upheaval in an open funnel. [n
short, it has the usual appearance of a volcanic plug, without complicating features,
shoved upward joo feet or more, after which the motive power appears to have
found release ar the side rather than through the top in the fearful explosions of
May 19 and 22. There is no record of any upward movement of the mass after
the latter date. The appearance of the upheaved region is well shown by phuto.
graphs (figs. 26, 32, 33). | .

MECHANICS OF UPHEAVAL OF PLUG AND OF HORIZONTAL BLASTS.

It is desirable to endeavor to correct a misunderstanding which appears to
have arisen regarding the present appearance of the upheaved structure and of
the rocks freshly exposed thereby. Rock fragments showing inclusions and
local flow structures in nowise establish the fact that these inclusions were acquired,
or that any of this flow structure was formed during the present eruption. A vol-
canic plug, from its very nature, must be made up of these features and little else.
These should be clearly distinguished, however, from flow structure iz sitx, of which
Messrs. Diller and Paige were fortunate enough to find an isolated case (Plate 6, No. 2),
just beyond the northeast end of the upheaved area. Orther observers, so fur
as known, have found flow structure only in fragments now entirely disconnected
from the parent magma, that is to say, in material which obviously came to its
present position afrer complete solidification.

In view of the temperature of the upheaved material, and the fact that it was
simply elevated jo0 feet or thereabouts, while retaining undisturbed its continuous
connection with the magma below, it is probable that there is a continuous .1_mi
fairly rapid increase in temperature downward in this upheaved mass. Attention
has already been called to a dust-filled surface crack in which, 5 weeks after the
great eruption, a thermometer indicated 250° C. Volcanic dust is a very pour
conductor of heat, so that this temperature, persisting very near the surface for
weeks after che eruption occurred, may very well confirm the observation of red
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heat during the eruption, and the inference of a steep temperature gradient down-
ward. It is of course a matrer of accident along this gradient whether 300 feet of
clevation would be sufficient to expose any viscous marterial or not. Thart viscous
material was there, immediately below the solid plug, appears to be unquestioned by
anyone. The top of the plug, however, stopped in its movement about az the level
of the crater rim and so very little opportunity was given for the appearance, still
less for the outpouring, of the viscous material which pushed it up. The exposure
at the northeast end, where the steep slope, aided by the explosions, broke off the
easternmost portion of the rim and exposed the plug, is therefore probably the only
tangible evidence of its structure below the surface which will be found.

There is some danger of confusing an otherwise clear picture with a multitude
of derails, some of which find different interpretations in the hands of different
observers, and so do not strengthen the picture at all. To us the features of lava
movement found in the western notch are not to be appraised as an expression of
viscous flow during this eruption, but as most excellent evidence of the east-and-
west faulting of the surr mit crater, which afforded relief to the excess pressure within
the mountain, and perhaps prevented its demolition, (1) by “loosening’ the plug,
and (2) through the release of confined gases (mainly steam) in horizontal blasts
from beneath the plug at the east end. Something of this was seen at Martinique
in 1902, bur elsewhere mechanisms of this kind are relatively rare. The viscous
extrusion in situ observed by Paige and Diller may be of value as evidence char
viscous lava did actually reach the surface during this eruption, but the strength of
the evidence is somewhat impaired byl the fact that it appears to bear no obvious
relation to the present activity. That it came to its present position through
viscous flow is unquestioned, but if, after examining Plate 6, No. 2, we shift our view-
point somewhat in order to bring this extrusion into perspective with the crater rim,
it will be found outside the hot zone of present activity. There is also undistorted
lava exposed berween this extrusion and rhe presenr center of activity, as may be
seen from figure 35. This feature loses some of its significance, therefore, from its
outlying position. It may very well be a product of some earlier eruption rather
than of this one. On the other hand, it does strengthen our picture of the mechan-
ism of the upheaval to find evidences of viscosity at the deepest point within the
plug which came to be exposed during this eruption (fig. 33, foreground).

It will be recalled that the horizontal blast to the eastward really came out from
beneath the “lid” because the containing vessel (the rim) yielded at this point.
The explosion which released the pressure beneath carried away 200 feet or more of
the thinnest portion of the rim, and the lava plug is therefore exposed in vertical
section in this area alone. This verrical section (roughly triangular, about zoo feet
wide and 735 feet deep, see fig. 11) of the east end of the plug appears not to have
been examined by earlier observers because of its inaccessibility, but during the
summer of 1923 a special effort was made to reach the botrom of it. This effort
was rewarded with evidences of viscous flow at the point where, in the opinion of the
writers, it is most important to find it. Figure 335 (foreground) will permit one to
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see, as well as the unforrunate afternoon light permitted, the curved contogg. at
the base of the portion of the plug now exposed.

It may be of interest to advance a further hypothesis which may aceong "
part for the shattered condition of the surface of the plug. Al of the explosion,
previous to May 19 were out of the main crater and generally vertical, CXCOP i
far as they were influenced by the direction of the wind. On May 19 there wan |,
horizontal blast from a different point and on the 22d another, both of tergmn,
violence, as is shown by the uprooting and laying down of all the forest trees to 4
distance of more than 4 miles in the direction taken by the blase,

Fig. 35.—Another view looking northwest across the exposed castern end of the volcano
plug. At the top of the picture (nght) may be seen Mr. Diller's example of thuw
in situ (CF. Plate 6. 2).  Just to the left of it and projecting up between it and
the crater (adjacent notch) is a similar outcrop of undeformed lava. In the
foreground viscous movement is indicated in several places, Photo Day

The upheaval above noted probably began just before May 19, The poit !
greatest weakness in the inclosing cone was on its northeast side, where hut 1 vers
thin wall inclosed the plug, the outside slope being extremely steep at this o
and probably faulted. Also, the apparent center of the most violent erposn
activity preceding the upheaval at the summit is near this side of the crates I»on
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It would therefore seem possible to infer that the upheaval of the old plug was tanta-
mount to lifting the “lid,” from beneath which the two side explosions then took
place by tearing away some 200 feet of the shell of the old crater bowi which was
thinnest at that point.  The violence ot these explosions was sufficient to shake up
and break up the lid without being quite sutficient to blow it off the mountain. It
may be likened to a train of dynamite which is laid for the purpose of blasting out a
roadway. The explosions are not planned to be sufficiently viclent to blow the
rocks completely out of the roadway, but only to break them up so as ro facilirate
their subsequent removal. The rocks forming the present surface of the volecanic
plug appear to have been loosened in some such manner as this, while rthe maximum
violence of the explosion developed sidewise from underneath the lid at the point
which proved weakest. Viewing this side of the mountain from the valley below,
a point can be clearly seen (fig. 11) which may very well have been the source of
this blast. It lies just at the bottom of the exposed section of the “lid,” with a
fault extending downward from ir. This intersection of the lid with the rift in the
mountainside probably indicates the locus of greatest structura! weakness. Also,
when this point was first seen by the auchors, some 4 weeks arter the explosion,
steam was still issuing from the rift for several yards below the lid, and in May 1916
these fumaroles could still be seen.

There is some reason for believing that the horizontal blast of the afternoon of
May 22 did not follow absolutely the same direction as that of the tgth. The
trees laid down by the first blast were in the central floor and the southern slope of
Lost Creek Valley. The.trees on the ndrthern slope of the valley were still standing
after this blast, but not after that of May 22. Both groups of trees lie with their
trunks pointing directly away from the same point in the mountain, namely, the
exposed end of the lid. It would appear, therefore, that both blasts emerged from
the same point, but the second took a slightly more northerly course than the firse.

Also, we may not overlook the fact that on both the occasions when these
blasts were directed down Lost Creek Valley there were terrific vertical explosions
also; whether at the saine moment, or shortly before or after, may not be known,
for there was no witness of either of the two horizontal blasts. Neither are there
any photographs of the verrical blast of May 19, which occurred in the night.
The vertical blast of May 22 was photographed from all directions over the entire
countryside, the volcano cloud being one of the most magnificent spectacles which
it is ever the fortune of students of volcanoes to observe. It ascended ro a heighe
of about 23,000 feet above rthe summit in volures of the heavy cauliflower type in an
otherwise clear sky. Although very spectacular in appearance, the violence of
these explosions was not sufficient to modify the form of the volcano or to dislodge
any considerable portion of its structure. Unlike the great eruption of Vesuvius
in 1906, when the crater rim was lowered several hundred feet, and the eruption of
Katmai in Alaska in 1912, when the shape of the cone was radically altered by the
scartering of a cubic mile or more of the summit crater and its contents, these two
explosions merely served to shake up the rop of the plug and to tear away a section of
the thin eastern rim, scattering boulders and smailer fragments about the moun-
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tain for a distance of several miles, accompanied, of course, by a great volume of
ash, as in the case of ail the previous explosions. These blasts, vertical and har-
zontal, served to relieve the major concentration of energy developed by Lassen
Peak during this period of activity.

VOLCANIC BOMBS AND BRECCIA.

On the saddle between Lassen Peak and Lassen Crags to the northward of Lose
Creek Valley there were found a considerable number of small fragments whiclh
have been described as volcanic bombs because of the evidence of recent heat which
they carry. That these fragments were thrown vut during the eruption of May 22
there appears to be no doubt. Their total volume is insignificant.  They were of
two kinds: {1) a sort of breccig of coarsely pumiceous material containing numerous
inclusions of fragmentary, unaltered dacite {fg. 36); (2) the *bread-crust” bombs.

Fig. 36.—Pumiceous material containing dacite inclusions. Photo Snapp.

The pumiceous marterial in appearance is hard to align with any other ejecta dis-
charged during this entire eruption, neverthelesss it is quire common along the path
of the horizontal blast. It is a very light pumice, sometimes hardly more than a
foam, containing large bubbles and showing plain traces of superheating. No
other comparable material, eicher ancient or recent, has been found on the mountain
in so far as we are aware.  In color the pumice varies from dark purple at the center
through many shades of gray to yellow on the ourside, representing possibly the
variable effect of oxidation at the time when the superheating occurred.  The
specimens are often irregularly banded dark and light, often indicating turbulent
movement in the liquid staze. Inclusions of pumice and scoriaceous matter are
numerous.
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These brecciated masses vary jp size from 2 feet in diameter down to small
fragments of a few inches, and none were observed to have had their form altered
in any way through the force of the impict, excepr where breakage has occurred,
and none appear to have been altered or to have had their surfuce configuration
determined in any way by their flight through the air.  These fucts would appear
to warrant the conclusion that they were no longer fluid at the time when they were
thrown out. Perhaps the fact that no material has been found on the summit
from which these could have been detached, contains some further support for this
conclusion. Notwithstanding this, Jocal observers, even including Loomis and
Diller, are of the opinion that in these fragments we have direct evidence of fluidity
during this eruption. To us it seems to be the same problem over again which con-
fronted us in studying the summit material, for there is no doubt whatever that this
material was once fluid, but on the other hand no evidence has been found that it
was fluid during this particular eruption.

BREAD-CRUST BOMBS.

The second group of fragments is found associated with the first within a
small area of a few acres on the northeast shoulder of the mountain, perhaps a
half mile distant from the crater bowl. They have the surface appearance of
bread-crust bombs, but in no case do they show the symmetrical forms or figures of
rotation indicating that they were thrown out as liquid masses whose figure was
then determined during flight. Neither is there among rhese fragments any evi-
dence of splash or other deforma'tion at the time of impact. Nevertheless the
surface is a true bread-crust surface (fig. 37), and perfectly fresh as chough it
solidified but yesterday.

Johnston-Lavis, who first defined bread-crust bombs, plainly confined his
definition to liquid ejecta, of which the general form was more or less determined
during flight, and accordingly approximared to some figure of rotation, the surface
being quickly chilled while the interior was still liquid, giving the bread-crust
appearance which obviously suggested the name. Mercalli 2 year later adopted the
term and applied it to a great number of bombs which had figured in the lzalian
eruptions. The type is more or less familiar to all students of volcanoes. Hans
Reck has brought together a great many records of observations of these bread-
crust bombs and has soughe to clarify rhe definition in an elaborace treatment pub-
lished as an " Erginzungsband” in the Zeitschrift fiir Fulcanologie in 1915 (q. v).
It remained for Lacroix in his discussion of the ejecta from Mont Pelée to recognize
a new group which belongs in this classificarion, but which had not hirherto been
included. This group includes random fragments of solid macterial which have been
superficially reheated by gas combustion or otherwise, causing the surface to soften
while the interior remains solid and unaltered. The surface melting serves to
develop contraction cracks charactenistic of the bread-crust surface, which may
even open up and become rounded on the edges if the exposure is long-continued.
Such bombs retain the random form of the original fragment, which is of course
unaffected by flight through the air.
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This second group of fragments found on the northeast slope of Lassen Pe,
is of this type; some are somewhat larger than the brecciated fragments aboy .
described, but are scattered about promiscuously among these.  They ure for the
most part confined to this area and have only occasionally been found elsewhere
the mountain. Unlike the pumiceous fragments such bread-crusted surfaces are
found on some of the larger fragments at the summit of the mountain, showing
possibly the local development of considerable hear at certain points. Inasmuch
as none of these bread-crusted surfaces at the summit appear to have been reheuted
in their present position, we are obliged once more to admit 2 reasonable douly
whether the bread-crust surface was acquired during this eruption or some earlier
one.

At the time when these bombs were first found Lacroix’s description of this
type had not come to the attention of the authors, but it was perfectly clear that

Fig. 37.—July 17, 1915. Bread-crust
bomb about four feet long, rortheast
slope of Lassen Peak about one-hailf
mile from crater. Photo Day.

they were different from the types discussed by Reck and others as bread-crust
bombs on account of their generally angular shape and the absence of any influence
upon their form due to flight through the air. In other words, they were evidently
solid fragments at the moment of ejection and not liquid fragments, so that although
bread-crusted on the surface they differed fundamentally from the hitherto recog-
nized bread-crust bombs. Accordingly, some study was made of these in the labor-
atory, and in particular the effort was made to produce the bread-crust surface on
Lassen Peak dacite which had been sent on to Washington for che purpose. Upon
these fragments there was no difficulty in producing a bread-crust surface after an
exposure of 2 hours to a temperature of 1000°. Presumably a considerably longer
exposure to a somewhat lower temperature would have produced the same results
on larger masses.

These bread-crusted surfaces by reason of their extremely fresh appearance
and the absence of contact fracture, such as might have been expected in the
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violence of the explosion through which they passed, may possibly have been
produced during this eruption. If this conclusion is adopred, there is indication
here of the local development, presumably in very small areas, of a temperature
somewhat higher than the red heat noticed and reported by Milford on the west
slope of the mountain. A red hear such as he describes would not be adequate to
produce bread-crust surfaces on this dacite so far as the laboratory experiment
reveals the conditions under which the bread-crusting must have occurred. Some
200° additional temperature above red heat are necessary to produce the bread-
crust effects here observed. On the other hand, the very small quantity of such
bread-crusting which has appeared at the surface will perhaps indicate thar these
more highly heated regions, if they occurred during this eruption at all, are re-
stricted to a few small openings, presumably in the deepest part of the crater floor.
The ash and smaller fragments discharged by this eruption have been found to
contain little glass or even rounded crystalline fragments.

Dr. H. E. Merwin has made a microscopic examination of fragments and thin
sections of the bombs, the results of which we may incorporate here:

1. Very vesicular breccta with dark andesitic matric inclosing various vesicular and
porphyritic rhyolites and andesites. Some of the fragments, especially the denser ones,
are very loosely held, others have blended and flowed with the marrix. The appearance
suggests that the marrix was formed in part by a fluxing of the most basic fragments of an
onginal, less consolidated bredcia. The glass of the matrix is more basic than the inclosed
fragments—as determined by refracrive index.

I have not found mare than traces of guarts in the matrix, but it is abundant in some of
the inclusions. RBiotite scales are scattered sparsely in the matrix and inclusions, and it is
found in some of the typical andesites of the region.

Andesine is abundant as phenocrysts and in the ground-mass.

a. Bomb which is very vesicular bur onlv obscurel: brecciated. This has a denser
bread-crusted surface, contains varv little quartz buc much feldspar, and is speckled
sparsely with biotize. The biotite scales in the bread-crusted surface seem unaitered. One
crack was observed to have divided a biotite flake along a cleavage and the sharp ed 25 of
the biotice remain.

3. Bomb which is dense and aphanitic, and decidedly bread-crusted. This is a typical
dacite with considerable quartz and andesine as phenocrysts. Nothing in the rock powder
examined indicated resorption of quarez, but slides have not been studied.

The phenocrysts from the interior of bombs are almost exclusively fragments of plag-
ioclase crystals. Some show two stages of growth interrupeed by a period of resorption or
fracturing; most of the larger phenocrysts were fractured also during rhe solidification of
the bomb. Onginal flakes of biotite are largely altered to dark, very fine-grained aggre-
gates which appear to consist of magnetite, pvroxene, feldspar, and glass. The cause of
the alteration is not apparent. Quarrz i1s almest lacking.



CHAPTER 1IV.
SOME INFERENCES CONCERNING THE CAUSES OF ACTIVITY.

Now that we have brought together the facts of observation, both those which
may be obtained from eyewitnesses of the phenomena and those which may be
directly inferred from conditions which are visible on the ground, we may appropri-
ately inquire about the relations below the surface which determined the mechanism
of the eruption, and perhaps also the particular conditions which may have precipi-
tated it.

The essential facts thus far determined show this eruption to have been rather
different in character from the established types best known in the literature of
the subject. It may therefore not prove practicable to determine by direct analogy
with a well-known type the probable relations obtaining in this eruption, bur over
against this limitation we may set the fact cthat laboratory and theoretical studies of
rock formation have advanced somewhart farther in recent vears, and have afforded
informarion regarding the behavior of the fluid magma and the crystallization of
rock from ir, which has not been known long enough to find particular application
to the earlier eruptions. Upon this information, limited though it is at present,
we may profitably draw freely for the elucidation of our problem.

Viewed as a whole, the recent eruption of Lassen Peak can not be accounted
a volcano problem offering great complications. The phenomena as observed
followed a reasonably consistent course to a climax without serious interruption of
continuity and without the intervention of unique accurrences like the appearance
of the spine in the crater of Mont Pelée. The climax itself lasted but 3 days and
was withour catastrophic complications of a character to blind observers to the
normal course of events, or to inrerfere with a reasonably direct deduction, both of
the proper sequence and of the order of magnitude of the manifestations which
occurred.

The closing phases following upon this climax have indicated nothing more than
a gradual dying down of the active forces without developing any features of
especial interest. The facts which may be regarded as established, upon which
attention has been mainly concentrated in the foregoing pages, are these:

1. A period of the order of magnitude of 200 years had elapsed since the last
previous activity of Lassen Peak, which undoubtedly gave time for a considerable
accumulation of energy beneath the plug which sealed the orifice. During recent
years no fumarole or other sign of latent activity has been visible on the mountain,
so that the volcano may be regarded as having been completely sealed. Also, we
may not overlook the fact that the hot zone approaches close to the surface in this
region, as is evidenced not only by the activities of the volcano itself, but also by the
continuous activity of the near-by hot springs, of which there are several groups

extending along the south front of the mountain and to the southeastward for a
72



73

distance of 10 miles (see Part II). This is also the major zone of Taulting, as has
been shown by the detailed studies of the geology of the region recently undertaken
by Diller (unpublished).

2. The lava forming the plug of Lassen Peak, as well as the inclosing cone, is
dacite of somewhat variable composition, which does not differ from the neighboring
andesite in chemical content, but does differ from it frequently in mineral composi-
tion in that it usuaily contains small quantities of free quartz. The composition of
this dacite and its relation to andesite are in this particular very like the correspond-

Fig. 38.—May 22, 1915. A wview of the great
eruption from Mineral. |2 miles south
of Lassen Peak. Photo Hampton.

ing lavas participating in the latest eruption of Mont Pelée (190z), which have
been studied in great detail by Lacroix.! It will be worth while to recall in this
connection that Lacroix’s conclusion was that the dacite appeared wherever condi-
tions were favorable for slow crystallization, while the andesite may have resulted
from more rapid cooling.

v A, Lacroix, Ladlonragne Peide et 121 Eruprions, 1904



74

5. The volcanic phenomena throughout the recent period of activity haye
yielded no evidence of high temperatures, near the surface ar least, nor of thy
participation of any considerable quantities of the chemically active gases such gy
are commonly found in the volcanoes in which temperatures are high. In the
abser.~e of evidence of oxidation of any of the participating components, whether
gaseous or other, it may fairly be assumed that there was no chemical activity of 4
kind to add heat to the system. The explosions, so far as direct observations can
determine their character, were primarily of steam, more or less laden with ash
(figs. 39, 40) from the.crater bow! or produced by attrition in the conduit. None

Figs. 39, 40.—The great eruption of May 22, 1915, viewed from Mineral 12 miles

south. Photo Hampton.
was violent enough ro change the form of the cone or even to dislodge any consider-
able sections ot it. The highest temperature indicated either by indirect or by dir-
ect observarion was a moderate red heat which can not have been more than 700° or
800°. Very locally there may have been slightly higher temperatures if the brec-
ciared fragments and the little group of bread-crust bombs were formed during this
eruption, but this conclusion is open to question. There was no conclusive evidence
of glow on the mountain except on the night of May 19 during the short culmina-
tion of the activity, nor were red-hot fragments certainly observed on any other
occasion. There were also no more than two or three occasions when chemically
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active gases were certainly detected, and then only in small quantity and for short
periods. No evidence was found of the destruction of foliage by gases, as is so
frequintly seen at Vesuvius, where acres of trees and smaller plants are sometimes
completely blasted in a few hours’ exposure to a smoke cloud so cold that it will not
even rise but “rolis”’ down the mountainside.

4. The two great floods and the minor mud flows, which are so conspicuous
among the visible evidences of activity, and in consequence have played such a
considerable part in the descriptions of the eruption of Lassen Peak in the news-
papers and popular literature, may be dismissed as secondary effects, due to the
condensed steam falling upon a great body of accumulated snow and set in motion
by hot horizontal blasts from the mountain.

5. The only lava movement en masse occurring during this eruprion period
was the lifting of the lava plug forming the old crater floor into a position nearly
level with the crater rim, an elevation of at least 300 feet, following the faulting of
the summit cone which began at or before the first eruption in 1914 and continued
to grow under the stress of the explosions until the plug was lifted to fill both the
rift and the explosion crater. Whether inlifting the plug, 2 movement taking place
entirely within the cone, liquid lava from below would become exposed is of course
entirely a macter of accident. The upward movement stopped when the crater
floor had reached the level of the rim, so that the liquid lava could not become
exposed unless the plug should be shartered or the cone itself yield to the force of the
explosions at some point of weakness. The cone did yield at three points: (1) Along
the fault-line on the northeast sijc, where the two horizontal blasts emerged, but
this opening appears to have come just under the “lid” which closed down upon it
immediately afterward, so rhat its precise position can only be inferred from local
fumaroles. It is near this point, however, that an instance of recent flow in sitx
was found. There is also an opening (2) on the north front of the cone exrending
radially down the mountain for several hundred feet from a point very near the
summit, through which a considerable number of the later explosions were seen to
emerge, but no evidence of heat concentration or of liquid lava has been seen there.
The thitd opening is the rift in the western rim which was filled when the plug was
lifted. All of these openings are in or about the crater rim and so gave no oppor-
tunity f{or the release of fluid lava from beneath the plug.

6. So far as available observation goes, all the explosions recorded, both
vertical and horizontal, were steam explosions, so that water appears ro be the only
volarile ingredient with which we have to deal seriously as a possible participating
cause. Ground-water levels were high and a number of streams of considerable size
have their sources high up on the mountain. The annual rainfall at the nearest
comparable station (Inskip) is upwards of 8o inches. The accumulation of snow in
the crater bowl was melting rapidly at the beginning of the activity in May 1914
and, except for the small portions blown out during the explosions themselves,
contributed directly to the water content of the volcano. This supply of snow
was exhausted during July 1914 and a new and uncommonly large accumulation
replaced it during the following winter. Following the two winter seasons (1913-14,
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1914-15), therefore, a great amount of meteoric water undoubtedly reache
volcano hearth (as steam) directly through cracks in the plug (crater Roor),

Bringing this evidence to bear upon thie problem of the actuating forces, w.
have to consider the relation between water and the characteristic andesite lavy 4
temperatures below 1000°. Thus far we have considered only facts of dife
observation or of immediate inference therefrom. It is now necessary t muke
assumptions to which a reasonable degree of probability can be assigned. The firy
is that we are dealing with a cooling system, that is to say, a mass of magma whiil,
is receiving no new heat, as for example by chemical action during the eruption,
Energy accumulated during two'centuries under a perfect seal is finding release, not
at once, but gradually over a period of several years. What conditions and reli.
tions are competent to accumulate and localize this energy in a slowly cooling
system and to release it explosively in this manner?

Beneath the plug there is undoubtedly a considerable mass of liquid magma in
which some crysrallization has taken place, inclosed within a cone of the sume
material. We have little information upon which to base an appraisal of its con-
dition at the temperature now prevailing in it, except that the solidified lava now
exposed still contains some glass and also free quartz, the latter of which has been
shown (Lacroix, op. cit.) to indicate a very slow crystallization of the andesite
magma,

The presumption is, further, that the movement of the plug at this compira-
tively low temperature, through upthrust of liquid magma from below, is positive
indication that the water content of the liquid lava is large, otherwise there is little
pussibility of Huid movement in a magma of this composition. This is further
established by direct inference from the immense quantities of water given off during
the explosions throughout all phases of activity, and is otherwise logical because of
the high level of the hot zone in a region of considerable rainfall. It is logical also
because a lava high in silica will probably carry in solution more water than a basic
lava,' and also because all volatile ingredients, other conditions being equal, tend
to be driven off by hear, and therefore the lower the temperature the greater the
possible content of volatile matter (in this case water) in the magma.

G. W. Morey has recently published a paper in which these questions are
considered in some derail.? Almost all of this bears upon the question here under
discussion, and considerable citations from it will therefore be permissible. He says,
for example, of the solubility of molten lavas for water vapor the following:

It is now a demonstrated fact that water vapor under a pressure of one atmosphere
is appreciably soluble in liquid silicates ac their melting-poincs, and that the amount of
water dissolved ac this pressure will produce an appreciable lowering of the melcing-point.

If the imcial pressure of water vapor is increased, more water will be dissolved
and freezing will begin at a correspondingly lower temperature.

The solubility of water in a silicate melt at a given pressure of water vapor will depend
largely on the temperature, and it is to be expected that the solubilicy will increase with

1 Sce belaw,
2. W, Morey, Development of pressure in magmas as 3 result of eryseailizacion, Journ, Wash. Acad. Sci. 12, 210, 1n2s

d the
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decreasing temperature, for the same reasons that gases are more soluble in cold water than
in hoc water. If an undercooled silicate mixture, that is, a mixture which had remained
liquid alchough it had cooled below the temperature at which crystallization should have
taken place, were to come into contact wicth water vapor, . . . it would probably take
up a much larger quantity of water than at a high temperature.

The evidence which has led Morey to rhese conclusions is partly derived from
general laws of solutions which have now received abundant verification and partly
from actual experimentation with moiten saits and silicates. They may therefore
be accepted as bearing directly upon our problem and offering information of funda-
mental importance. We conclude-from it at once thac the highly siliceous magma
beneath the plug almost certainly contained great quantities of water in solution,
and that its mobility at this relatively low temperature was directly the result of
this water content. A high-silica magma without water is ultraviscous.

If it is desirable to offer direct geological evidence to supplement that of the
laboratory upon the capacity of a highly siliceous magma to carry water in solution,
it will be borne in mind that some obsidians and pitchstones, of whose analyses we
have a record, are found to contain 10 per cent or more of water,! while averape
andesites, according to Washington's table of analyses, contain no more than from
1.0 10 1.5 per cent of water. Pitchstones and obsidians are really liquid magma
which has cooled down under such extraordinary conditions taart true freezing (crys-
tallization)} did not occur. Any readjustment of relations leading to equilibrium
between the volatile and non-volatile e¢lements of such a magma was therefore
prevented, and we have in these unusual masses a trustworthy picture of a liquid
magma before the volatile elements are driven out by subsequent reactions.

From the evidence of the laboratery, therefore, as well as from nacural occur-
rences, the conclusion is justified that the Lassen Peak magma was fluid ac such
low temperature because of the amount of water in solution in it, and the fact that
movement occurred at all at these temperatures is direct evidence of high water-
content.

So far as this conclusion is concerned it is immaterial whether the water is
an original constituent of the magma, or is meteoric water acquired in the usual
way through contact with water-bearing strata, or is meteoric water reaching the
volcano hearth through cracks in the crater floor under a head determined by the
elevation of the crarer basin.

The last source alone would probably be inadequate to provide all or even a
considerable proportion of the water given off in the 300 or more explosions con-
stituting the present activity of Lassen Peak (pp. 176, ¢t seq), but it may not be
neglected as one of the sources of the great quantity of water that participated in and
was indeed responsible for the activity. The water was undoubredly supplied from
all the three sources mentioned. The point of chief interest here is not a distribution
as between available sources of supply, but the establishment of adequate sources
for the tremendous quantities given off.

'ClL J. W, Judd e1 of. The Eruption of Krakatoa and Subsequent Phenomena, p 36,  (Repr. of Krakacoa Com,
Roy. Soc. London 1888.)
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Suppose we consider now the effect of the progress of crystallization in
magma of this type under the conditions above described.  This is the major subjedt
of discussion in Morey's paper, from which we may therefore appropriately e
further:

At temperatures near thac at which crystallizacion begins, a liquid sificare mixture
containing buc a small amount of volatile component may exert but a comparatively sl
vapor pressure, but as crystallization proceeds with falling temperacure the pressure of the
volatile components will increase ac a rapid rate, so rapid that a pressure many times the
original pressure may result from the crystallization of but a small proportion of the nog-
volatile material. ¢

The logic of this conclusion is direct and inevitable, for as the magma crystal-
lizes the volatile ingredients are crowded out, and if they are then confined in 4
closed space their pressure will increase rapidly until relieved by rupture of the in-
closure or otherwise. This accounts at once for the pradual accumulation i
energy in such a closed volcanic hearth, where the only operarive cause required
is a sufficient water content and rhe gradual cooling and crvstallization of the mug-
ma conrtained therein. Morey illustrates this by a number of laboratory studies
beginning with the behaviour of crystallizing potassium nitrate and water, the
progress of which can be followed in detail, he says:

As the mixture coals, crystallization proceeds, the warer content of the liquid in.
creases, and its vapor pressure rises. Reference to figure [+1] A or B!, shows that at che time
crystallizacion begins the liquid composition is 99 per cent KNOy, 1 per cent H:O. When the
water content has doubled, the pressure has increased from 1 atmosphere to over 6 armus-
pheres, a six-fold increase. When the water content has again- doubled, reaching 4 pur
cent, the pressure has risen to almost r1 atmospheres. If cthe mixture be contained in a
Rask which can withscand a pressure of only 10 atmospheres, che Hask will bursc as the
result of the pressure developed by cooling the mixture.
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A further example, iltustrating, from che experimental resules, the development of a
fairlv high pressure in a silicare system as the result of cooling, mav be found 1n the same
svstem |H,0— K S10:=-510;]. The eurectic berween K.S5:i.0. and SiQ); les ar che remark-
ably low temperarure of 520°  If a mixture of K., Si0; and H.0), containing 9.1 per cent
of H:0, with the other ingredients in the molecular ratio 5i10,/K.(0=4.26, be cooled from
a high temperature, the vapor pressure of che mixture will fall as the remperacure falls.
The mixture will not begin ro freeze until it has cooled to 300°% when crystals of quartz
and the ternary compound KHSi.0; will separate. The vapor pressure of the selution at
this temperature i1s 160 atmospheres. On further cooling the substunces continue co
crvstallize and the pressure increases rapidlv. When the temperacure has fallen 20° to
480°, the water content has increased to 10.2 per cent, and the pressure to 180 atmospheres.
When the temperature has fallen to 4207, the water content has increased to 12.5 per cent
and rhe pressure to 540 atmospheres, more than double the pressure at 500°.

It is of interest to consider what would happen if the mixture were o cool without
crystallizing, say to 420° and then begin to crystallize. . . . On the assumption that
the drop in pressure for the 80° drop in temperacure from 500° to 420° in the solution is the
same as the drop in pressure of water from 348° to a temperature 80° lower, the vapor
pressure of the supercooled liquid at 420° will be 59 atmospheres. [f the mixture containing
9.1 per cent water were tu cool, withour crystallizing, from 500°, its saturation temperacure,
to 420°, its pressure would fall from 160 atmospheres to about ;0 atmospheres. If at this
lower temperature it should begin to ervseallize, the pressure would suddenly rise to that of
the solution n equilibrium with quarrz and HKSi:O; at 420°, or 340 atmospheres.

It 1s evident, then, thac as a. magma containing water and ocher volacile components
cools, with consequent crystallization, the pressure will rapidly rise from its initial value,
and as the cooling continues the pressure will increase unul the temperature of maximum
pressure has been reached, or until the pressure is relieved by escape of the volatile material.
In che first case, which is thac in which the liquid cools under a crusc of sufficient weight and
strengeh to withstand che nternal pressure, the hiquid will solidifv as an intrusive mass.

If the vent 1s a fairlv open one, enormous pressures probably will not be developed
and the escape of the water as sceam may be comparatively quiec: . . . It may well
be that in boch these cases che activicy is che resule of the release of volatile material conse-
quent on crystallization, and the race of release of the volarile material may be regarded
as a measure of the race of crystallization in che parent body.

In'the last paragraph of this discussion lies a clue to the character and develop-
ment of the present eruptive acrivity which we may not overlook. If the rapidity
of release of water from the magma is proportional to the rate of crystallization and
the increasing pressure of this water vapor is the explosive agent, the appearance of
outbreaks at intervals of 2 or 3 days during the entire summer and autumn of 1914
is readily explained. If the explosions had been due only to water from without,
pouring into rifts in the crater floor, and exploding as steam on reaching the hot
zone, no such periodicity extending into the summer and autumn would have been
possible. Consideiing the explosions to be due to a more or less regular release of
water vapor from a crystallizing magma, to which any outside water is merely con-
tributory, then explosions may be expected to occur as often as the accumulating
pressure within overcomes the resistence of the envelope. Usually it may be
assumed that che inclosing crater wall will withstand the expanding force of the
volatile ingredients released by the magma, and the outbreaks will then depend
solely upon the fortuitous resistance of the conduiz and its contents to che accumu-
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fating pressure from below. Morey, in his subsequent treatment, recopnizes the
cumuiative characrer of this operation and its direct bearing upon the CrUptIy
period. He says:

Conditions may be such thac a much greater pressure must be developed befure 1),

gases are able to force their way to the surface. It may be assumed thac eruptions w,l|
- then take place at less frequent incervals.

Such accumulating pressures may find release in a single explosion, like Band.;.
san, or explosions may come intermittently over a considerable interval of qine,
as happened at Mont Pelée or in the case now under consideration, where explasions
continued to recur over a period of more than 4 years. Indeed, so lar as the theor
is concerned it is direct, competent, and appears to require no modification hc)'nn;l
the local limitarions imposed by varying composition of the magma, the water
supply, and the physical resistance of the structure.  When a conduit is once apencd
consecutive explosions at longer or shorter intervals from the same opening e
likely, lor the probability is small that the volcano hearth will be Lid wide open
by a single explosion, or the accumulated pressure otherwise completely discharged
in the first ousbreak. Where a considerable body of inagma participares and the
more fluid portions have access to the opening a lava flow may resule, following
somewhat the same mechanism as a soda-water bottle when the enrire content i
violently discharged through a too abrupr relief of the pressure.  Or an open staml
of fAluid lava may accumulate in the conduir, discharging its gas content by quict
bubbling, with or without occasional overflows, as at Vesuvius before the ourbreak
of 1906 and at the present mbment, or as ar Kilauea usually. All these conditions
find a ready explanation through the same mechanism, with but slight modilica-
tions of local mechanical derails.

With very great volcanoes, such as Mauna Loa in Hawaii or Etna in the
Mediterranean, the point where the structure fails under the cumulative pressure
is usually not the summit crater, but some other point lower down, where weakiness
has developed through fissuring or some other mechanical defecr, or because of the
solvent action of the magma boring from within. In these cases the hydrostatu
pressure of the overlying column in the conduit is probably added to that developel
in the crystallizing magma below. There is evidence at Mauna Loa that the whole
mountain becomes distended as the pressure develops prior to a catastraphi
release; also that there is some segregation due to gravity in the great muj
chamber, for outbreaks at or near the summit release either gas alone or a light
emulsion, while outbreaks at lower levels are flows of heavy lava containing little
gas. The difference in level between the summit crater and the recent lava out-
pourings at Mauna Loa is about 7,000 feet.

All these are but instances of local limitarions impressed upon the pressute
reservoir, which have the effect of varying racher radically the visible phenomena ol
volcanic outbreaks without in any way affecting the application.of the simple
theory here offered to account for the continuing source of pressure, so long s the
erystallization of the magma remains incompiete.  The limiring condition at Lassen
Peak, and from a theoretical viewpoint its most interesting feature, was the un-
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commonly low temperature at which the more violent phases developed. It is
altogether conceivable that, if the temperature had been but a lictle lower, ultra-
viscosity would have spread its inert mantle over the whole system and no move-
ment would have occurred, however remote the solution was from a condition of
equilibrium.  Perhaps the Obsidian Cliff of Yellowstone Park is as good an illustra-
tion as can be found of a frozen system in which equilibrium was never reached.

There is still another phase in the theoretical considerartion of this subject which
may have a bearing on conditions at Lassen Peak, though experimental evidence is
limited by the fact that no flow occurred and no sample of lava, which certainly
represents the present stage of development within the magma basin, has been col-
lected. We quote again from Morey:

It might be thar, if the crusc were of sufficient scrength, a fairly large proportion of the
liquid magma would crystallize before a pressure had been built up of sufficient magnitude
to cause 2n eruption . . . Insuch a case, in which a considerable amount of crystalliza-
rion has taken pluce, the non-crystallized marerial ejected will represent the “mather
liquor” remaining after the segregation of those minerals which are the frst to cryseallize
under the conditions preva:ling These may be the femic minerals, in which case the
mother liquor will be enriched in the more salic minerals, quartz and the feldspars, and the
water content will be correspondingly increased.!

The tendency for che heavier femic minerals to differentiate by setrlmg will be great,
especially since the density difference berween the femic and salic minerals will be increased
by the presence in the salic melc of the accumulated water,

To make appropriate application of this indication would lead us out upon
broader ground than i1s contemplated in the direct consideration of the outbreak at
Lassen Peak. [t will be recalled, however, that Diller definitely included Lassen
Peak, geologically, within the great region of basalric overflow extending through
portions of five states in the great Northwest. Lassen Peak is one of the few
remaining active vents in this entire region, and therefore, presumably, contains the
last vestiges of residual magma. Aurousseau has also characterized this lava as
“well differentiated” (p. 40). Very probably this segregation, to which Bowen first
called atrention in the paper to which reference has been made, is responsible for
the depletion of basalt (the femic minerals) in the residual magma in this greac
volcanic basin, and the persistence of salic residues still fluid because of their high
water content.

A final and very short paragraph may properly concern itself with the assign-
ment of a possible cause to this particular outbreak. Of course, the ultimate
cause is to be sought and found in the accumulation of sulficient pressure to break
down the overlying resistance of the plug which closed the original conduit. This
may be due either ro the continuity of pressure development in the manner indi-
cated, which finally equaled and overcame the overlying resistance; or it may
happen that this resistance was broken down or weakened through the operation-of
some extraneous cause, thereby giving an opportunity for release to the accumu-
lated vapor pressure within, There is some indication that the latter explanation
is the rrue one.  The fact that cracks over 100 feet long and in the general direction

YN L. Bowen, Larer stapes of the evolurion of the wnenus racks, Journ. Geol. Suppl., val. 23, No, 8, 1913,
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of the summit fault were noriceable immediarely after the first explosion and Wt
reported in the very first telegram announcing the inception of acuvity, '
appears to warrant the consideration of such a possibiliry. '

Whether these two cracks represented the first outbreak of a4 cumul
sure, or an earthquake disturbance which weakened the voleano plug, is 4 queste oy
to which, probably, no direct answer can be given. It is a fact, however, tha (1,
first explosion was insignificant in point of magnitude and altopether inadequ e
to account for the cracks. If it had represented the first outbreak of enori,,
pressure accumulated through 200 years or more of slowly crystallizing Magin,
then breaking through the crust for the first time, a catastrophic explosion would e
expected and the explosions following would be weaker; or a long pause might ene,
for the volcano hearth itself would probably be laid open.

If on the other hand the first opening represented a weakening of the plug {rm
without, the resistance of which then required to be broken down and the upenuy
enlarged from within, successive explosions of progressively increasing magnitude
would seem to be a natural consequence. If the latter conclusion is followesd, the
water, which entered the cracks after the first and subsequent explosions, muy
have been a very definite contributing cause, for a considerable influx of water f1vn
without might cause a considerable increase of fluidity locally, and so precipitae
activity in a more or less inert mass. Morey says of this phase of the subject
his theoretical exposition:

o

n"i\'l‘ lll]‘ “e

If an undercooled magma were to come into contact with percolating waters, v the
vapor generated thereby, as preyiousiy explained, 2 similar introduction of water at a b
pressure might take place. Introduction of this wacer mighe of itself induce crvstallizanion
in virtue of the lowered viscosity of the resulting magmaric solurion, and it is conceis able
that the resulc would be a sudden and violent oucburst of steam and ash, at a comparanvaly
low temperature.

If the weakening of the inclosing plug came from without and water was
admitted to contact with the outlying portions of a magmatic mass in which reaction
had practically ceased and a condition of suspended activity in an ultraviscous
magma had supervened, then the relation indicated by Morey might be realized
The influx of water-vapor from zbove into the outlying portions of an incompletely
crystallized magma might then have the effect of decreasing viscosity in the sull
fluid portion and promoting crystallization, and might cause an explosion which
would be followed by others in increasing intensity as greater bodies of magma
were affected by the more favorable conditions. This mechanism seems to alfer o
more logical explanation of a series of explosions of progressively greater intensity.
and approaching a culmination after several months, than any other which s
been suggested.

To those who are accustomed to draw upon experience with solutions of aalts
in water for precedents of convenient application here, a word of suggestion may
help to clear up certain misgivings which can hardly fail to come to mind in followin:
the demonstration just offered. Undercooling in salt solutions is rare amd can
hardly occur in contact with crystals of the stable solid phase. Because ol the
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great viscosity of silicate solutions (magmas) undercooling is there the rule, and
furthermore, the rate of reaction is often extremely slow, so that equilibrium
throughout any considerable mass of magma can not be expected to follow shifting
conditions, nor indeed, in 2 magma considerably undercooied, to be approached at
all within a limited time. By way of illustration note the percentage of glass
revealed by the microscopic study of the Lassen Peak rocks (p. 43). Thisglassis
undercooled magma in continuous and intimate contact with the crystalline phases
throughout the mass. When Morey considers the case of an undercooled magma at
700° or 800° to be radically altered by the advent of water vapor, he pictures
phenomena of common occurrence ig the study of rocks of high silica content.
Such an andesite magma containing several per cent of water may be in intimate

Fig. 42.—May 22, 1915, View of the great eruption from Red Bluff,
45 miles southwest. Photo Stinson.

contact with the crystalline phases at these temperatures and yer be very far re-
moved from equilibrium. Undercooling might indeed be accounted to be the
normal condition of such a system when inclosed within a competent reservoir, and
inertness its most apparent characreristic.

Suppose additional water vapor under appropriate pressure to be introduced
into such a system. The solubility for water of the liquid portion (magma) is
greater at these low temperatures and increased fluidity of the magma is its im-
mediate consequence. But with increased fluidity comes an increased reaction-
rate, a more rapid approach toward equilibrium through crystallization, to which
may correspond an enormous increase in the vapor tension (see curve, p. 78). Ina
volcano reservoir, with vast quantities of surcharged magma potentially available,
such a discharge of water vapor may precipitate an avalanche of crystallization
and consequences of catastrophic proportions.

If this reasoning is admitted, no natural agency need be invoked to explain
this type of volcanism, which does not find its place among the well-established
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laws of the behavior of solutions. . Ultraviscosity may provide a cloak beneath which
slow-moving changes may proceed unobserved for long periods of time, and these
may develop a potential of enormous proportions before conditions favorable to itg
discharge (equilibrium) occur, but there appears to be nothing in this special case,
except its magnitudes, which is in any way foreign to our usual thinking, and these
will give us no concern, provided only we have the courage to follow the reasoning
through to the logical outcome.

After establishing the validity of such reasoning we shall not overlook the
facts, nor ser them aside as mere coincidence, thatr (1) streams of water from the
meiting snow in the crater basin were observed to be pouring into the first explosion
crager and ad]accnt cracks at the begmnmg of the activity in May 1914; (2) a very
unusual winter accumulation of snow in the crater preceded the culminating
outbreak in May 1913; (3) following the great eruption in 19135 and the upheaval of
the crater floor which formed a part of it, the rocks in the crater remained warm
throughout the winter following and were found to be guite bare of snow in May
1916—whether fiom lack of a new supply of water to diminish the viscosity and so
to give fresh impulse to the crystallization, or for some other reason, there were no
eruptions in May 1916 or thereafter in that season; (4) after the surface rocks at the
summit had cooled and the winter snows again accumulated there (1916~17), the
period of spring melting (May 1917) was again marked by violent explosions which
opened a new explosion crater some Goo feet wide and deep.

Since the summer of 1917, the opening has remained sealed, so far as trust-
wnrthy observations at the summit have been reported.

When the remarkably low temperature of all the observed phenomena is
recognized and :he consequent high viscosity which characterized the only lava
movement observed during the enrire eruptive cycle, it is hardly possible to con-
clude that the voleano hearth itself can have had a high temperature. If it had not,
then undercoolirg and an extremely slow rate of crystallization is indicated, which
may have required an influx of surface water to precipitate violent phenomena.



PART II.
THE HOT SPRINGS OF LASSEN
NATIONAL PARK

!

By Artiur L. Day anp E. T. ALLen.




INTRODUCTION.

In the course of the invcs'tigation of the recent eruption at Lassen Peak some
interesting observations were made in 1913 on the hot springs of that vicinity,
The possibility of studving certain genetic conditions for the formation of sulphide
minerals was suggested by what appeared to be the precipitation of pyrite in one of
the hot-spring areas. The next year observations were continued with this purpose
in view, and collections were brought home for laboratory study. As the investiga-
tion developed, the original purpose broadened in scope, and when, after the
interruption of the war, the work was taken up again the reed of more complete
evidence on a number of points became obvious. Accordingly, the field was
revisited in 1922 and again in 1923.
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CHAPTER 1.

OBSERVATIONS AND EXPERIMENTAL WORK.

LOCATION OF SPRINGS.

The hot springs described in this paper are found in northeastern California.
They occupy adjacent portions of Plumas, Shasta, and Tehama Counties and, with
the single exception of Morgan’s Springs, all are included within the limits of the
Lassen National Park. This region, which has but recently (1916) been established
a national park, is comparatively lictle known, because it lies remote from the main
lines of travel and is still traversed only by rough trails, but it abounds in attractions
both for the scientist and nature lover—magnificent scenery of mountain, meadow,
lake, and stream, a wonderful forest of great conifers, and volcanic phenomena of
high interest, including Lassen Peak and many groups of hot springs.

GEOLOGIC RELATIONS OF HOT SPRINGS.

The region about Lassen Peak is covered by thick lava flows, almost exclusively
dacite and andesite. There is a smail area of basalt along the west side of Bumpass
Hell, as one of the largest hot-spring areas is called, but elsewhere the dacite is
uppermost. At the Devil’s Kitchen this reaches an estimated thickness of 1,200
feet. Below it lies an andesite flow of unknown thickness. The hot springs all
occur in the dacire areas.

A more significant relation is the association of the springs with a system of
faults.* According to Mr. J. S. Diller, of the U. S. Geological Survey, to whom
we are indebred for these geological observations, there exists between the Sierra
Nevada and the Klamath Mountains “a group of features, mainly faults” which
parallel the Lassen volcanic ridge. It is in this structural belt “which has aligned
the volcanoes” that all the hot springs of the region occur. The faults are gen-
really, if not always, normal faults. As we approach the Sierra these faults
penetrate to shallower depths and hot springs are no longer found.

HOT-SPRING GROUPS.

There are at least eight groups of hot springs in the Lassen region, occurring at
intervals of a few miles. Their alignment, as Mr. Diller points our, suggests that
they follow two intersecting fissures; the Geyser, Boiling Lake, Drake’s Springs,
Devil’s Kitchen, and Bumpass Hell on the one; Mill Creek Springs, Supan's
Springs, and Morgan’s Springs on the other. Our observations included all but
the last group, but mosr of the work was done on the Boiling Lake, Devil’s Kitchen,
and Bumpass Hell. So far as the different groups have been studied their essential
characteristics are the same.

! Bunsen (Lirbig’s dnnalen, 62, 1, 1847) points out thar pracucally all the springs, geysers, and fumaroles of Iecland
lie along 2 northeast-southwest hine, withour regard to mountains or valleys.
87
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GEYSER.

The Geyser is the name applied to the principal spring of a small group
which ovceurs in 2 deep, narrow ravine about 10 miles southeast of Lassen Peak,
Like each of the three following spring groups, it is situated in Plumas County,
California. Ranged in an irregular line at the head of rhe ravine are three
connecting pools, cach abour 23 feet in diameter, the Geyser itself being first in
order. The ravine at this point is but little wider than the Geyser pool. The
temperature of the pools varies from 20° or 30° up to nearly boiling temperature,
which at this elevation (3,700 feet by the aneroid) is not far from 94° C. Two of
the pools have been observed at rimes to spout jets of water to a height of 5 to 8
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Fig. 43—The Ceyser. Southernmost pool, july, 1922. Photo Day.

feet, at other times the action is inconsiderable (fig. 43. Plate 7). A smail cold
stream flows down into the ravine in the spring of the vear, bur dries up in late
summer. Alon the litti stream, which drains the hot pools, thermal activity
continues for a short distance in the form of insignificant fumaroles. From a point
at the top of the ravine a narrow lava flow, like a windrow in form, can be followed
northwestward almost to the Boiling Lake.

Boiving LakE orR Lake TArTARUS.

The Boiling Lake (elevation 3,750 feet) is an oval basin of hot warer, 200 yards
in its largest diameter, set in a beautiful evergreen forest, 7 or 8§ miles southeast of
Lassen Peak (figs. 44, 45, Plate 8). Excepr at the lower (northwest) end, its banks
are steep and from 15 to 75 feet in height. The basin-like form of the depression
and the associated thermal phenomena suggest the site of an ancient crater (Diller).
There is a very small cold stream flowing into the lake from the south and an outlet
of warm water, slightly larger, at the northern end. During the summer both dry
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The Geyser. Northernmost Pool. (1) June. 1916. Temperature 30°, No
spouting. (2) June, 1915, Temperature 93°. (3) July I922.Templ§::tureD94°,
oto Day.
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up complezely (fig. 44). Gas bubbles rise from time to time at various points on
the surface. Ip spring and summer the temperature averages about 50° C.; our
observations varied from 46° to 52°. The lake is pale green in color and choked
with a fine cream-colored mud which makes it appear quite shallow. Cling-
ing to the muddy bottom of the outlet, and occasionaily in slight amounts to the
earth about the borders of the springs, is found a green growth which in all prob-
ability consists of alg®, to which the greenish color of the lake is perhaps due.
Alge were not noticed in the other hot—sprlng areas, except in Drake’s Sprlngs,
if present at all they must be scarce.

Fig. 44.—July 23, 1915. Boiling Lake (Temp. 50° C) surrounded by a beautiful evergreen
forest. OQutlet (then dry) in the foreground. Pyrnte crystals abundant in
the bed of the stream. Photo Day.

The lake is almost completely encircled by a chain of small springs and mud
pots, most of which are near the boiling temperature. They generally occur close
to the shore. Some are found on the bank up to jo feet above the water, some are
spread out over a low-lying delta at the inler, and some of the mud pots are sub-
merged or surrounded by the lake at high water (fig. 46, Plate 9).



B

Y0

As a result of the action of thermal waters, the shores of the like for g MAN
distunce of some 50 yards at the northwestern end are of bare earth—a thor, nagehly
decomposed lava colored reddish by oxide of iron. ‘
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Fig. 45.~May 19, i916. Boiling Lake looking northwest. Lassen Peak in the back-
ground. Photo Day.

Drake’s SeriNgs.

Three-quarters of a mile north of Boilirg Lake in the close vicinity of Warner
Creek is a small group of springs (elevation, 3,500 feet) which differ in appearance
from all others in the region. As a consequence of the lower temperacures and
probably also other conditions prevailing here, the waters are choked with a bright-
green vegetable growth, contrasting strongly with the barrenness of the other spring
areas. The highest temperature we have observed at any time in these springs is
62° C. Besides a number of seepages, there are a very few weil-marked springs.
all quite small and practically all on the slope which runs down to the south bank
of Warner Creek. The easternmost spring is the largest and hottest.

The mineral content of Drake’s Springs is of similar character to that of all
the rest, so far as the salts are concerned, burt they are small in quantity and there
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is no free acid and apparently no hydrogen sulphide. These qualities adapt the
waters to bathing purposes, and chiefly for this reason a summer camp has been
located here for several decades. The camp, which belongs to Mr. A. Sifford, has
always been our stopping-place, as it forms the most convenient base for all points
of interest in the Lassen region.

Cige

R Tt [ e

Fii. 46, —May 6. 1916, Spsiigeon th bank of Beiling Lake. Pysitaicrystals abundazit
in the clay banks. Photo Day.

Deviv's Krresen.

The site of the Devii’s Kitchen (elevarion about 5,300 feet) is a deep, narrow
valley through which flows a swift, cold stream about 13 feet in width and 1 or 2
feer deep, called Warner Creek. The acrive area, which is approximartely 530
feet by 1,300 feet in extent, is about 1.5 miles west of Drake’s Springs and 6 miles
southeast of Lassen Peak. The south wall of the Kitchen is precipitous and several
hundred feet in height. There are also high banks on the north side of Warner
Creek below No. 27 (see map fig. 47) and at either end of the area. On these
steep slopes there is almost no sign of thermal activity, but many mud pots and hot
springs are scattered over the irregular floor of the Kitchen. In the immediate
vicinity of the springs rhe ground is pracrically always bare of vegetation, but pines,

-
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cedars, etc., are distributed over the aréa wherever conditions are favorable, and
north of the creek bevond a barren border strip the ground is forested. Thermal
activity reaches its greatest intensity at the two ends of the area, especially the
eastern, where there are several strongly spouting springs and well-marked fuma-
roles (figs. 48 and 73). The temperatures are no higher than at the Boiling Lake,
but the thermal activity as measured by the volume of hot water is considerably
greater.
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Fig. 48.—July 21, 1913, Four steaming springs at the foot of a high bank, east end of
. Devil's Kitchen. Warner Creek in the foreground. Photo Day.

In outward aspects there are other differences berween the two areas. A
number of pools in the upper end of the Devil’s Kitchen are colored yellow with
precipitated sulphur, while free sulphur is hardly noticeable at the Boiling Lake.
There are also pools in the Devil’s Kitchen covered by a dark scum which has
proved to be pyrite. In the flacs near Warner Creek the ground has been reduced
by the action of the hot waters to a fine, hot, sticky mud which dries out and be-
comes baked into a rhin crust, through which one may easily break with serious
resules (Plate 10).
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Bumpass HerLvr:

Bumpass Hell, 2 miles due south of Lassen Peak, is a crater-shaped basin 500
by 1,400 feer in area, lying high up among the mounrains (elevation about 8,000
feet) and almost absolutcly devoid of vegeration (figs. 49, 535, Plate 11).  Quite the
most picturesque of any of the hot-spring areas, its barren ground, sulphur caul-
drons, boiling fountains, and disagreeable odors form a striking contrast to the
wooded slopes by which the traveler approaches it and the magnificent mounzain
scenery visible from the rim of the basin. Thermal action here, if not more intense
than in the other areas, has been at least decidedly concentrated. Rock decom-
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Fig. 19.—View of Bumpaas Hell (looking west} taken in 1891. Activity
greater than at the present time. Photo E. R. Drew.
position at the surface is thorough. It not only covers the ground of the entire
basin, bur extends to adjacent peaks and slopes. Thus the long, steep slope, which
is traversed by the little stream forming the outlet of the basin, has been similarly
decomposed for a distance of several hundred yards and many small fumaroles and
springs of high temperature are still active there. The surface of the slope which
rises to the southeast of Bumpass Hell, the steepness of which is indicated on the
map (fig. 50), has also been similarly transformed. A gilance at the map shows that
the eastern portion of the tloor of the basin is quite irregular, rising in barren mounds
among the pools (fig. 55). The ground of Bumpass Hell, more especially the west-
ern part, is undermined, sounds hollow to the tread, and is easily broken through.
One of the most conspicuous features of this area is the large size and the compara-
tively small number of the pools. Another characteristic is the prevalence of free
sulphur, which occurs as a precipitate in some of the pools (figs. 52, 61, 62), and
which, in the form of needles, lines many small fumaroles on the western side.
Mud pots are found in considerable number, but not so many as in the Devil's
Kitchen. One of them on the north side (No. 17, fig. 50; fig. 77) is conspicuous
for its size, about 2o feet in diameter.
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Temperatures at Bumpass Hell usually approach the temperature of builing
water for that elevation, 91° to 92°, but one vigorous roaring fumarole (N, X,
fig. 50) showed in 1916 a maximum temperature of 117.3° C., and in 1923 was il
considerably above the temperature of boiling water.

Rising above the northeastern rim of the basin is a lava flow that forms 4 con.
siderable ridge which can be [ollowed by the eye for some distunce as one approaches
Bumpass Hell by the usual trail along King's Creek.

Fig. 51.—July 10, 1915. Large shallow pool. bright .brown color. considerable gas evo-
lution {center), pyrite scum (right). Photo Day.

Supan’s SPRINGS.

In the nearly straight line from Boiling Lake, Devil's Kitchen, and Bumpass
Hell is another smail hot-spring area in Mill Creek Valley, known locally as Supan’s
Springs. It lies nearly 3 miles to the west of Burmpass Hell and about 4 miles
southwest of Lassen Peak. The surrounding topography suggests thar it may
represent a residual trace of the great crater basin which preceded Lassen Peak,
of which Brokeoff Mountain is the most conspicuous remnant. In appearance
Supan’s Springs résemble most closely those of the Devil’s Kitchen. They include
small mud pots and a number of small springs, some turbid and some clear, as in
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the case of the Devil’s Kitchen, but the drainage basin is much smaller and the
stream which flows through the valley is insignificant.  This is perhaps partly due
to the very steep pgrades, which carry away the water much more rapidly than in
any of the basins heretéfore described.

The temperatures are substantially identical with those found in Bumpass
Hell, the maximum (91.6°) being equivalent to the boiling temperature of water
corresponding to the elevation. The soil is much decomposed (fig. 33), the ac-
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Fig. 52—July 10, 1915. Large sulphur cauldron (No. 4; fig. 50), Bumpass Hell. No outflow.
Little gas. Photo Day.

cumularions of sulphates being greater in this valley than in any other part of the
region. Formerly considerable deposits of pure sulphur existed here, but in so far
as they were exposed to plain view they have been carried away in sporadic mining
operations. There are no surface evidences of large deposits and presumably the
region would not repay commercial exploration for sulphur. ,
Some 2co yards above this group of springs is a spring somewhar larger than
any of the others, to which is sometimes given the name Upper Supan’s Spring.
The hillside is so steep at this point that the action of the spring has produced a
slight embayment of the hillside so as partially to roof over the active basin. The
basin itself is about 6 feet in diameter and contained no more than 4 or 5 inches of
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water in August 1923.  This pool was slighely turbid, gray in color, and w..
boiling quite violently over the entire surface, which was probably caused entisely
by the escape of steam through it. There was no indication of other gases and 1,
samples were taken. ;

If one follows up the valley from Supan’s Springs directly toward Lassen el
one may notice an ancient basin in which are only 2 or 3 small springs, slighls
sulphur-colored and in part surrounded by vegetation (fig. 54). These are prob-
ably the highest springs in the valley which feed Mill Creek, and so perhaps they
might be called its source. The: contours of the basin suggest one of the v
centers of ancient activity, of which nothing more remains than these leeble hot
springs. There is little of interest to note about this group of springs, save only
that they are north of the line upon which all of the hotspring regions thus far
described are located. It is therefore natural ro conclude that they are nut con-

Fig. 53.--July 1923, Supan's Springs. lower group, showing the effects
. of thermal action. Photo Day.

nected with the major east-and-west fault of che region, but with a north and south
fault leading to the extinct center of former volcanic activity. The volume of
warer in the springs themselves is negligibly small, the largest being no more thin
2 or 3 feet in diameter and a few inches deep, the exact dimensions being partially
concealed by small boulders and vegetation. It should be said, however, that
the entire basin, even in August, was saturated with water, indicating that the
drainage follows small seepages without being localized into springs.

Morcan’s Springs. s

Morgan’s Springs were not visited during any of our expeditions to Lassen
Peak. They lie several miles to the south of the major fault to which our studics
were directed, and at a much lower level (on Mill Creek), thus indicating to us.tl?‘il
they were perhaps not closely related to the sources of the volcanic activity
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which it was our chief interest to stcudy. The following description, taken from
Waring's' account of Morgan’s Springs, is here quoted, in order to complete the
account of the known hot springs of the region. They occupy a small meadow
which forms the floor of a narrow valley where “about 235 springs and pools are
scattered for a distance of 600 yards along Mill Creek.” The meadow is a part of
Morgan’s ranch.

Most of the springs are quiet pools of small flow, less than 3 feet in diameter and rela-
tively shallow. A number of chem contain thick algous growths and several deposic native
sulphur. Others rise in areas where hard deposits of siliceous and calcareous materials
have formed. Three or four springs steam and sputter from vents on the banks of the
creek. One of the northernmost of these springs seems to have a true geyser action for it
issues in a shallow basin 3 feet in diameter in which water is said to come to a state of
vigorous ebullition and then to subside about once a day. During a perted of 41 hours the

Fig. 34.—July 1923. Mill Creek Hot Spnngs. Probably the last
vestige of activity in the old Lassen Peak crater southeast
of Brokeoff Mountain. Photo Day.

condition of this spring was noted five times as follows: At the beginning of the period in
acrive ebullition, discharge about 15 gallons a minute, temperature above 93° C.; two hours
later quiet, no overflow, temperature 86° C.; at 16 hours and at 25 hours later, in active
ebullition, overflowing; at 41 hours quietly overflowing, about five gallons per minute.

Waring says that—

The siliceous deposit at Morgan’s springs is thought ro be the largest spring deposic of
this marteriai in the state. . . . The slopes on each side of the meadow are covered with
pvroxene andesite of Miocene or Pliocene age, but a cemented conglomerace is exposed
along the creek in the meadow where the springs rise.  The cementing material is siliceous
and has probably been deposited by the hot water.

Some of the above features obvivusly differ considerably from any that have
been observed in the other spring areas. The waters also, so far as they have been

1Springs of Califormiz, U. 8. Geol, Survey, Water Supply Paper 338, p. 138, 1915.
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examined, are exceptional in containing a preponderant amount of chlorides i
in their high concentration (p. 110). Waring suggests that the chlurine m.u'. he
derived from the sediments of the Chico formation, outcrops of which were .
covered by Diller 20 miles to the west and southwest. The highest recondod
temperature which has been observed in Morgan's Springs is 93.6° (1)l
This indicates that the area is lower than any of the other hot-spring hasins e-
scribed in this book.

i : - .;__. _
Fig. 53.~July 10, 195, General view of Bumpass Hell hot springs, looking west.
(CI. Fig. 49). Phota Day.

Types OF SPRINGS.

The hot springs of the Lassen region are chiefty of the solfataric type and are,
so far as one may depend on descriptions, duplicated in many parts of the
world. They resemble closely the acid springs in the Norris Basin of the Yellow-
stone Park. At first sight the visitor is impressed bv the diversity in appearafee
which the springs present. In size, amount, and color of sediment, and in pltysiv:ll
activity the differences are in fact very great. Individual spring pools range i
size all the way from a diameter of 50 feet or more down to insignificant dimensins.
Though they have never been gauged, it’is obvious to an observer that the dis
charge, even from the largest springs, is quite small, and some have no visible out-
let ar all. i )

One of the best-defined types and perhaps the most striking is the spouting f
pulsating spring. The pool may vary greatly in size, but the spring is character-
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ized by one or more jets of water which spurt spasmodically and, with considerable
regularity at intervals of a second or so, to a height varying from a few inches to 5
or 10 feer.  The volume of the fountain also varies considerably. Somerimes it is
dome-shaped, but usually it is like a jer from a nozzle. The height to which the
same fountain may play differs greatly ac different times and it may even cease
altogether (Plate 7). But such springs are not to be regarded as geysers of irreg-
ular period, as they are not characterized by eruptions which appear and disappear
suddenly. In fact, there are no geysers in the Lassen region.' The spouting in
these springs naturally keeps the water stirred up and they are usually muddy,
though an outlet of sufficient size helps to keep them clear of sediment.

Inactive since 1915. Photo Day.

Mup Pors anp Mup VoLcanoes.

The essential characteristics of 2 mud pot seem to be a very limited water
supply, a relatively large supply of heat, and the lack of any visible outlet (figs.
36, 57, 38 and Plate 9). The mud it contains is generally thick and pasty, though
it varies considerably; in fact, all degrees of consistency down to slightly turbid

! With the possible exception of the single spring in the Morgan group described above.
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water, are found in the various springs. Some of the mud in the nyu Peots i
unquestionably a product of chemical action on the spot, but in some plages 4 ity
of the mud is probably transported. Thus all about the Boiling Lake acour el
pots issuing from the sediment which is probubly transported to the shores 4 higly

Fig. 57.—]June, 1922. Mud pot in the Devii's Kitchen
(No. 10, Fig. 47). Bursting gas hubble in the
foreground. Very thick mud. Photo Day.

e e e

-

Fig. 58.—July, 1923. Boiling Lake, Mud pot active below the lake level
(foreground), others drowned. Very low water. Photo Day.

water. Some of this was probably formed by thermal action at virious points "‘:
the lake bottom, and some has been carried into the lake through the outlets o
other hot springs.
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A mud wolcano differs from 2 mud pot much as a spouting springz differs from a
quiet hot spring.  When the water of a mud pot dries out sufficiently the escaping
steam throws out clods of mud, which in falling build up a cone inclosing a crater
just as spouting lava does. The pressure of the steam must obviously be equal to
the work required. Thus a very large and rather active mud poc in the Devil's
Kitchen (No. 1o, fig. 47; fig. 57) has never within the time of our abservation built up
walls of any considerable height because, though the mud is consrantly splutrering,
the pot is unusually deep and wide, while the steam pressure is not proportionately
great. The result is that most of the mud drops back into the pot and compar-
atively little falls on the rim (fig. 38). " In consequence of a wet season, a mud
volcano sometimes slumps in, forming a mud pot again, for mud pots have been
found at points where in drier times mud volcanoes had been observed. In 1916
a number of mud volcanoes were to be seen both at the Boiling Lake and the
Devil’s Kitchen; in June 1922 all had disappeared and their sites were occupied by
mud pots. In August 1923 all these and many other smaller ones had once more
built up mud cones. .

These three forms, spouting springs, mud pots, and mud volcanoes, are the
most distinctive types of hot springs which we have to consider. The differences in
the color of the spring sediments are also of a striking character, but when we come
to the study of the chemical nature of the sediments and the physical character of
the thermal activity we shall find that all this manifold diversity is but the manifest-
ation of the same process due to the same fundamental forces, modified here and
there by local influences most of which are of secondary importance.



CHAPTERIT,

FIELD AND LABORATORY WORK.

WORK IN THE FIELD.

The field work included derailed observations of the springs and their relagio,.
ships, the preparation of maps of the three most important spring areas, measure.
ments of temperature in the springs and of ground temperatures in some arcas,
approximate measurements of heat carried away from one of the basins by -
flowing water, and the collection of waters, salts, sediments, and gases for Libar. tory
study.

Maps.

Local outline maps (1 inch to 100 feet) of Lake Tartarus (fig. 39), the Devils
Kitchen (fig. 47), and Bumpass Hell (fig. 50), were made for the purpose of indic .
ing the location and the relation of the springs studied and praviding possible
identification which might permit of further study. It must be recognized,
course, that these springs are situated in a region of very active and very variahle
surface drainage, partly due to the heavy accumulation of winter snow, and alwe
one in which rhe temperature is high enough to bring about active metamarpha
changes, so that shifting in 'the observed locations of springs and occasionally
complete loss of identity may be expected.

Our observations in 1922, six years after two of the maps were prepared, proved
them to be of great help in carrying out the investigation. Essential changes m
that time had been comparatively few, but some there were which were incontest-
able and of special interest. The areas mapped were roughly surveyed with
compass and all distances were measured. The maps are therefore to scale
Letters on the maps refer to points observed by J. S. Diller in 1921, the numbers o
points studied by the authors.

TEMPERATURE M EASUREMENTS.

Temperature measurements were made with a maximum mercurial ther-
mometer protected by a brass cage.  As there was no reason for high accuracy 1t
is unnecessary to give details. The results are recorded in Table 1.

The highest remperatures in each area are close to the temperature of hoiling
water for the elevation. They are usually a little lower—a fact which presumably
means that the influence of escaping gases on the temperature is greater than that
of dissolved salts. The temperature fluctuations in some springs are much too
great to be accounted for by variations in the barometer. It will be noted alwe
that there are some springs and pools with a temperature much below that of
boiling water and rarely a cold pool. Fumarole temperatures, with a singiegxcep-
tion { Bumpass Hell, No. 8), were practically the same as the maximum temperatuges

found in the springs.
104
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TasLE 1.—TeMreraTURES tN THE Hot Srrincs oF THE Lassen Nationan Park.!

Tue Gevser.
[Elevanion about 5,700 feer.  Average builing-point of pure water for this elevation about 924.0° C.)

Localiey. l Date. Temp. Localiey. f Dare. Temp.
[ ' g ! "L
Northpool,.ooovranrunenivaanns | May 17,1916 328 Small fumarules wese side of sutBow, ... May 17,1916 B9 3
| Do ririthiena | July 11,1015 243 Do... A T T R TR e s el b Ao 89.7
| Bl i June 25,1922 1 92 || Cold inflaw from north:
} Da. (bm]mg !t:ad:ly 3 tn 5 ftet | Attopof raving.......ovvvvvriinn June 25,1922 8
| hlgh). . Aug. 9,193 95 5, N Near bottom of ravine. . ..........0.....Do...... +
Middle pool.. T e g e O May 17,1016 372 Both dtyas o s snanrniessnnrss Aug 92,1023 Gy
Scuthwn:pool IR PR, » | 231 |
Divecs ivrpedasrsise den june 25,1922 93 }
Do. (spouting occationally 10 Fcet} Aug. 92,1923 93.7
1
Tue Boiuine Lake on Lake Tartarus,
|Elevation 5,750 feet. Average boiling-point of pure water for this clevation abour 94.0° C.}
i Localiey. | Date. Temp. |1 Localicy. ! Date. Temp.
|
! i W °C.
Qualer of lake; warer rurbid. ... .. .. May 15,1916 49 | Na. 5. Different vnifices. ... ... .. Jupe 16,1922 182.5 to 91
e [ May 19,1916 | 49| (o SR June 30,1922 |85 3 0 94
l 5 R R 0 PN 0 May 26,1916 0.8 Do. (muddy)eeevei i inveon oo Aug. 9,1923 50.0
| - T e e | June B8,1916 | 9.0 No. 6. Mud voleano..... ... ...... May 19,1916 | B2
Do s vionm st S June 15,1922 | 360 | 3 et ieees... June 16,1922 [ 80.5 1090
i De. . July 9,1022| 525 | o SRR p e S June 19,1922 | 87.7, 91.5
Dodr} lLaket:mpcn:ur:near| [ | | b TR SORE S S — R L 93.3
l outlet). . o Aug. 9,1923 f s1.8 Do. {mud clods, banana size, I
! Muddy pool he:ted b) .mautmg springs: thrown 10 feet)....... ... ... Aug. 9,1923 86.3
\r.\. 1. by fallen cree. .o May 26,1916 92 Two mud pots west of No. 6. .. ' Jume 16,1922 | 70 and 92
| T B e, lune 8,1916 | 00.3 Do. (active 2 feer helnw lake levzh | Aug. 9.1923 92.9
\ Db svaiv Siraaan ey PR lune 30,1922 933 | No. 7. Mud voleano......... ... ... .| May 19,1916 93
DO cicssissviviansvinniesasaan] Jine- 151022 1 03 P« it bmvennmginesegae ) L ay a0, 1516 90
, Do.. e huly 91922 | 938 Jl D Coites ey e veeieo.. Jume BL916 | 93.9
| Dn(mudrenlamed) P AN (g Y 9.1923; 933 | D bk kit st aac s June 15,1922 %0
No. 1. south end. . Viau | June 17,1922 93 | Do.. srie .. June 30,1922 93
' g e e g | June 30,1922 | 945 | BB N e et D July 91922 92
Do.. remrinmesrasesane-dJuly 91923 1 o35 Do. . veieiieess | Aug. 9,923 0 033
No. 2 Very smal ..... & c.. May 15,1916 [ 91 J No. 8. Lake border. ceiireeo-. June 17,1922 | 93
| | ehaaaaesane Seeesal S lay 19, 1016°1 ) 9L 1| Da. July 9,1922 93.2
| (1 - P, ey, - ceesssesasr| June B8,1916 93 | Do. (many steam opcmrp. liethe
Nai T ENol sarwsc s v s nesssananeag JANE 191932 93 \ water)e s v any s .. Aug. 9,1923 899
! Do. . : ! July 9,1922 94.2 | No. 8. On promumory ‘sbove lake. .. June 17,1922 192.7 ta %
De. (very fow* 3 upemngs] vreo-. Aug, 9,1923; 934 i e ceees July 9,1922 24
| No. 3. Very small.. ... . June 8,1916 923 || No.O. \1ud pot in lake voo. June 30,1922 93
[ B sasii e May 19,1916 | 897 | Do.. . July 9.1922( 93
LT | July 9,1922°' 88 | Da. I’dn’ s:eamunly)........... | Aug, 9,1923 e
Doa. banks :aved n ceessrensesst S0E 9,1923 90.1 | No. 10.. ; veiiereo. June 16,1922 | 89 to %4
| No. 4. ‘\puutmg spring. . prasaeaend EV Y 15.[016 t 93.2 | Do.. June 30,1922 | 92 max.
Da.. " - vivoe May 19,1916 87 | Da. ml\ 1 !Mhﬂ d::p lnnemu:
Do.. " ceine. June 16,1922 ‘ 93.3 bubbles. . T Aug. 9,1923 90.8
Da. st:am nnlv, U WRTer..... ... Aug. 09,1923 | Ne.11.. A e S ah .| June 16,1922 B3
| Nous, M Springse sencs cuenss ey May 15,1916 38 Do. 3 steam ofelings; no water...., Aug, 9,1923 %4.8
Pod-gyos & BB .. May 19,1916 | so |

June 8,1916 ‘

! The vanation in the ohserved barometnc pressme 3t 3 neacby stacion of the U, S, Weather Burean was 12.7 nun, dunng the period of our
rse visie (1916).  This would canse 2 varation of about 0.6° C. in the boiling-paint of water.
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Tapte 1.~Continued.

Draxe's Srrincs.
[Elevation about 5,500 feer. Average boiling=point of pure water fur this clevation abour 23.0° ()

7 1 :
Localivy. | Date. | Temp. l! Localicy. ; Dare, Loy
' ®: sl ] .
Few steps NE. of bath house...........| July 14,1922 52 I Slope sonth of Warner Creek:—Continued, !
Slope south of Warner ka. | ': Berween last two, but nearer bath- |
Fascend.......... censeannof July 301913 515 | house. ... July 1,2y,
Do scioncasannionns o e o, ‘l July 9,103 33 I Soda-spring, :ﬁ'ervmm. 075 mnle west , i
Doss e sssissisTiaris adeny .| June 6,1916 376 of Drake's Spnnu n mealow. | \la\ 16, 1916 M
De..... Vewssasan Aresasinsa TR jllhr 14,1922 62 DO.. e ™ i l ung 6, ' ..'.I
Westendooooooneinnnn rwcanin s Dol 500d 43.5 Do....... VRSN e N h i R July 14,1020 A
Middle............. B Ry :.,.....Dn ...... 505 | *
|
Tue Devic's Kirewes.
|Elevation about 5,800 feer.  Average boiling-point of pure wacer for this elevation abour 94.0° C.
Locality. | Date. . Temn. : Locality. { Dare. Vit
i *C. Ty
Wa: il cussavinsisnannisaseygusvevead JUlE 51918 94 E o S L S0 MR i ¢ e ..ljune 3. s
P acivirics aispai s N \Iay 20,1916 9t Do. i fuble acﬂvuy- invaded by l
DN, e bt ine St prmn s rine] June J3: 1916 | 78 stream. ... 2o ha e Aug, 17,108 5
oo o s s ] June 20,1922 147 and 56.5( No. 13. ... o May 2500w
Do. rwo different pomu ....... | Aug. 17,1923 | 92.9, 938 Do.; wime mud. 3 mchu below |
Hot nivuler fowing into No. 1..... ... June 20,1922 83 nom\zl e, o June 20,1021 ¢
Mo 2iawssssiisanarainvineens ... May 20,1916 E7 A | " S e — .....' Aug. 17,1928 up s
Doiivasens wesniacinannsingsee] AT, 1923 93.3 No. l-lpool .| June S.1016
Y .............Julv!sms 9 | Do.i.... Eviiiemans vai amsiwaniol MY JI006 ;. o
Doiissosnisa ot ey ms | oo Da.... G e .....‘j'.n.n 1922 e
N SRS S T T TR | Doweriniinnnn. Sy Aug 150920 G
Bl s niennnsarsibs b endesss] Jurikd BLI9ES 20 i Da.; sepangepool ...... June 21,1922 s
1 I T =~ | June 20,1922 82 i Do.; mud-pot un lllll'lll‘l NS NG Aol SO
Da. lamr:ndmmevmlemxhan I o "R iy 0 RN (EEEA » " HAP "
formerly...... y .o Aug 17,1923 91 R Py e Aug. 15,1028
Na. 4. Hot stream dcpmmn; pym:. i | May 20,1916 80.5 l o9 1. TSRS S —————— {0 6 b L
Do.. June 20,1922 83 | —— erannamasnrnnel - June FI016 UL
Do. nopymevmble.. L - R Aug. 17,1923 88.2 ' Do . o s oais be apavaiiis pevwias] June ;1016 NEY
NGB oo oSt aimra vt B ol May 25,1916 | 82 || Site of 15 sceam hole. ................ June 21,1928 4
v B0 SRR R e e June 8,1916 82 Do.; insignificane, .. ...........,.| Aug. 15,1723
& P A | June 20,1922 84 ‘ oL S [ Sy R LN T June 31016 W
Da. (1) shghely turbu.l. bmlm;. Aug. 17,1923 88 .4 Do e [ e e June B,1916 W
2) :ulphur-\eilaw pool.... .. Da. 92.8 | Do.: :tream just a ave terrace;
Hort turbid spring )lllt above No.3.....[ June 20,1922 92.5 source under rock. .. ... ..... Aug. 15,1028 it
No. 6.. coreenet July 519151 01§ NaolTooiuiiiiiniienan S S May 20,110 *°
Dﬂ(!) cirinriiarnesre| June 20,1922 n No. 1B.. g e A W T ) R » - A ar
NG T nvnviinsais canjadsvarsnsnainss| July + 51915 85 o Ak L June 38,1916 1!
Po..ias srancasenesssd June 1,196 a3 No, 18; new ipm‘lg very clate to nld site..| Jume 21,1922V}
Do. west barder. . o June 20,1922 | 655 || No.19............. ceeneenses| May 20,1916 M
Do. slightly rurbid (mme p\ nu}. | Aug. 17,1923 829 ! P vy mpe nsan verervee | June 8,1H6 ":
Pool 5 fext westof Na. 7...... .. ... June 20,1922 | 80 i D3 near 0l Bibe. . avvesasises] June 20,1902 4k
No. 3 vanmesemamvrnnerenes] Jone 119181 62 i| Do.; very active........ ..... c| Aug. 15,028 0
[T SRR B e i June 20,1922} 383 || No, TS i eiveerenes] May 20,1916 %
Do.; gr:y pool Water JoW .« o ons e Aug. 17,1923 9.1 I Do.; near old site. J June 21,0922 W
NG o s tnnd ceiviened] June 20,1922 | 85 and B8 | Da.; acuvity mngmﬁ:ant.tem:u P
Do.; east end. . oo | June 28,1922 86 7 PETON L NEASRL i g Aug. 13, na v
Do.: activity 3bout normal. . .. .. Aug. 17,1923 | 87 No.21..... reressersens| May J0u1006
No, 10, Larcﬂt mud POte..esonnrnnnn. July 5,1915 94 | Oas near el ite. s s oo sy sanns| June 21,1928 _"'_ ;
(o P T - P 4 O SR e June 8,1916 94 | Da.; (nearly dty] ............. Aug. 15, I'i." o
Bl s wanissusnsmsvaasnvarasey] Juns 101060 (03 f T8 (- cerreearsieee | June ALINE
A e cveiveeen.| June 20,1022 93 Dn‘n:y active.. seaiessoq Aty 15,106
Do.; low..... e veneaal Aug 17,1923 02,6 o No.W.isaawis PRl l]um‘ 1,192 i
Nao. 11, Sulphurveuow ponl ........ June 1.1916 | 90 ? Do.; Ver}' active.. .. Aug. 13,198
De.... e i .I Aug. 17.1913| 83.8 { |
/
p—
L -
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TaoLe 1.—Continued.
Tae Deviv's Kitcnen—Continued.

1
Localicy. Date Temp. Localicy, Dace. Temp. |
ot *C: |
No. 24, ..oiinnne iiinmaninasnsaasnn, June 21,1922 93 | [ By R e U June 28,1922 82 {
Do ver} nctm ................. Aug. 15,1923 925 Do.; thick black seum;  little .
{95 L S B e e e e June 21,1922 92 bubbling..... i Aug. 17,1923 56
Do.; very active. oo} Aug. 15,1923 ! 93 No. 29. Bigfumarole................. June 20,1922 o}
Steam hole near Na, e :lm! ho o June 21,1922 94 De.; dry, no activity.. - .F\u;. 15,1923 e
Noi M. nnieina e wlnae G B Jovesa Da....d 79,92.5, | No. 30, Dry steam fumuole (mmy) ..... BinEr 4.1
935 [ No. 3L ACOve.ciiiiinnenisrsnensosasfrvsssn Do 92.1
DI i v e i sk 5 Aug. 15,1923 94« Na, 32. New pool (milky; pynire scum; |
b [ bt e et e S e ! June 20,1922 2.5 | nooutler) . . .ooiiii i cinnn De.. 77 |
East ewoof chreemud pots. .. ......... .. ... DOy l 915, 925 | i
Bumprass Herr
|Elevation abouc 8,000 feet. Average boiling-point of pure warer for this elevation about 91.5° C.]
Locality. l Date, Temp. | Localiey. Dare. Temp.
] =z 3 | *C
05 e irsrats et G B e el juiy 3,1922 12 . 11 stream. Continued.
No. 2, NW. etrner. . .creinssornsnesss 1 .Do..... 53 5 Do.; east of Na, 6, 4 fret away... .| Aug. 10,1923 55.1
Noodveastend:..c..ciiiniipssannnsisfassns DPodiaea 0. 12 spring on border of pool. ... ... July 3,1922 50
No. 4; sulphur pool; apaque . ... ....... l June §, 1916 | Dovivas R R R . e BST) 5 87.5
........................ July 3,192 54:085 | o M ety e Lo PN it ] I
Dn no outflow; 18 inches low.... Aug. 11,1923 H.4 Do watervervlow. . ........... Aug. 10,1923 89.3
Fumamle 15 feer NW. of No. 4.. o July 3,192 92 i No, 12. New fumarcle; inaccessible; \rerjr
| No.6..... T T T | ..... De...... é;.é ] e i T S v
| De.; pool low; no omﬂw ... Aug 11,1923 | i Na. 13. Large fumarcle............... July J 192" 91
Do.; near hot south bank, dlewsas Do 86.3 ;i YECY NOISY; huie water; in- [
Black mud-pot NE. of 6...... - .Do......| 8938 | acerssible. e euiineninn. Aug. 10,1923 | ...
{No.7,acoutlet. ....ooovnnnnnnnnnn.s july 3,182 42.5 i, T € R e e o gt SRS June 35,1916 9 |
Do.; volume small. . ciivraen. Aug. 11,1923 412 | Do.; westera pool........ T July 3,1922 1.5
Da.; eastern bnnch .............. July  3,1922 47.5 l Do.; active steam and wacer spray..| Aug. 11,1923 93.1!
Do.; westem branch. ... ........... ... Doierens 343 Do.;eastern pool.....oveuennnnns July 3,1922 20
No, 8, fumarole. .............. Siveaie ' June §,1916 [117.5max.! Do. doubled in breadth N=-S
s M B NG S e July 3,1922 86 since 1922, ..,...., T, Aug. 15,1923 |89 (S, nde)
Do.; (temp. above range of ther- 4 {
MOMELEr).cueeneyonoeiaa..-.| Aug. 10,1923 | 110,42 steam and wacerspray 3 to 8
N, T e e e CJuly 3,1922 83.5 FEet) g v ianminmgisa i Do...... 94 .11
............................ Aug. 10,1923 84.6 b A it i S s PR _lune 35,1916 85
| Mor 100 v o s beil e s i ma e 0 July 31922 63 Doycin sanssisisss vsasiaasts July 3,1922 57
! | B9.4 De ool divineanniisyagss o] Aug. 10,1923 60
i . Do; (more active; temp. in 5 89 8 2 mud pors jusc south of No. 15....... July 3,1922 91.5
I 11 PTG L i Aug. 10,1923 92 | & Do S vt T SO i S B by o) P 92.5
| ‘ 92.5 Mud pors. nieve become turbid springs (1] Aug. 10,1923 90
922 ' A o 3 TR i 2" T 853
No, 11, stream ... ....... o I, July 3,1922 19 I} No. 16. \lore w:ter :h:n L ’\ug 11,1023 91
Do.; easc of Now -0 ovvssesinvsns | Aug. 10,1923 883 l No. 17, Black muddy poal.............}.....Da...... 89.8
i i

Mie Crees

Seaincs,

of pure water for chis elevation about 91.5° C.]

2 miles south of Lassen Peak jusc inside rhe oldest crater rim cast of Brokeoff Mounrain. Elevasion 7,950 feer.  Average boiling-peine

. |
Localiey. Date. Temp Localicy. Date. Temp.
M *C.
2 builing springs; sulphur precipitate. . July 16,1915 68 Big fumarole, warer in bottam: Consinued,
Strongly builing mrmu. dark prmpstnt: N e R o o | ] b ™3 Ang. 11,1923 9.1
- Da.; no precipitanon..... A Au:. 11.1923 20 8 Drv fumamle. sulpbur depoms and
| Big fumarole. water in bottom: ! probably ferric salts.. .] July 16,1915 B3 5
Insteam............. T i July 16,1915 892 A
IO WAL - voma v esaranmmopes sioaiasarsion, July 16,1915 20.8
|

I Nute that these temperatures are above the boiling point of warer at this elevation.
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TasLe 1.~—Continued.
Suran's Senixcs.

Locality. Date. Temp. Locality. Dare
" *0. ‘| -
Lower Serings: [ U irrER SPRING:
No. 1. Shallow pool bubbling rapidly. .. .| Aug. 11,1923 716 | Fountain 3 feet high, ............. Aup. 11,190y
Qio. § ?)m:llbturbid sgnn:.:. i eatsa i ala 54 .g::. s g; ; | Pool below fountain............,.. L | S
Na. 3. Do.; brown scdiment.......... PR 3| e "
No.4. Largemud pot..eoviennnecneduann, & 63.8 I
No. 5. Mud volcana in canyon; bright
blue, terraced. . ...l Do... .} 91.2

Oruer Fiewo TesTs.

Tests with lead-acerate paper showed that while hydrogen sulphlde was widely
distributed, only very small quantities were escaping from the springs.  The papers
were usually browned very slowly. These tests also indicated that the gases do nag
rise uniformly from the whole spring surface, but chiefly if not entirely from certain
points. In making this test, by the way, the paper should not be dipped into the
water, but held just above it; otherwise, so minute is the amount of gas actually
dissolved in the warter that the reagent may be washed away before any effect i

TasLe :.—Hort Serings oF Lassen Peax Recion.
[Unpublished observations by J. 5. Diller, 1921, Springs may be identified by che leeters, figs. 50 and 47)

- T .
Ne. l Descriprion. [ Date. Tumgp
| Western belr: l 1921 Eapd
1| Morgans. Biggest; 2 miles north of stage road. \”iuomusly boiling ....... SRS a June 19 uk o
2 l Da.. vevais] June 22 0%
3 Morgan Bu.::esr ol uram h:th in meadaw b} cﬂ::k ne I-.c: waler seen . vied] June i M2
I4 i Merpans,  Big Mill Creck. 50 vards NW. of old steam barh. e, NI
5 |\ Supan’s Big Bealer. 1 mule NW. of Supan's cabin: v:;oroush l~mhng. el:v:uon
: 7.075 feet, not accesmble ac that aime. .. . SO . ) [ 1|
L6 | Supan’s Hig Boder, as No. 3, but warer low; :|I| LT T T e b e 1 e I (LR
| 7 | Bumpass Hell, west side.  Steam only; hissing....... . T s sae TR Aug. 13 b
L8] Bumpass Hell, v st side. ﬂollinumndputbyNo.T.............. YRS | T | - ot
! | Easrern bele:
I o (evser, hailing vigorously. . . SvEs e s pieseees vl 1 Jele T o
O T Tartarus Lake, 100 vards west of mﬂau slnw b-mlmg S S S | R M
I 1n Tareaens Lake, bothng mud pool by lnlc: lorenoon).oeeu e veeneannns ivveees] June t0 "
12 Tareares Lake; biding mud pool by inlet (afretnoon) ..oonvvnn s oo iannns June 11 an
13 | Tararrns Lake; at shide 40 vards east of inlee; hissing steam. . ... . PSS A (17, ey
4 Tarvarus Lake; west side nearmud €one. .. .ooovviiieien i i e Jume 0 TN
15 4 Tarcarime Lake oIt v 2 sms ivs o veni as st b s dn st SEi i R i s AU i e T e L
16 | B e A el T ik S R e June I8 n
17 Prake's bnrmu. East sl'mlg of line south of 1 A PO [ | >
18 | B e P i e O P June 14 812
19 | N R NG e R [ "2
0 | Drake's hprmgs. Wese spring of line o (T e e R J Ju;\; 2] :" ‘.
2 | B iR e s Tt s Ko F A S F S e R S SRR T e e T : July 10 " :
23 | Devil’s }ut:hcn. east end sputtmm. spring, h.ft edpeofcreek. ... .o0iiiiiiiinns June 11 :'l G
24 Devil's Kitchen, east cnd; hissing spring, steam....... ........ T R p RGOS g
25 | Devil’s Kirchen: vasr end: muldle; vigorously boiling., ¥ < BDa A
26 | = Dewil's Kitchen: near head. 150 vards northeast of falls, near- I:v mud pe( Do e
27 Devial’s Kirchen: near head: g mud pot... o oove v e June "' g
28 i Dewil's Kirchen; near head; clear pool 30 vards; ne:ner falls; wgufomi) bollmﬂ June 28
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noticeable. Certain gases issuing from fumaroles and ground cracks were found by
the same test to contain considerably more hydrogen sulphide. Tests with sensi-
tive litmus paper proved that most of the waters were slightly acid or neutral; only
a very few were slightly aikaline.

Tests AT Came.

After the water samples had cooled in the collecring bottles they were filtered
before sealing ! for shipment. To avoid oxidation the filtering was done as rapidly
as possible in large funnels covered wich glass plates, or if the samples were quite
muddy they were left to settle, siphoned off, and afterwards filtered. The water
from mud pots (or mud volcanoes) was obrained by squeezing the mud in “muslin”
bags, in which most of rhe sediment was retained while the thinner product squeezed
out was filtered again the usual way. Half a dozen bottles of mud were sometimes
required for a single bottle of water. For the washing of bottles and other vessels at
camp the supply of water was fortunately remarkably pure.

In order to obtain as nearly as possible the composition of the waters as they
issued from the ground, ferrous iron and free acid were determined at the camp.

DETERMINATON OF FERROQUS TRON.

For the ferrous-iron determinartion a filtered portion of water was acidified with
sulphuric acid and titrated with srandard permangarate. An exact determination
would of course have demanded a removal of any hydrogen sulphide before the
titration. Forrunately for our primitive facilities, the amount cf this gas retained
in the spring waters was rarely enough to impart to them the slightest odor, and a
comparison of rhe amount of ferrous iron with the total iron found later in the
laboratory at Washingron, proved that the total iron was nearly always equal to the
ferrous iron or in slight excess over it; in other words, that the iron was all, or nearly
all, ferrous—a conclusion in excellent accord with the facts of field observation.
In the few cases where the ferrous iron found was slightly greater than the total
iron the reason is evident, and it is justifiable to regard the iron as all ferrous

{see page 113).
DETERMINATION OF FREE ACID.

Another change in composition of the waters, which migat naturally occur
after collection and before they came to be analyzed, was an increase in free acid due
to hydrolysis of ferric salts which might result from oxidation. The free acid was
therefore determined ar camp. For this purpose the waters were titrated with
diluze sodium carbonate with the use of methyl orange as indicator. The method
would have been satisfactory had not the standard alkali taken been unsuitably
dilute. On this account the errors are greater than they would have been with
sufficient laboratory facilities at hand. :

' An excellent method of sealing samples of this characeer is to melt Khounsky cement aronnd the carefully dned stopper
of the bortle.  An alcohot blow-tarch 15 best adapted to field work,
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WORK IN THE LABORATORY.
Tue WAaTERS.

A few remarks will be necessary in regard to water analyses. In some cases
when the bottle was opened a precipitate of ferric oxide was found clinging to the
walls. In this event the total volume of the water was measured and the iron a,
well as SO, in the precipitate was determined, so that corrections might sub.
sequently be applied. Since boric acid has been regarded by geologists in the past
as of some critical importance in judging of the origin of spring waters, the determi-
nations of this constituent were.made with unusual care. Chapin's method t way
used. A measured volume of water was first evaporated to dryness on the steam
bath with a slight excess of sodium hydroxide. The residue was transferred with
15 c. ¢. water in successive portions to the distilling flask and acidified with hydra.
chloric acid. After a small excess of acid had been added, 15 grams of anhydrous
calcium chloride were pur in and the boric acid was distilled and titrated as Chapin
recommends. A blank was then carefully made in a similar manner. It amounts
under such conditions * to about 0.7 mg. B: O.. A very little boric acid appeared
to be present in practically all the waters, though rhe quantities found in many
cases were so sinall as to make this uncerrain. A sample of lava from the region
also gave 0.03 per cent B, O; by the same analyvtical method.

Lithium was tested for in one sample from each of the three principal hot-
spring groups. Only 100 ¢. c. water was taken. The mixed alkali chlorides,
separated in the usuai way, were tested spectroscopically. No lithium was observed.

The same waters all showed traces of manganese when tested colorimetrically
with ammonium persulphate and silver nitrate.

The percentages of carbon dioxide given in the tables represent total cirbon
dioxide both free and combined. The amount of the free gas, however, was doubt-
less negligible in waters of this temperature range.?

Small quantities of the water samples, generally 100 c. c., sometimes 200 ¢. ¢.,
were taken for the analytical determinations. The inconvenience of transporting
large samples practically precluded the use of larger portions. Errors were thus
multiplied by 5 or generally by 10. So far as we can see, however, the results are
accurate enough for all uses to which they are likely to be put. The results are
stated in milligrams per liter, not reduced to parts per million.

PECULIARITIES IN THE COMPOSITION OF THE WATERS.

In composition all the hot-spring waters from the Lassen region (sce table 1)
which we have examined, though they vary considerably in concentration, namely,
from o.11 gram to 1.59 grams per liter, show striking similarities. They are with-
out exception sulphate waters almost entirely free from chlorides. The sulphates are
those of the common rock bases, with the exception of alumina, which, in four-fifths ol
the samples, varies from o to 0.2 mg. per 100 c. ., the amount used in .-1117;1|_\‘m

! Journ. Amer. Chem. Soc., 33, 1687, 1908,

2E. T. Allen and E. G. Zies, Journ. Amer. Ceram. Soc, 1, 763, 1518 " .

3 At the time the analyses were made 1t was believad that practically all the carbon dioxide was in the foem
bicarionate. It i3 now known that rardenate 13 present in at lease somne of the alkaline waters.
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In ather words, four-fifths of the waters examined are virtually free from alumina,
The more acid waters contain more alumina.

In considering the condition of the iron in the waters it will be noticed that the
water from the Boiling Lake contains only ferric iron, while, with a single exception,
(No. 23, table 3), the springs and similar pools contain a/most no ferric iron. The
volume of gases escaping from the lake appears to be relatively small, and their

TaBLe 3.—CoMPOSITION OF HOT-SPRING WATERS IN MILLIGRAMS PER LITER.
Boiing Baxe.

Sam- Map ! , [ |
ple 'n, | H INH K | Na| Ca | Mg | Fe”[Fe"i Al | 50,] Q1 |Si0y | COy| B,y
| Na.| T l
! !
Water of the lake , l
from near the !
| foact..... d 1. 75 |nope () |10 ; 4 B {none 26 8 S14 |irace| B4 ..... 0.7
; Warer of the lake F | |
from the west
ndel, ... J 3 J N 1% R ) [0 (|12 4 4 | none 27 9.6 | 516 |..... 106 } .....
Water of the lake |
., from near the | ‘ i |
\ head? .......... 2 - 7.1 ). ¢ 110 93435 |nonei27 4.0 {516 |..... 12 Joaone e
Vigorously boiling
J spring near head ! ‘
. of lake. Warers i |
collecred May 19, ‘ i |
| 1016........ B34 12 |or|e 2 d 13 18 lnonet | 258 |eraee 101 ).... . ...
| The same :pnng. | | | |
Watet collected, | | | { !
JuneB.coooo.- i 131 |4 Lasi]ieaes 6 20 '3 8 29  none|none| 291 |tacel 123 ... .[none
Black mud spn'ng] ! | ] I |
boiling vigorously., 128 1 ! i 5 a3 g 197 none| 2 775 | trace) 263 I ..... 0.7
Black mud spring.. 15 5 nonc 193 6 26 \Z.\ nnnel % |9 3 269 {rrace) 202 )..... 0.6
. Mud valeano...... }l!ﬁi7 JOSc‘none'IS SSIH ’lm + |2 .'!12|! 68 ...107
i |
Deviu's Kitexew.
= 5
| Mud voleano, larg- ‘ { | |
! estincthebasin . 362 | 10 'nome| 28 [ 13 38 29inone| 45 6 |19 48} 6 |222 ...} 1
| Mud volcano, ex- | ! | i i |
[ tremely serive... | 331 l 13 trace 38| 12 2| 38 10 51153 'nnnel 13 (422 4.0/213 ’ ..... none
Black mud spung... 23 | 18 none 306 | 10! 37| 61 17 6 (737 'none| 327 |erace| 212 |.... l .....
\lguruml)' bailing I ! i I
speing. . 21 2 |aeids| 88| 9 221 161 3| 36 lnone| 2.5 | 244 {ceacel BOL... | 1
| Smait qmng. hsgh | | i ' ! | |
evels . iis e vei | 37} 15 .38 2.8 4] 12 9 2 4 3|2 95 (1.7 | 74 . 1
| Violently boiling | ' ‘ t -
spong, fainely | | [ | 1 .
alkabine..... ... ., 31 1 none nonel 4! 16 9 3 | none noneinone| 36 |trace| 45 |..... | ¢
Violently boiling | | ‘
alkaline sprng. . ‘ 29 Jinonel.....] 5| B3| n 9 [none|nune|none! 58 ! 1.0 43| 72 O,
| Small quiet spring, | ! l | |
May 20, alkaltne.| 22 19 |none ..... ! 11 ] 35! 24 3 nonc.nonejnone| 95 none| 217! 97 | 2.0
Same as 22, collecz~ ‘ ‘ | ! f
ed June B........ 1211 | 19 nomel..... I 8 1‘ 33, 14 1 |ponclnuvneinone! 78 inone| 218 | 351.....
Large pool fed by | ‘ ! ‘ | ’
springs.. ....... 30 5f Tl126 ! 94 40 038 M4 ' 30 }non: 10 | 617 | trace| 167 |..... 1
* These samples of lake wacer were collected by Mr. Sifford in the autumn of 1913, .

* Sodum and porassium noe separated; sl alkali chlonde caleulated as NaCl.
*This 13 probably an error (see p. t13).
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TanLe 3.—Continued.
Busmrass HeLw

] | [ | I 1 | | 1T 1
1Sam.,MI_=_ } ] | f l | | J l I I [
| Elk l N:l H NH.I K|NaiCa | Me Fe”ll"e"" Al SD.I Cl ;so.gco, | B30y
| Na. | | | | |__|_..._I___F |__-‘ ; | | ! i

Very large, violently { I i l ! l ! ! ! | | l
boibngspring.. | 60| 14! 7| 15 13| 29| 7450751 S| 8 oo 2126 s |
Hot pool flled with | | | | , A ol ; | |

! precipitated sul- | L | } | l | | | |
i phur.. Idzlis none | 128 |, 4|33 | AEIRE | 4none.‘4w-mc=‘1.ssi....'a4|
IL:n:eu hot pool | L I | [ : l | ! | |

filled wich preaip! | e ! l ] | i | |
cated sulphur | 64 4| 41396 2| 2| 5 |wcery | 9] 32613 |wacel 24 . |2 i
Large pool covered | | | l ‘ | { i { | ! | [ [
with 2 scum of | | | l i . | | i ! ! s | | |
] e, ; 53’ s;salu;; ETY Bt T 1 B ) O ulmm,m; ) [l o]
! | | | | | | | | ' |
Drake's Sraincs.! i

i " 1 1 | 1 N I ]
Easternmost spring I I l | ! l | ! I | ! i | [ ]
south wde of { [ \ | | | { 1 i | l ;
Warner C:l:ek...,]. 00 |..... nunel cere] 10.5! 34.6; 53 ¢ 13 mnnclnone none | 152 |..... | 136 | 20 e I

I J I | | i ! |

1 The analvas of thes sighdy alkaline warer 15 not complere: the acid radicals aie insuficient o balance the basic ele-
ments. The determinanons were repeated and found essenually correct. Abse. the  Ikaliniey of the water was determined
by 2 very weak hydrochlone-aeid solution and found to be equivalent to the carbon diovde found when reckoned as all in
the form of bicarbonate. Unfortunarely the water sample was insufficient for further iavesugation.

reducing or protecting influence is probably insufficient to prevent atmospheric
oxidation.

The maximum amount of ferric iron found in any of the other samples, with the
exception just noted, is g mg. per liter, or 0.9 mg. in the volume usually taken for
analysis. A careful scrutiny of the results indicates that these values for ferric
iron, which of course represent the difference between the values for the total iron
and the ferrous iron, are within the limits of error.  In the collection of the samples
the bottles were flled with water, stoppered as tightly as possible, and the stopper
tied down with a cloth hood. The samples were not opened unril cold. No appre-
ciable oxidation could have taken place in this time. [n the subsequenr filcration
the waters from the mud volcanoes were exposed for « longer time to the air and
under conditions more favorable for oxidation than the other samples, yet no more
ferric iron was found in them. Thus in No. 123, which was taken from mud volcano
No. 7, Boiling Lake, only 4 mg. of ferric iron per liter was found, and in No. 362 and
No. 331, waters from mud volcanoes No. 10 and No. 13, Devil’s Kitchen, 6 mg. and
o mg. respectively were found. Scill more significant is the analysis of No. 64 of
the warter from spring No. 4, Bumpass Hell. This water contained enough hydro-
gen sulphide to impart to it a distinct odor when cold, and when the ferrous iron
was determined at the camp the iron was doubtless all in the ferrous condition, yet
the maximum amount of ferric iron, 9 mg. per liter, was found. Thus, while labor-
atory methods now in vogue are quite competent to decide a question of this sort,
the primitive camp facilities under which some of the work had to be done leave us
in doubt whether the spring waters generally contain no ferric iron at all or only 2
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very litrle. The latter view is in better accord with field evidence, for, as pre-
viously stared, the volcanic gases contain only a small amount of hydrogen sul-
phide and they rise here and there from occasional points of the surface, not uni-
formly over the whole pool, and furchermore the waters are hot, only slightly acid at
the best, and often more effectively exposed to the air by spouting.  All these con-
ditions favor oxidation. Indeed, if there is no oxidation at all it is not easy to ex-
plain rhe formation of pyrite which other facts support. Oxidarion and reduction
involving small amounts of iron are probably following each other coarinually at
the surface of the spring pools. &

The analysis of sample No. 23 from spring No. 18, Devil’s Kitchen, presents a
different case from the rest; 73 mg. of ferric iron were found in this water and only 6
mg. of ferrous iron. The spring from which it was taken was a black mud spring
which was shown by microscopic examination to contain a quantity of minure
pyrite crystals, some as small as o.01r mm. diameter, and while these might slowly
oxidize in the spring or during filtration, all previous experience indicates that
ferrous salt, not ferric, would be the principal product. This conclusion is supported
by the analysis of samples Nos. 15 and 128. Borh these waters were from black
mud springs and the ferric iron found in them was 9 mg. and o mg. respectively.
The result in question is therefore doubtless incorrect and is probably affected
by some crude error in the determination of ferious iron at the camp.

We conclude, then, that the iron, one of the principal constituents of the
waters, is nearly all in the ferrous state.

REACTION OF THE WATERS.

None of the wate:s of these hot springs is very far from neutrality. Of those
analyzed 6 were practically neutral, 4 were alkaline,* and 8 were acid. The acidity
ranged from 19 mg. to 436 mg. H.SO, per liter, that is, from o.002 to a trifle over
0.04 weight per cent. As SO, is practically the only acid radical present it is per-
missible to state the results in this simple form. Qualitative tests in the field indi-
cated thar most of the waters were slightly acid.

SaLT INcrRusTATIONS.?

Among the solid products collected about the hot springs were soluble salts,
patches of which appeared at times here and there on the dry ground in all the hot-
spring areas. The patches were never very large; generally not more than a few
square yards in extent and perhaps o.5 inch in thickness. In 1916 some patches
were found in all the areas* visited and the amounts increased as the season ad-
vanced, but in June and July 1922, when the snow lingered late and the ground in
consequence was wetter at the same period, scarcely any were to be seen. As a

' Wanng (Springs of California, p. 142) cites a single analvsis of one of the springs of the Morgan group which was made
by F. M. Earon (1909-1910). He designaces che pool fram which the warer was raken as "about 3 fect i dianreter in an
area of hard siliceous deposit 45 vards wesr of the creek cdie and 30 vards noich of the eastern log bath house.”  The analysis
n parts per million follows: Na 1416, K 122, Ca g0, Mg trace, Al + Fe 2.2, SO, 102, Cl 2342, CO, 23, BO, present,
Si0 ,; 200. It may be puinted our that this warer s very similar to one of rhe shehely alkaline waters found in the Dewil's
Kitchen and to the sample from Drake’s Springs with the addition of an excess of sudium chloride,

2 The microscopic examination was made by H. E. Merwin,,

* Except Drake’s Speings, where the ground 1s covered with vegeration.

LY, IlI‘-‘-' .
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result of these observations the salt patches were at first supposed to hear .
simple relation to the dryness of the ground, but later observations (August 1, ‘\
showed that even in very dry times the salts may not occur atall (see p. 157), | -:"_
ally these salts formed fibrous aggregates, varying in color from white to yellow
according to the percentage of ferric iron they contained. All the samples u.-..:
collected in May and June 1916.

No. 43 was found under a small rock in the Geyser ravine, on the west side .
the little stream and a few steps below the lowest pool. A small fumarole issuey
here. The product was white and mixed with siliceous residue.

100 0 100 FEET % \,’\z'nf‘.zmm.uy Strearmy
Elevation approximately 5750fast

Fig. 59.~~Sketch Map of the Boiling Lake (Tartarus) showing location of the
springs in June, (916,

No. 1350 was from the delta at the south end of the Boiling Lake on the bank of
the stream which forms the inlet (fig. 59). This bank was riddled by fumarolic
action. When kicked to pieces by the foor it revealed pockers of fluffy, fibrous salt
at various depths. The sample analyzed was scraped from the surface. Anorher
sample collected in 1913 from the bank ar the southeastern corner of the lake
showed a similar composition, but was yellower and contained more ferric iron.

No. 26 was collected in the lower end of the Devil’s Kitchen a few steps north
of No. 17 (fig. 47). This salt patch was much thicker at some times than at others,
a variation doubtless depending on the weather.

No. 61 was found at Bumpass Hell, some yards up on the southern edge of the
basin, east of No. 9 (fig. 30). This patch was comparatively thick and extensive.
and had a curious, disagrecable, persistent odor resembling fertilizer. Sample No.
26 had a similar odor.




A

115

Besides the above samples we collected several from the summit of Lassen
Peak which are products of fumarolic action and which are interesting to compare
with those from the hot-spring areas.

No. 33 was scraped from the rocks in the middle of the crater, where it formed
a thin, closely coherent coating. A small amount was obtained from three different
spots, all of which appeared to be similar. The salts were all of deep-orange color
(due to ferric chloride) and hydrochloric acid in process of volatilization was
detected along adjacent cracks.

No. 51 and No. 52 were collected oh different dates from the eastern rim of
Lassen Peak, 175 feet below the highest point of the summit and some distance to
the north of it. The spot where sample No. 52 was collected was near a fumarole
which was then (1916) very active, issuing from a fissure under a rock about 30 feet
east of the crater’s edge. No. 51 was found in the same general vicinity. By 1922
this fumarole had entirely disappeaied, but tenuous wisps of steam, which were all
but invisible, still escapsd from various parts of the crater and a slight odor of
hydrochloric acid was still detectable in some places.

< ANALYSIS OF THE SALTS.

As the salts could not be obtained free from insoluble matter they had first
to be dissolved ard filtered. In the earlier portion of the work the solurions were
evaporated to “dryness” on the steam-bath and the residue was ground in a
mortar, but the material so prepared Wwas probably not always homogeneous, for
the analyses of several samples proved unsatisfactory. In such cases the work was
repeated in a manner better suited to the nature of the marterial. A solution was
first prepared from a suitable sample and measured portions were taken for the
various determinations. Homogeneity was thus assured, gain or loss of water by the
salt during weighing was avoided, and since the composition of the soluble portion
only was required, the percentage of each constituent was calculated on the basis of
the toral thus found. The equivalence of acids and bases furnished sufficient proof
of satisfactory analytical work. The details of analysis require no description
except in the case of Nos. 51 and 32 from Lassen Peak, which are of a character so
unusual that a laborious examinarion was necessary. As salts of similar nature
probably occur elsewhere. in volcanic regions, the analytical procedure, which is not
to be found in the textbooks, is recorded here.

DETERMINATION OF PENTATHIONATE.

The singular behavior of some of the salts was first revealed in the attempt to
separate the insoluble matter from one of the samples; the filtered solution when
evaporated on the water-barth gave off sulphur dioxide. It should be stated in this
connection that the salts originally showed a decidedly acid reaction. Still more
curious was rhe formarion of a vellow precipitate with silver nitrate and the precipi-
tation of “manganese dioxide” when the acidified solurion of the salt was treated
cold with permanganate. These reactions indicate thionates, but do not decide
wherther one or all four thionates are present, nor do they exclude suiphite, thio-
sulphate, or sulphate. As the thionates are not generally knowa, and as our in-
formation concerning them is thus more liable to be in crror, preparations of all of
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them were made for the purpose of studying their reactions qualitativel, -
quantitatively. About half a dozen tests (already known) were found usetyj ,,
the investigation.

(1) The unknown twhen evaporated to dryners gave free sulphur and sulphur dia
All the thionaces excepe dithionates respond to this test as do also the thiosulphares, '

(2) Wich permanganate in the cold the acidified solution of the unknown gy, |,
brown precipicate. This reaction is given by the same compounds as reaction 1.

{3) When the unknown was boiled with a solution of mercuric cyanide a Wack Prevs
pitate was obtained. This reaction is characteristic of all che thionates excepe dithin .,
It is characrertste also of the thiosulphates.

(4) With mercurous nitrate the unknown gave at first a yellow precipitate, which gra.y.
ally turned black. Pentathionates and tecrathionates behave similarly, while trithwnaie,
and thiosulphates give black precipitates. This test therefore indicates pentathionaie,
tetrachionates, or both, but does not exclude dithionates and perhaps noc trichionates, .
least in small amounts.

(3) With iodine rolution and excess of soluble bicarbonate, one sample of the unkinwn
absorbed no iodine, another sample only a trace. This test excludes sulphites and th.
sulphates wich certainey.

(6) With ammoniacal silcer nitrate solution the unknown gave a black precipitate. |ha
proves the presence of pentathionate with the possible presence of dichionate, terrathmmnare,
and trithionate, ®hich do not react with the reagent. Small amounts of pentathunat
may be detected 1n this way in cthe presence of large quantities of tetrachionate, thowgh the
solution must be cold. Thus 1 mg. of the pentathionate radical S, Oy mayv be derecield
in about 140 c. c. of solution. Tetrathionate does not tespond to the reagent in a con
centration of 1 gram of the radical S, Os 1n 1. c. c. water, even after one hour.

(7) When the unknown was boiled for some minutes with a few drops of s
sulphate solution no precipitate was obtained. Under these conditions a soluble rrithinnate
gives a black or dark-brown precipitate, said to be cuprous sulphide. The test 1s moditare.
ly delicate. Thus 5 c. c. of a solution of porassium trichionate containing 0.1 nyg. of the
salt per cubic centimeter gave a plain test after boiling for a few minutes. The fest wan
also obeained by boiling down ro half its volume 5 c. c. of the above solution, tv whih
had been added 1 gram of alum to make it comparable in composition to the unknunwn
Bur 30 c. c. of a crichionate solution containing the same amount of salt, 0.5 mg., dul it
respond to the test with copper sulphate, even when boiled down to a very small volume
From this we may conclude that the unknewn contains only a very smail amount of tn-
thionate, if any.

As a result of all the tests we find that pentachionate is certainly present. tett -
thionate and dithionate may possibly be present, as well as a.very small amount o
trithionate. It should aiso be remembered that none of the tests exclude sulphate
To determine whether the doubtful radicals were present or absent quantitatine
experiments were necessary. Dithionates were excluded in two ways. First the
dilute solution of the unknown was boiled with bromine. This oxidizes all sdub's
thionates except dithionates to sulphate. In the resulting solution all the sulphate
including of course any which was originally present, was precipitated a5 haraes
sulphate and eventually fitered off. The filtrate conraining excess of bane
chloride was then evaporated to dryness with concentrated nitric acid. ‘1n the
way all dithionate is transformed into barium sulphate; 1.6 mg. Of_ Basth, w
found. Again another portion of the unknown was precipitated with merd
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cyanide. The precipitate thus formed from either tetrachionate or pentathionate
consists of mercuric sulphide and free sulphur. The reactions are represented by
the following equations:

(1) K:S:0¢+ Hg(CN,) 4+ 2H.0 = 2KCN 4 HgS + 28 + 2H,S0,
(2) K:S4O| - Hﬁ(CN:) “+ ZH-:O = ZKCN -+ HgS -+ S + '-’H-,-SO|

After filtering off che precipitate all the sulphur in solution will be in the form
of sulphate unless dithionate is present. The sulphate was precipitated as before,
and in the filtrate from it dicthionate was sought in the same way; 1.3 mg. BaSOQ,
was found. These two quantities, 1.6 mg. and 1.3 mg. BaSO, represent, approxi-
mately at any rate, the solubility of barium sulphate under the present conditions,
and ir is safe to conclude that no dithionate is present. The results therefore nar-
row down the possible sulphur compounds in the salts from Lassen Peak to tetra-
thionates, pentathionates, and sulphates. The two thionates, though relatively
stable under the field conditions prevailing where the salts occurred, are very
unstable in solutions of oxidizing agents and alkaline reagents, especially when hot,
and these facts caused a great deal of trouble in their determination. In the inter-
est of accuracy many attempts were made to remove the sulphates as well as the
iron and alumina before the thionare was determined, but the instability of the
latrer proved an insurmountable obstacle. The best method of procedure found
was to separate first the soluble salts from rock residue and free sulphur by means

TaBLE $.—ANaLyses ofF Soruste SaLts, Probucts oF FusaroLic Action 1N THE Lassen
NationaL Park.

Haitaos FOR I 1 2. 61. 5t. 321 521 53.
| Lassen Peak,
Locahity.. | Geyser. | Doling | Devil's | Bumpass | Lassen Peak, ' Lassen Peak, Lassen Peak, | middle of
] Lake. Kirchen, | Hell. NE. summit, } NE, summir.  NE. summie, crater.
! \
| Alea.coond 1240 7 10,70 10.93 8.93 8.76 8.10 % 10 £2 13.28
Fe'. - 63 / 1.28 trace 1oL b e B s | e 1.38
Fe'ciavas trace Al 8.93 7.23 5.60 4.04 3.11 27
Pheenadmas 1 .02 .09 1 04 .19 . I S
Mn. 06 | 07 01 A3 (et e S T N e i 04
Mg.... .. 1.8 | 3.10 .06 9 1.797 1.72 1.94 2.53
Cadlaniad]l a2 A +H none .10 2.26 1.51 none 1.00
| ... | present flceT | T el (M., trace
Nia.ash, l 1.51 2.08 .28 41 1.83 177 213 3.02
i (TN TR (e .25 37 57 61 53 07
(NH,).... 51 | 04 .07 DE 1) SRILE e RV N
Hiivee crie N v .19 cal. .26 .04 eal, .21 25
Cl.......! none | none none none nune none nune 20.74
; SOt | ¥1.51 | 81.14 7919 80.58 77.32 2.0 78.93 57.63
{$Qi......| nene | none none none 1.80 9.77 293 none
o o TR | none | none none none  probably none, probably none: prohably none none ‘
S50 none | none none none none nune ! none none
805 10 none | none none | none none nune ! none none
50y...... none none | none none none none | none none |
BO,..... fone | none { none none nune owe | mesc ,  none

" Analvsis of the onpinal sale. It was inrermized with about 2 per cunt of free sulphur.
® Analvsis of che salt obrained by extracring original with warer and evaporating on the steam barh.
* Thas analysis is defective bue i3 included o show the general charaeter of the mixrure.
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of cold water, and then to analyze the solution. Probably the best meth.
have of determining the two thionates, either alone or together, is by weiphi,, .T'
precipitate from a given quantity of salt thrown down by mercuric Cyanng iy
then to ascertain the ratio of mercuric sulphide to free sulphur in the PEECHint 51,
Reference to the above equations shows that the precipitate from tetrathy
contains 1 mol free sulphur: 1 mol mercuric sulphide, while that from pentagh,
contains 2 mols sulphur: 1 mol sulphide.

In practice the ratio was determined by transforming all the sulphur i v,
precipitate to barium sulphate and finding its weight.  The following is the m. ..
satisfactory of the resulets: ¢

L |

iyt

1 40y

Weight of HgS + xS from a given amount of solution=0.0474 gram.
Weight of BaSOy from the sulphur of the precipitatema.i129 gram.

00474 _ _HeS+x8 s
0.1129 (1 + x)BaSO, A=

From this and other determinations it was concluded that no more than a few tentin
of 1 per cent of tetrathionarte could be present and probably nene at all.

After the pentathionate had been thus determined, the total sulphur w.»
obtained by the oxidation of the pentathionate to sulphate by bromine aml the
subsequent pracipitation of all sulphate as barium sulphate. The sulphite orip -
nally present was then determined by difference.

The analyses of ail the salts, both from Lassen Peak and from the hotespran
areas, are included in tablej4. All are characterized by the merals commonls
occurring in rocks, of which aluminum is the principal one, as contrasted with the
salts dissolved in the spring waters, where aluminum is usually almost entirels
lacking. Of the acid radicals present sulphate is predominant in every case aml i
exclusively found in the salts from the hot-spring areas. The salts from within the
crater of Lassen Peak contain a decided quantity of chloride, while Nos. 51 and 1z
from the vicinity of the large fumarole, though chiefly suiphates, are, as we have
seen, remarkable for the presence of a notable amount of pentathionate.

MICROSCOPIC EXAMINATION.

A number of the salts were examined microscopically. By means of the optcal
constants and the chemical composition together, it was possible to identify a num-
ber of the minerals present.

No. 61 consisted largely of halotrichite FeS04.Ala(S0y)s.24H:0 in Abrous forms with Jesser amounts <
coltaite, a hydrous potassium ferroso-ferric sulphate of undetermined formula, and wluw oo
Al(SO):.18H:0. The sample also contained considerable material too fine to identuify.

No. 26 contained considerable halotrichite, with some coltaite and alunogen.

No. 3z is largely alunogen; it also contains pickeringite, MgS0.AL(S0s.22H;0, but no cultase!

No. 31 consists of halotrichite or pickeringite (the optical properties are nearly identical) apd Ve
little else. In neicher No. 51 nor No. 52 could any material be detected with a refractoe
index as high as that of any known thionate, The substance which was detccted by cheme o
analysis was therefore presumably present in syrupy films spread over thé surface of '.-"" :
crystals. [lalotrichite and alunogen have been reported by Hague? from the netghburrh eed
of certain acid springs in the Yellowstone Park.

1By H. E. Merwin.
* The furmulx are taken from Dana’s Mineralogy.
* Arnold Hague, Ongin of thermal warers of the Yellowstone Park, Bull, Geol, Soc. Amer., 22. 916, 1909
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Tie SEDIMENTS.!

All the springs contain more or less mud, which varies from the finest sediment
to coarse fragments of altered lava in process of disinregration. Where the springs
have an outlet much of the finest material is naturally carried away by flowing
water, but where conditions favor its retention, as they do in the mud pots, the
chief constituent of the sediment is kaolin. The few cases where precipitated
sulphur was abundant form the only exceprion to this rule which has been observed
by the authors. On the bortoms of some springs was found a segregation of the
heavier and more coarsely crystallized minerals, especially residual magnerite,
pyrite new and old, and possibly residual quartz. Perhaps a more thorough
dredging would reveal a certain amount of segregation everywhere in the lowest
layers of the sediments, bur the conspicuous examples of it thus far observed have
been in springs where sorting seems to have been favored by flowing water. The
sediments are colored, according to the minerals they contain, gray, black, yellow,
and rarely brown or white.

The glassy and fine-grained ground-mass of the rock fragments is often thor-
oughly altered, while magnetite grains and quartz, feldspar, and pyroxene pheno-
crysts are still fresh. These altered ground-masses e T W
contain widely varying proporrions of kaolin, opal, T TARTARUS, CALIFORNIA. sk

ﬂll.lﬂl[C, and pyrnre. | {Analysis by W. C. Wheeler,)

Opal was found in every sediment examined. Usually it | ‘
appeared intimately aggregared with kaolin, etc., but in some Found. ! Cal. for
instances (Bumpass Hell} ic was found in small separace grains. l | kaolinice.
In a few springs, as at No. 3 {Devil's Kitehen) and No. 6 (Bailing
Lake), many small, well faceted. doubly-t;rminated quartzcrystals | 5o, .. 3751 165
were present. It could noc be derermined whether they were | ALD,...... 3108 .5
derived from the surrounding rocks or were a product of the i Fey..... 11.17 T
thermal warters. ]‘-:;:JO i b ig
_ The chief constituent of the sediment of nearly all the springs | < /6" g
is 3 clay-like material, kaolin, which may consist of one or all o' ./ ' 11
of the recognized clay minerals, kaolinite (Al:0,.28i0:.2H.0), KO........ 11 | ...
halloysite, ot lecerrierite.  The mud of Boiling Luke 15 of the same ; HO=.... ' 18,5 o 14 5
characeer HO+.... 11.604

: _ Tureri} 68 | eeens

Some years ago a sample of this mud was collected |70 | M e

% . ) ' e . ) I .
by J. S. Diller and analyzed in the laboratory of the |s........0 | & | ...
U. S. Geological Survey* by W. C. Wheeler. This |pro--| % | o
analysis, cited in table 3, shows that the mud ap- ?r‘%‘ notdet. | ...
proaches kaolinite in composition; the differences are |~ & |
satisfactorily accounted for by the admixture of small 95.68 ‘ 100 0

amounts of opal and rock débris. .

In peneral, the kaolin is in the aggregares already described, as chough it had been formed
in place during the alteration of rock ground-mass or feldspar. The thoroughly air-dried clay varies
considerably in oprical properties. It usually possesses an indefinite birefringence, and refractive
index measurements vary from 1.51 to 1.36.

! All the microseopic work was done by H. E. Merwin,
* Privare communication from (eorpe Steicer, chief chemist.

P
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.'!!am'rlt, K;O.]A_l:O;..;SiO:.GHgO. in sn_lnll rhombohedra was found in many of the .,
Generally it occurs in very smail quantities. More was found in certuin springs o |4, .
Hell, but the amount was nowhere considerable. :

! Sulphur.—Some springs, more especially certain ones in Bumpass lell, (|
much precipitated sulphur, imparting 1o the sediment a yellow color which iy w.,,,
times very decided. No. 4, Bumpass Hell (fig. 52), is the most conspicunns s,
of this character. A sample of the water was collected in 1916, but the eduy., ,
was not so carefully examined as that of a sample more recently collected In | «
Diller (1921). The latter sample contained about 96 grams of sediment per bty
having approximately the composition® 64 per cent sulphur, 17.6 per cent apl, 1 ;
per cent kaolin, 3.3 per cent alunite, and a very little pyrite.

Fig. 60.—July, 1923. A warm pool in the Devil’s Kitchen near No. 10, Fig.
47. On the surface foated a black scum of finely divided
2 pyrite. Photo Day.

Small amounts of sulphur occur in many pools and streams of the hutespiing
areas (figs. 61, 62). A very little is found in the mud of the Boiling Lake, :unl m
the upper end of the Devil's Kitchen (south side) it may be seen depositing oo
rocks and banks. The fumaroles of Bumpass Hell are often lined with necdles o
sulphur, and the same was true of the cracks along the eastern rim of the crater
Lassen Peak not long after the eruptions, but with the complete extinctim o
fumarole activity there the sulphur has disappeared. The crystals were ahw e
orthorhombic. At one time the hypothesis that some of this sulphur was 4 prun i
volcanic emanation proved appealing, but more careful observations have e th
quite improbable, for it never appears where its presence can not be cavily 1
counted for as an oxidation product of hydrogen sulphide; and furthermore, thie
collection of gases from many fumaroles, sulphur was never noticed as i condens v

! Based on microscapic examuntation and several chemical det 1wns.
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tion product, as it should be if it were a constituent of the gases. At the Sulphur
[3anks, Hawaii, where the gnses have a temperature of about 96° the water con-
densed froma them resembles milk, though the sulphur vapor forms bur a few
thousandths of 1 per cent of the toral volume of the gases.
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Fig. 61.—July, 1923, Another view of sulphur cauldron (Fig. 32), at
Bumpass Hell. Greater gas evolution with lower water
level (no outlet) and higher temperature. to Day.
Fig, 62,—jJuly, 1923. A group of quiet sulphur pools (Fig. 30, No. 15)
Bumpass Heﬁ. Photo Day.

Pyrite is very generally distributed at the Geyser, Boiling Lake, Devil’s Kit-
Elwn. and Bumpass Hell; elsewhere it has not been sought for. It was first found
i 1913 in the mud at the outlet of the Boiling Lake. The next year, when a more
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careful survey of the region was made, pyrite was found in practically all the hot
springs and mud pots, but it was most noriceable in the beds of the little streams
which form the outlets of the springs (fig. 63). The amount of the mineral, how-
ever, was so small and the crystals generally were so minute that it might easily
have been overlooked by an observer intent upon the larger features of the district.

Some of the pyrite was so coarse or so characteristic in color as to leave little
doubt of its identity in the mind of a close observer, but much of it was too fine-
grained to be recognized by the unaided eye. One of the most interesting occurrences
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Fig. 63.—May 20, 1916. Stream in Devil's Kitchen showing pyrite crystals (dark areas)
in furrows on the sandy bottom (looking down through the water). Photo Day.

of it was in the form of dark scums on the surface of certain hot, quiet pools (e. g.,
No. g, Devil's Kitchen, and No. 6, Bumpass Hell), where in reflected sunlight it
appeared as beautiful mirrors of brass-yellow color (figs. 6o and 64). It is easy ro
get such a mirror by boiling finely ground pyrite in a vessel of water (phenomenon
of flotation), and the color of the mirror is distinctly different from a similar mirror
of marcasite.

The black and gray muds of many springs had been suspected to be colored by
pyrite, but only the microscope was competent to decide the question.  Dispersed
through these sediments were found minute aggregates of an opaque, lustrous
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mineral, from o.01 to 0.03 mm. in diameter, which, from their association with
larger aggregates and separate crystals ot: pyrite, permitted .the ct?nclusion that
they also were pyrite. The sediment contained no other material which could have
imparted to it a gray or black color.
COLLECTION OF THE GASES.

The gases were collected over the hot spring warer in a glass tube with the
upper end closed, the lower attached to a glass funnel. There are some details
about the apparatus which are perhaps worth noting, since by their application

- e, 7
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Fig. 64.—July 2, 1915. Hot pools in the Devil's Kitchen (No. 9, Fig. 47) showing scums of
pyrite reflecting light like bronze mirrors. Photo Day.
air is effectively excluded and gases may be collected from difficultly accessible
spots. The collecting tubes were half-liter cylinders, about 40 cm. long and 4.3
¢m. outside diameter. The cylinders at each end were drawn down to tips about
9 mm. outside diameter, one tip closed, the otheropen. To the open tip the funnel is
attached by heavy-walled rubber tubing securely wired. A ro-cm. funnel wich-
stem cut down to a length of about 3 cm. is quite satisfactory.  The collecting tube
is conveniently handled by a clamp arrached to a light pole, which carries the line
for releasing the catch (described below) and another line for holding the funnel
!.Ip.l’igh[ after filling the apparatus with water and during the operation of lowering
it into the pool. By using a jointed pole its rench may be extended so as to collect

gas in otherwise inaccessible places (figs. 63, 66).

e
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To prevent any access of air after the tube is filled with gas and before it is
removed from the water, the rubber connecrion berween tube and funnel is tightly
closed by a strong spring clamp, specially devised for the purpose. The clamp is
slipped over the connection and fastened to the collecting tube before the funnel is
attached. The jaws of the clamp are held open by a catch while the tube is filling
and closed at the end of the operation by simply releasing the spring carch with a
cord. The funnel may then be safely: detached and the rubber connection filled
with water, most of which is immediartely displaced by pushing in a glass plug.
The plug is carefully wired in and the tube sealed off after reaching the camp.
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Fig. 65.—]June, 1922, Collecting gases at Bumpass Hell. Spring 14,
Fig. 50. Phato Day.

If the water of a spring is not too muddy it is naturally best to use it in filling
the apparatus; otherwise any convenient hot water may be taken. Gas solubility
counts for little in waters near the boiling-point. To collect gases from mud pors
is not quite so easy. Where the mud is thick the funnel must be held in position or
it will rise and let in air. In one case where the mud was very thick the tip of the
collecting tube was completely clogged by it and collection proved impossible.
Several gallons of water were therefore poured into the pot and left ro stand some
hours till the water was hot; collection then proceeded without trouble. A little
care is required in sealing a tube filled from a mud pot, because the tip is sure to be
smeared with mud, but if the operator works slowly the mud dries our gradually,
and the sealed joint will not crack.

ANALYSIS OF THE GASES.

Samples of volcanic gases for analysis have usually been transferred from rhe
collecting tube to the measuring buretre, saturated with moisture as they occur in
the field. To what extent che results are affected by this procedute when the gases
contain hydrogen suiphide, as those from Lassen Park usually do, has never been

e e By iy
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ascertained, but the mercury is blackened and the measuring burette fouled by it.
‘I'v avoid the error so caused, the gases under discussion were pumped through
an ample supply of phosphorus pentoxide and measured dry* The hydrogen
sulphide was then absorbed by lead dioxide. The residual gas was subsequently
rransferred to a burette containing a drop of water and was measured again in the
saturated state. The difference becween the two volumes, when reduced to stand-
ard conditions, is obviously the volume of the hydrogen sulphide. The subsequent
operations of analysis can then be carried out with absorbent so/utions instead of
dry absorbents and much time saved thereby. By pumping out the contents of rhe
collecting tube through phosphorus pentoxide {one buth of which is renewed after
vach operation), the soluble gases, which would otherwise be partly retained in the

LA okt &
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warer which wers the inside of the tube, may be completely removed. In practice
the tip of the tube is connected to the drier by cementing each to the ends of a
crushing-screw which is immersed in mercury (fig. 67). The tip can thus be broken
without access of air. The method has been employed by E. S. Shepherd for volcanic
wases, bue as his samples contained no hydrogen sulphide the subsequent procedure
was necessarily different. To avoid any reaction with moist hydrogen sulphide,
31"“' sceel crushing-screw was plated with platinum. The gases were first pumped
to a dry burette, the mercury of which was carefully protected from the moisture
ol the outside air (fig. 69). Abour 93 c. c. was usually taken for analysis. Afrer
volume, temperacure, and pressure had been measured, the gas was transferred to a

t Dried pases cuntaining hydrogen sulphide up to about g per cent have been stored uver mercucy for days and no decom=
woution within the imics of error has ever been noticed.  Slighe blackening is sometimes scen.  Whether or noc this 1s dus
tu s teace of moisture has not been ascertained.  These observativns apply to periods of 3 few days up to a week or two with
smai'zr amounes of hydrogen sulphide.

e e

-~ v =" s

i - o



M mttend ichfent Ao 4 o it e 2 dndzn
126
mercury pipette containing a pellet of lead diuxidc.’. The peller wa .
to a plarinum wire, the lower end of which formed a spring.  Whey ety
are pushed throu-gh the inlc_l: tube of r_:ht: pipette the spring is capable o 1.
wire and peflet in any desired position. The leveling-bulb is then e, 0,
securely wired to the inler tube and the mercury is introduced g o
(': m Fl_q;, Y e
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Fig. 67.—Device for removing the gas from the coilecting tube. Phata 2 ke
Fig. 68.—Pipette for absorbing hydrogen sulphide. Photo Snaj
: wwn Fusoe: Trad®
1 The eylindrical peller, 5 mm. in diameter by 5 mm. in thickness, was made by compressine ";' "':", ‘, L i
with 3 drop of warer at a pressure of 2,000 kg, At firse che pellers were muoistencd with phiesy I""t‘ "" N L
necessary undet our conditions and 1z fouls the mercury somewhar, _C)thqr investigators h.n-rhv--;‘.l woirw 5 A
hydrogen sulphide balls of manganese dioside or lead dioxide made 11p wirh oil and moisteard with phe Ao i Sk

s . 3 : o it e ot
ing to Bunsen, who was apparently the Grst to use the method, the hall, ifnot properly madv. will Jhebion e

than the 3 of the hyd Iphide p ts i .
See Bunsen, CasametrischeMethoden., Braunschweig 1877 p. 111; Christensen, Tididslr.
Thorkelsson, Mematres de I' Academie royale des Sciences ¢t leares de Danemark, 8, 131, 1910
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If the pellet is floated on the mercury it of course rises to the top when the gas
is driven out of the pipette and retains a little gas clinging to its surface. This gas
is difficult to dislodge, but when the wire is used the air is easily detached by the
simple expedient of squeezing the rubber tube and thus agitating the mercury.
It is wise to use a fresh peller for every determination of hydrogen sulphide, since
the surface becomes coated with the reaction products and with a film of mercury.
It seems to be a limiration of the method that a peller dense enough to prevent
absorption of other gases will not absorb a great deal of hydrogen sulphide. If the
hydrogen sulphide is large in amount there would be no objection to using two
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Fig. 69.—~Apparatus for analysis of gases. ‘'Dry " burette at left. Apparatus for removal

of nitrogen from the inert gases in the foreground. Photo Snapp.
pellets at once. The hydrogen sulphide is rather rapidly absorbed and experiments
proved that the absorption is complete. After an hour the residual gas is transfer-
red to the “wet” burerte and measured again, together with temperature and
pressure. Perhaps it is hardly necessary to say the burertes were both filled with
mercury and water-jacketed. The gases were transferred in both cases through a
capillary connection which was first exhausted and filled with mercury, so that no
gas was lost and no air gained. No appreciable amount of carbon dioxide, nitrogen,
or oxygen, and probably no other gas present except the sulphur gases, is absorbed
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by the compressed pcilct, but there was a constant error of about 0.3 c. c., not Vet
accounted for, involved in the transfer of gas from one burette to the other, whethe
the pn:llct is present or not. When this error is corrected the results are iy
Thus in a synthetic mixture of hydrog,en sulplude and caibon dioxide 3.8¢ per ceng
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Fig. 70.—Apparatus for analysis of gases. ‘‘Moist™ burette. absorption
pipettes and combustion pipette. Photo Snapp.

and 3.92 per cent H:S was found. [n a second mixture of the same gases the results
were 8.94, S. SS 8.84, and g.13 per cent.

The “wet”" burette was connected on the one hand to a compensator and on the
other to an apparatus specially constructed on the Orsart principle, the pipettes ol
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which were joined to a “ manifold” made from a capillary 1 mm. in inside diameter.
The connections to the burerte were made with Khorinsky cement, insuring ab-
solutely tight joints witl:out too much rigidity. The pipettes were also sealed to
the apparatus (fig. 70) in the same way, thus permitting the ready renewal of the
reagents. 1he combustion pipette ! has already been described. Perfectly tight
stopcocks intervened between each pipette and the capillary manifold. In practice
it is necessary to attach the leveling-bulb of the burette to a cage, which slides
vertically on a smooth, greased rod and which can be clamped to the rod in any
position and afterwards leveled with. an adjusting screw by the aid of the com-
pensator.?

The absorbents, in order, were caustic potash for CO., alkaline pyrogailol for
O., and acid cuprous chloride for CO. Combustions were made over mercury wich
pure electrolvtic oxygen.

The agreement between duplicate analyses is all thatr could be desired, the
differences in measurement ranging generally from o to 0.1 ¢. c.  Criticism is often
made of such gas-absorption methods on theoretical rather than experimental
grounds, and we are satisfied that when the nperator takes pains to displace each
gaseous constituent from the capillaries and co absorb it completely the errors are
very small.

For the determination of the so-called rare gases the measured residue of
nitrogen, etc., is transferred to a mercury gasholder which is then sealed to an
exhausted absorption apparatus of thd usual type where rhe gas is passed in suc-
cession over phosphorus pentoxide, hot copper oxide, hot metallic calcium, solid
caustic potash, and phosphorus pentoxide again (fig. 69). The gas is circulated
several times through the train; finally the unabsorbed gas is pumped into a small
capillary measuring tube carefully calibrated, in which the volume can be read to
about 0.002 ¢. ¢. A spectrogram of the gas is then taken for comparison with
standards (fig. 71). In the identification of the rare gases the authors take pleasurc
in acknowledging their indebtedness to Dr. E. G. Zies, whose prewous experience
made his aid of great value.

Criticism may very properly be made of the use of an Orsar appdrarus for the
determination of the rare gases if a high degree of accuracy is required, for the
capillaries are filled before the analysis with nitrogen, argon, etc., obtained by ab-
sorbing the oxygen (and CO.) from a sample of air. If the gas to be analyzed
contains nitrogen and the rare gases in proportions different from those in the air,
it is obvious that the residue tested for rare gases will not contain rhem in their
original proportions. The error increases of course as the residue becomes smaller
in volume and as the percentage of rare gases diverges from thac in the air. The
difficulty can be overcome by taking a second sample for rare gases and removing
all other constituents by solid absorbents in an evacuated system. For reasons
which will appear presently the procedure was unnecessary in the present case.

t Aflen and Zies. A chemical study of the fumaroles of the Katmat remon, National Geopraphie Soc , Coneributed Tech-
mical Papers. Katmai Senes, No. 2, p. 123, 1923.

2When the mercury levels are approximately the same before the stopcock of the compensaror is opened, the inflow of
gas to the compensartor or outflow of air from 1t 13 neghigible.
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COMPOSITION OF THE GASES.

The gases are not only all of the same general character, but they are singularly
constant in composition for natural gases. An inspection of table 6 shows that
there is a preponderant quantity of carbon dioxide in every instance. The limiting:
values for carbon dioxide are $9.8 per cent and g6.4 per cent, the average 93.4 per
cent. Nitrogen ranges from 2.2 per cent to 10.2 per cent, wirh an average of 3.5
per cent. Hydrogen averages o.60 per cent, hydrogen sulphide 0.60 per cent,
and there are traces of marsh gas and very small amounts of oxygen. The average

Fig. 71.—Apparatus for photographing spectra of the inert gases. Photo Snapp.

Many of these results are wichin che limits of error of the measuring apparatus
used in the work and are perhaps to be accounted for in this way. It is quite un-
likely that oxygen leaked into the collecting tube in any part of the process, nor is
oxygen ever to be regarded as a primary volcanic gas. Its escape from a hot
magma or batholith along with reducing constituents like the sulphur gases is
highly improbable. There are, however, reasons for believing that the oxygen of
the air becomes mingled with the volcanic gases near che surface of the ground,
indeed, this is much the most satisfactory way of accounting for the sulphuric acid
which is so generally distributed in fumarole regions (p. 138). Usually no doubt the
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TauvLe 6.—Gasks From THE Hot Srrincs oF Lassen NaTional Parx.
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reducing gases remain in excess, but occasionally an excess of oxygen may creep in.
Such a situation would be most likely to arise where the ground was seamed or
otherwise rendered more pervious than elsewhere. It is a significant fact that
several samples of gas collected by two different persons along a line of recent
subsidence in the Devil’s Kitchen should all contain distinctly more oxygen than
the average, namely, 0.5 per cent in sample No. 23, 0.55 per cent in No. 24, and
2.85 per cent in No. 25. The analysis of No. 25 has been omitted from table 6.

From their composition alone the gases might have been adjudged to be
volcanic,' but any possible doubrt of the fact should be dispelled by the circumstances
of their occurrence, while the constancy of their composition indicates that they are
ail derived from the same batholith. “The gases exhaled from a magma in the earlier
stages of volcanism usually contain more carbon dioxide than any other gas except
steam. In the last stages represented by these hot springs the carbon dioxide
remains, while the chemically active constituents like the sulphur gasest and the
halogen acids have been partially removed by reactions within the magma which
result from falling temperature, or reactions with the mineral substances with
which they come in contact on their way to the surface. Any very soluble gases
like SO, HCl, and HF would, if originally present and not otherwise removed,
remain behind in the spring waters. Not until the waters became alkaline (p. 164)
would the carbon dioxide be retained by formation of carbonates and bicarbo-
nates, the amount of it taken up depending on the degree of alkalinity of the waters.
Only four alkaline springs were found in the Lassen district, and these all con-
tained very little bicarbonate. Gases collected from two of them were only a
little below the average in carbon dioxide.

TasLE 7.

} In 100 parts of nacural gas.

[ Sk
Casotto. Tin.
| |
Sulphuretted hydrogen.. ... .. 100 | 2.000
Carbon dioxide... .. ......... 9280 | 9200 |
TR v TR SR e o 1.400 ‘ 1.900
Hydrogen 2600 | 1400
Oxygen. . 0050 | 0.200 |
Nitrogen....... 1 048 1.455
Argon..... FEaa e s ah s s R | 0.021 0 029
Heltut, o vicioiniidisvainesd| 0010 0.014

| 1

In the endeavor to reach an understanding of the relations which volcanic
emanations at various stages of activity bear to one another, it will be well to cite
here the analyses of two gases from the Larderello region in Tuscany, by R. Nasini
and his associates (table 7). Although they were collected from fumaroles, which,

t For the composition of voleamie gases in general, see E. T. Allen, Chemtcal aspects of volcanism, Journ. Franklin [nst.
193, 29~B0, 1923. Appendix.

Hague regards the gases from the Yellowstone hor springs as of surface ongin (Rudl. Gezol. Soc. Amer., 22, 117, t9t1).

2 Bunsen scates char the H,S in the gases of Knsuwnk varies much more rhan che CO4 hecause ot the chemical action af the
former on the ricks of the reqon (dnn. chim, phys,, 38, 266, 1853).

1 [ rofions boracsfers ete.  Rome, 1906, p. 82.
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judging from the context of Nasini's account, possessed a temperature of abour
180° C,, the gases bear a remarkable resemblance to those from the Lassen springs,
differing chiefly in the somewhat higher percentage of marsh gas and the presence
of helium.

Some of the geysers of [celand,! according to Thorkelsson, are giving off gases
which consist almost exclusively of nitrogen and argon. As the waters of geysers
are almost invariably alkaline, the original carbon dioxide may have been entirely
absorbed and retained in the water as carbonate and bicarbonate, or partially trans-
formed into other less soluble carbonares like those of calcium and magnesium. But
if so, what has become of the unabsorbed pases like hydrogen or marsh gas, or were
none of these contained in the original gases? The nitrogen and argon are regarded
by Thorkelsson as of armospheric origin. The solfataric districts of Iceland give
off gases much richer in hydrogen® and hydrogen sulphide than those of the Lassen
Park, but withour a derailed knowledge of the Iceland springs it would be unwise to
venture any explanation of the difference.

T-’ABLE 8.—ANALYSES OF GAS FROM THE HOT SPRINGS AND GEYSERS OF THE YELLOWSTONE
NationaL Park.
[By F. C. Phillips.|

|
1. IIL. | Iv. v. | VL ‘ VIL. J VIl | IX. l X. t Xi. I XIt
I 1 : ! ‘. '
! | | | ! |
Carbon dioxide.! 1. 32 2783 18 80 i 82 85 | 33 60 44 18 | 04.635 0237 98 67 08.68 517437 90
Oygen......| 330 625 1135, 133 157|626 060 L7+ 06 006 371 023
Hydrogen....| 0.10 025 071 182 037 402 110, 0% 0 | v1i 0 | 2.16!
Methane . ... | 0 3z o | trace | 3.80| trace | 09 [ trace O | O | O I 0.30
Hydrogen sul- | f ’ [ ' | I |
phide. .._.. .| 0 | o 0 0 0 o o [o0o |o4lo ioga
Nitrogen. . .. }9503 SZH 69’4|1380 1035 4534 274 199 067 D.63 ' 44+ .35 | 18 36
|lm00 100 00 tmm nouw tmm 100 00 100 00 100 00 100.00 mo 0 100 00 (100 00
j | i |
I. Artemesia Geyser, Upper Ge}ser Basin. Vil. Echinus Geyser, Norus Geyvser Basin.
1L, Asca Spring, Hillside Crowp, Upper Geyser Basin, VI Cleoparra Spring. Mammoch Hot Spungps.
111, Boctomless Pit. Chain Lake. Upper Geyser Basin. IX. Sulphur Spnng, Mammach Hoe Spnings.
V. Fissute Group, Ebony Springs, No. 33, Lower Fire- X. Mammorh Hot Sanings.
hole Basm. XI. Blue Glass Sprinw, Shoshone Geyser Rasin.
V. Founctain Geyser, Lowzr Firehole Baun. XII. Taurus Geyser, Shoshone Gesser Banin.

V1. Coral Spring, Norns Geyser Basin,

The gases frorm some hot springs and mud pots consist aimost wholly of marsh
gas. Of its origin we have as yet but meager evidence, and must content ourselves
here with pointing out what appears to be a general rule and a rational one, that the
preponderant constituents of hot-spring gases CO., N, + A, and CH, are in the
chemical sense all comparatively inactive at low temperatures. A decided excep-
tion to the rule is found in the analyses of gases from the hot springs of the Yellow-
stone Park by F. C. Phillips (rable 8).2 Most of these analyses contain oxygen in

' Memoires de I dcademie royaie des Sciences ot Letires de Danemart, 8, 232, 1910.

1 See Thorkelssun’s tables, The hydrogen in chese gases may have heen 2ugmenred by che action of a part of the hvdrn-
gen sulphide on the fn collecting tube used (op. ait. p. 213).

3"hese analyses, which were found in the archives of the UL 5. Geolowcal Survey. are published by permission of the
Director of che Survey,  They weee made in the vighties by Professor Phillips and would doubriess have appeared in Hague's
monograph of the Yellowstone Park had he lived to complete ic.

b ol
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very unusual quantities, and one would be inclined to suppose that air crept in
either during the collection or in the course of the analysis of the gases. In a
private communication to the authors Dr. Walter Harvey Weed, who collected
the gases, states that the method used was discussed with the late Professor Hallock,
who was interested in the investigation, and that it was concluded by them that no
air could have gotten in during the collection. Except for the oxygen, many of
these gases are strikingly similar to those from the Lassen district.

A larger body of evidence, carefully worked out on the ground, will be needed
before it will be possible to give a complete account of the changes through which
volcanic gases pass in the course of their history.

Considering now the ratio of argon to nitrogen in the gases under discussion,
it was explained above (p. 129) that the method employed in analysis was subject to
error when the gases to be analyzed were related in a different ratio from that in the
atmosphere. The results show that the ratios are not far from the same; the aver-

age of the determinations for is 1.33, while that in the air is 1.18. Con-

-
A + N:
sidering the small quantities of gas (2.2 to 10.2 ¢. c.) taken for analysis, these differ-
ences are belicved to be within the limits of experimental error.

Our conclusion is that the nitrogen and argon present are probably chiefly of
atmospheric origin. We say chiefly rather than entirely because a portion of the
gas might be magmatic and might contain a somewhar larger percentage of argon,
while the total amount in the gas handled would be too small to enable us to settle
the point by the method used. |

Finally, there is another point of importance not revealed by rhe analyses, but
legitimately inferred from sound knowledge. All volcanic gases, with few excep-
tions, whether collected from molten lava or from fumaroles, contain more steam
than any orher gas and, though much of this steam may be of surface origin, the
unaltered igneous rocks when heated almost invariably give off more steam than
all other gases put together. It follows that the gases which escape from volcanic
hot springs skould also have been accompanied by water in relatively large amount
when they emerged from the batholith which originally conrained th m.
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CHAPTER IIL

CHEMICAL EFFECTS OF THE HOT WATERS AND GASES

CHEMICAL CHANGES IN THE SPRINGS.

The character of the spring sediments, the composition of the waters, the gases,
and the lavas ! of the region, when correlated with observations in the field, con-
stitute a very satisfactory body of evidence for the interpretation of certain chemical
changes which are in progress in these springs. There are two principal processes.
The first is the formation of pyrite.

FormaTion oF PYRITE.

The peculiar feature in this occurrence of pyrite is the great number of minute
derached crystals completely bounded by crystal planes, not the incompletely
developed fragments which would be left by the disintegration of 4 rocky matrix
inclosing it. The Lassen luvas sometimes contain a few scattered grains of pyrite,
but not such crystals as are found in the springs. The latter could result only from
the formation of pyrite from the warters themselves. The occurrence of the micro-
scopic aggregates, which occur in the blach sediments previously described, suggests
a first stage in the process. There is another point of almost equal weight. The
conditions in the springs are strikingly similar to those found in the laboratory to be
essential to the formation of pyrite, namely, the coexistence of ferrous salt, hydrogen
sulphide, and sulphur.: The sulphur is not always observed in the springs, but
contact with atmospheric oxygen is all that is necessary for its liberation from
hydrogen sulphide. This may take place directly or through the intermediate
agency of ferric iron:

(I) 2FeSO, + H:SO| +0= FC;(SO:}: <+ H.0
(2) FC:(SO|): + H:S = ZFCSOi - H:SOII 4= S

Oxidation of some hydrogen sulphide by the ferric iron in the lavas during the
process of their decomposition by the acid waters, which will be explained presently
(p. 138), is also entirely probable.

The formation of pyrite is not to be regarded as confined ro the springs alone.
The presence of similar conditions below ground should lead of course to the same
resulrs.

There is an inreresring fact about the pyrite samples collected in the hot springs
and hot streams to which we wish to direct attention. The crystal forms in them
were not distributed haphazard. In some samples the cube was developed almost
to the exclusion of other forms, in other samples the octahedron. The pyrito-
hedron was also observed, but not commonly. The conditions which determine

! Fur analyses of many lavas from Lassen Nauonal Park, see F. W, Clarke. U, 3. Genl. Survey Hull. g19, 139, 1910
2 Allen, Crenshaw, Johnston and Larsen, Am. Journ. Sci. (3) 33, 109, 1913, See alsu Amer. Journ. S, 38, 3710 1914,
137
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the crystal form constitute of course a very obscure problem, but here we v,
pyrite in the making under conditions which vary from place to place sufficiently
to determine whar crystal form shall develop. It ought to be possible for the (-r)._;,
tallographer to find out what these differences are, or at least to gain importane
information on the subject.

ApsSENCE oF MARCASITE.

Marcasite has not been found in any of the hot-spring areas under discussion,
In experiments made in this Laboratory several years apo', some marcasite was
always found mixed with the pyrite when the solutions from which the minerals
crystailize were acid. The amount of the marcasite decreased with decreasing
acidity and no experiments were tried with a degree of acidity as low as thac in these
natural waters. The conclusion from the laboratory experiments was that some
marcasite is always formed when the disulphide of iron crystallizes from acid solu-
tions. This now appears to have been too sweeping. Nevertheless, marcasite is
sometimes a product of hot-spring waters. In the Katmai region, Alaska,* mar-
casite was found in boiling hot springs (temperature 97° to 98° C) under circum-
stances which left no room to doubrt that it was forined by the waters; it occurred in
thin botryoidal cruses deposited on pumiceous mazerial in the beds of the springs.
Unfortunately the composition of the waters was not ascertained, but there is good
reason to believe they contained free acid, for the fumaroles in the vicinity com-
monly emitted hydrochlpric and hydrofluoric acids. So far as its amount is con-
cerned, pyrite forms but a very small portion of the sediments; the importance of
its occurrence lies in the bearing which the observations may have on the conditions
of farmation of a widely distributed mineral.

Oricin oF SurpHuric Acp.

Another chemical process which is going on in the springs is of 2 more general
character, involving the major part of the sediment. This is the decomposition
of the lavas by the hot warters; but before discussing that it will be necessary tw
consider the formation of the sulphuric acid which occurs as normal or acid sul-
phates in all the springs, without exceprion.

Sulphuric acid appears to be an active agent of decomposition in all solfataric
areas. Various explanations of its origin have been given, all of which depend on
the oxidation of some sulphur-bearing substance, primary or secondary. To be
sure, the acid has been detected® in that portion of fumarele gases which is absorbed
by water, especially gases which contain sulphur dioxide, but this is almost cer-
rainly the product of atmospheric oxidation. Whether it is formed near the
surface of the ground and carried along as a spray or whether it is the result of
oxidation in the course of the collection of the gas is a matter of doubt.

1 Effect of temperature and acidity in the formarion of marcasice (FeS:) and wurtzire (ZaS); a conenburion to the genens
of unstable forms. £ T. Allen, . L. Crenshaw and H. E. Merwin, Am. Joum, S, (4). 33, 3593, 1914.

2Alken and Zies, A chemical study of the fusnarules of the Karmai regun. Nar. Geog. Soc , Conenbured Technical Pfapers.
Kaomai Senes. No. 2. p. 67, 1923, The many deposits of fine disseminared mareaste in che pumice of Lake Rotorua. New
Zcaland. may also be a produce of solfatanc acron,  (See Park, Gevlogy of New Zealand, p. 178, 1910.)

3 Juurn. Franklin Insz., 193, 29 (Appendix), 1923,
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Park! atzributes the sulphuric acid and sulphates in the hot springs of New
Zealand to the oxidation of pyrite. A steady supply of acid from this source
for a long period of time would demund a large body of pyrite.. It is conceivable
that such a body might be formed during an earlier (fumarole) stage of volcanic
activity, and that subsequent oxidation might ensue as a result of the waning
emanation of hydrogen sulphide, bringing the formation of pyrite to a close in some
places and allowing access of air.

Bunsen: regarded the sulphates in the Icelandic hot springs as an oxidartion
product of secondary sulphur dioxide by air or by ferric iron. The sulphur dioxide
was supposed to be formed by the chemical action of sulphur vapor on the ferric
oxide in the basaltic rocks of thar region. Bunsen’s hypothesis does not apply
satisfactorily to the facts observed in the Lassen district, for sulphurous acid is
never found in the vicinity of the springs, while if it were a primary emanation some
of it ought surely to escape oxidation and make its way to the surface.

Sulphuric acid, together with hydrogen sulphide, may be formed by the action
of water on elementary sulphur. At 1oo® the action is negligible, for satisfactory
determinations of the vapor pressure of sulphur have been made hy volatilizing it in
a current of steam at that temperature. At 230° and possibly as low as 200°%,
the action is rapid enough to account for such amounts of sulphuric acid, free and
combined, as are found in the springs under discussion. It is doubtful whether such
temperatures exist in this region at depths accessible to ground warer, but a more
important objection to accepting the hypothesis is the conclusion already reached
on the basis of several facts that sulphur is not a primary emanarion here (p. 120).
Small amounts of sulphuric acid may arise here and there in these hot-spring areas
from the oxidation of secondary pyvrite, but to account for a continuous supply of
the acid for any considerable period of time, the oxidation of hydrogen sulphide
constitutes the most probable explanation, because this gas is constantly escaping
from the springs and is generally distributed in all the areass?

The oxidarion may be accomplished either by ferric iron or by air or by both.
The oxidarion of hydrogen sulphide to sulphur by either reagent is the reaction best
known to the chemist, but oxidation to sulphuric acid has also been established.
Stokes* found that hot dilute ferric chloride oxidized about one-third of the sulphur
in hydrogen sulphide to sulphuric acid. Experiments made in this laboratory
indicate that if the gas reacts with ferric oxide rather than ferric salts, at 2 rem-
perature of 140°, the sulphur forms pyrite but no sulphuric acid. In this case some
preliminary oxidarion of the hydrogen sulphide with air wouid be necessary before
the formation of sulphuric acid by ferric iron in the silicares could procced. As
further evidence for these reactions some experiments by Deville and Dumas may
be cited. Deville* observed thar a mixture of hydrogen sulphide, steam and air,
corresponding to the gases of many velcanic fumaroles, with rock fragments, in a

! Geology of New Zealand, p. 178, 1910,

2 Lirb1g’s Annalen, 62, 10, 1847 .dnn. Chim. Phys., 38, 272, 1B53.

3 Drake's Springs may be an exception.  No gases were observed 1o escape from these waters amd rthe odor of hvileogen
sulphide was not noticed, buc more careful vhservations would be necded ro settle the question,

¢ Bull U, 5. Geol. Survey, 186, p. 19: ser also GmebnKraue . 6eh ed,, [, pr. 2, p, 2190

* Compt. rend., 33, 361, 13523 faheess, der Chemse, p. 519, 1832,
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few months formed sulphates of the alkalies and alkaline earths, while Dumas:
found that sulphuric acid*was gradually formed when hydrogen sulphide and air
are brought into contact with some porous substance at 40° to 30° and more rapidiy
at 80° to go°. ’

The evidence thus goes to prove that hydrogen sulphide may be and probabiy
is directly oxidized to sulphuric acid under the conditions prevailing in the hat-
spring basins, but not all of it necessarily changes in this way. The free sulphur
often observed at the surface of the ground is most probably an oxidation product
of hydrogen sulphide by the better-known reaction (H.S + O=H.0 + S), for it is
commonly found where the conditions obviously favor oxidation. Thus it was
noticed in several places incrusting rocks over which a rhin sheet of warm spring
water was flowing (fig. 72); it was found in needle-like crystals lining fumaroles and
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Fig. 72.—June, 1923. Sulphur bearing pools at Supan’s Springs. Photo Day.

ground cracks where hydrogen sulphide was issuing; in fact wherever it occurred
the sulphur was readily accounted for in this way.

Sulphur, whatever its origin, doubtless contributes its share to the sulphuric-
acid supply, for while stable in dry air, in moist air® it slowly oxidizes. In this
region the warmth of the ground would of course be a contributing factor to the
oxidation. .

Cuemicar Decomrostrion of THE Lavas.

The chemical decomposition of the lavas is of interest in several respects; it
involves the formation of kuolin and is intimarely related to the origin of the springs.
The foregoing data enable us to interpret the process with comparatively little
hvpothesis. The active agents are hydrogen sulphide and especially sulphuric acid.
When sulphuric acid decomposes a silicate the final products are free silica and the

Y dnn. chim, phyr, 18, 302, 1846,
* Maly, Manatshefte Chem., 1. 205, 1880: see also Gmelins=Kraue, 7th ed., vol. 1, pr. 1, 377, 1907.
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sulphares of the merals contained in the silicate, and these products are found in all
the springs. With them occur two other products of intermediate composition,
namely, kaolin and alunite. Kaolin, Al;0,.25i0:2H.0, contains silica still un-
liberated and alumina as yet unchanged to sulphate. Alunite, K.0.3A1:0..450,.6H.0,
contains no silica, but it requires more sulphuric acid to transform its bases into
normal sulphares; it is a basic sulpharte,

SIGNIFICANCE OF THE OCCURRENCE OF KAOLIN,

Kaolin is well known to geologists as.a decomposition product of cerrain sili-
cates, especially plagioclase feldspars, by the action of cold dilute sulphuric acid,
which commonly originates in such situations from the atmospheric oxidation of
pyrite. In the springs of the Lassen National Park kaolin is the product of Aot
dilute sulphuric acid on the rock silicates, or some of them.

Lindgren ! contrasts the formation of kao/in with that of sericite, the former as
a product of cold descending waters, the latter as a product of kot ascending waters.
Observarions in the Lassen region show pretty clearly that it is not the temperature
nor the direction of flow, but the chemical nature of the water which is of vital im-,
portance. Kaolin is the product of acid warters, whether cold or hot; where sericite
is formed the waters are presumably alkaline. When the waters are acid, tem-
perature may determine which of the clay minerals (kaolinite, halloysice, lever-
rierite) is found, but some clay mineral not sericite is formed in both cases.

A knowledge of the limiting conditions which determine the formation of the
different clay minerals would be very useful in problems of this character, but an
investigation of the subject is at present unpromising on account of the low capacity
for crystallization of these minerals,

SIGNIFICANCE OF THE OCCURRENCE OF ALUNITE.

Kaolin, though compararively refractory, is slowly decompused by hot sul-
phuric acid,® the final products being silica and aluminum sulphate. It would
therefore not be formed it the concentration of the acid were sufficiently high.

In composition alunite is a connecting link between kaolin and aluminum
sulphate, but this of course does not necessarily give the key to its formacion. It
may follow kaolin as a product of further action by sulphuric acid, or it may be a
precipitate subsequenr to the formation of the soluble sulphates. The complex
aggregates of alunite with opal and kaolin which are found in the sediments suggest
rather that the three substances are contemporancous products of the action of
sulphuric acid on feldspars or volcanic glass.

In some places in this district alunite has been deposited in a comparatively
pure state. Thus, a2 mound about 15 feer high, bordering the pool in the Devil’s
Kitchen marked No. 1 on the map, consists of alunite, at least on the surface
(fig. 73). J. S. Diller discovered some years ago considerable amounts of this
n:;neml at Supan’s Springs. At present no explanation for its segregation can be
offered.

1ernum1c Geology., 12, 89, 19135, sce alsa Mineral Deposits, p. 3035, 1513,
# Alexander Sabeck, Chem. Centrafblas, p. 779, 190z.
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SILICA THE FINAL RESIDUE OF ROCK DECOMPOSITION,

With the possible exception of Drake’s Springs, where a copious vegetable
growth conceals the ground, the lava in all the hot-spring areas has been more or
less completely decomposed by chemical action.  Alteration has been most complete
at Bumpass Hell, where practically every foot of the ground (Plate 12) has been
bleached and disintegrated. A sample of the product from the surface of the hill
adjoining the area on the southeast proved to be nearly pure opal with a lirtle
unchanged quartz and pyroxene (Merwin). It contained 94.79 per cent SiO,,
3.05 per cent H:O, 1.18 per cent AL;O,, etc., and very small amounts of other oxides.
In the sample the banded structure of what was doubtless originally lava could be

Fig. 73.—June. 1923. Spouting Spring in the Devil's Kitchen (No. 3, Fig. 47).
White alunite mound in background at the right. Phota Day.

plainly seen. This silica is obviously an example of lava decomposition with acid,
and there is no reason to doubrt thar the acid has the same origin as that which
occurs in the springs, namely, the oxidation of hydrogen sulphide and secondary
sulphur by atmospheric oxygen and ferric iron. This general decomposition implies
a wider distribution of gases, either past or present, than the observer might ar first
suppose. It is quite probable that these hot springs were preceded by a more
active stage of volcanism in which hotter gases were emitted in greater volume than
now, and that when the thermal actmty declined it became extinct in some places.
This is the normal course of change in fumarole regions.

Even to-day volcanic gases are probably slowly permeating tllc ground and
escaping outside the spring and fumarole vents, for there are numerous barren areas
in the spring basins that show no visible sign of present activity at the surface,
where steam and abnormal temperatures are found but a few feet below it.  Thus,
in July 1922 a temperature of 94° was found only 2 feet below the surface at a
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distance of 130 fect from the Boiling Lake (norrhwest end) and farther still from any
active vent. The ground was bare, but no visible steam or warer was escaping
from it. Exploration both at the Boiling Lake and the Devil’s Kitchen revealed
many similar spots. The instance cited is unusual only in the greater distance of
the place from an active vent. If the steam in these places is volcanic, or partly
volcanic as we conclude, it must be accompanied by other volcanic gases, including
hydrogen sulphide. The latter would become at least partially oxidized, for where-
ever the gases find egress, air will gain access unless the gases are escaping under
high velocity, which is never the case excepr in well-defined vents.

That the decomposed lava of the barren ground in the hot-spring basins has
gone chiefly to silica, like that at Bumpass Hell, has been inferred from the uni-
formity in its appearance. The subject deserves further study, but there is other
evidence hearing on it.  Thus, the salts which occur in places on rhis barren earth
have invariably proved to contain more alumina than any other base, as do the

Fig. 74.—~June, 1922. Western half of pool No. |4 Bumpass Hell.
(CE. Plate 12.) Photo Day.
lavas from which the salts were derived. The complete decomposition of the lavas
by sulphuric acid would resulrt in the liberation of silica and the formation of salts of
the same character.

These salts are quite certainly not a product of the evaporation of spring
waters, as was thought at first, for most of the springs contain hardly any alumina.
Only the most acid waters, like those of No. 6 and No. 14 (Bumpass Hell, figs. 65,
74) and No. 5 (Devil’s Kitchen), could vield such salts, and then only on condition
thar, through some chemical reaction, the acid hydrogen in them could be nearly all
replaced by an equivalent of aluminum. There can be little doubt that these salrs
and the decomposition process which gives rise to them are the result of fumarole
action. An iluminating bit of evidence on the point was found at the Geyser, where
an insignificant fumarole was emerging from under a rock. A highly aluminous
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salt mixture (No. 43, table 4), mingled with opal and rock débris, occurred about
the orifice of the fumarole, but no kaoltn. Thesales collected on the summit of Lassen
Peak, which are of the same character so far as the bases are concerned, must be
assumed to form by fumarole action, for there are no lwr springs there.

TWO TYPES OF LAVA DECOMPOSITION CONTRASTED.

In the Lassen spring basins, therefore, two types of lava decomposition appear
to be in progress, the one producing kaol/in and some silica without aluminum
sulphate, the other producing silica with aluminum sulphate. In the fact thar kaolin
is decomposed by strong sulphuric acid into silica and aluminum sulphate, the key to
the difference is doubtless to be found. If the acid forms in a place where sufficient
water is percolating, its concentrarion is kept down to such a value that the decom-
position of feldspars, volcanic glass, and possibly other minerals is incomplete.  The
intermediate and comparatively stable compound kaolin results, and this, as we
have seen, generally occurs in the springs, together with very dilute acid. It would
not be surprising if the fine stickv mud of the low and wetter portions of the Devil’s
Kitchen and Bumpass Hell should also prove to contain kaolin, but observations
have not been extended ro chese points.

On the other hand, if sulphuric acid forms in nearly dry pround it will accu-
mulate by progressive oxidation of the sulphur gases and the concentration may
reach comparartively high walues—probably in the form of sirupy films. It is
under such conditions thar this more complete type of rock decomposition occurs,
as field observations indicate.

It may be qucst:oned by some whether sulphuric acid ever occurs in nature
otherwise thar in very dilute condition. Some mineral specimens collected by the
authors in a fumarole area of Sonoma County, California, and recently examined
by Dr. Merwin and ourselves, have an important bearing on this point. One of
them consisted of a lower hydrate of magnesium sulphate and some free sulphuric
acid. While the heptahydrare, epsom salr, is ordinarily obtained from warter, this
hydrate crysrallizes from a certain concentration of free sulphuric acid. The other
specimen contained two acid ammonium sulphates. The simpler one, NH,HSO,,
will not crystallize from an aqueous solution containing less than about 30 per cent
free sulphuric acid. Mr. Augustus Locke recently brought to this Laboratory a
mine specimen from Arizona in which was identified an acid ferric sulphate, Fe.O;.
430, .gH.O. The salt occurred close to a layer of pyrite and was undoubtedly
formed by its oxidation. The same salt was obtained artificially by Posnjak and
Merwin! from solutions containing not less than about 43 per cent free sulphuric
acid. The statement assumes that an equivalent amount of SO; is in combination
with Fe.0; as Fe. (SOJ)..

It should be noted that the majority of the salts collected in the Lassen Park
contain free sulphuric acid, or are acid salts (table 4). These facts constitute good
evidence that sulphuric acid of comparatively high concentration may occur in
nature under favorable conditions; doubtless for a Jimited time and probably in
the form of sirupy films in dry ground.

! Journ. Amer. Chem. Soc., 44, 1991, 1912,
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‘These films of acid and the salts they form are doubtless washed down into
near-by springs or outlers in the wer season. Whether the amounts which accu-
mulate at any one time and place are great enough to change materially the com-
position of the waters is a question. The table, as has been pointed out, shows
water analyses which are relatively high in acid and alumina.

ForsmaTion oF PENTATHIONATE.

Pentathionate, which was found in the salts from the eastern rim of the Lassen
Crater, has been reported in nature but once before; it was discovered by McLaurin ¢
in the water of the crater lake on White Island in the Bay of Plenty, New Zealand.
Its formation ar Lassen Peak is not entirely clear, but there is lictle doubr that it is
the decomposition product of the lava by the two sulphur gases, hydrogen suiphide
and sulphur dioxide. Both gases were proved to occur there in 1916, and it is by
the interaction of the two gases at low temperatures that pentathionic acid has
been prepared.t Moreover, no thionates were found in the salts from any other
locality, nor was any sulphur dioxide found elsewhere. The gases from a large and
active fumarole, occurring close by the spot where the salt sample was found, were
collected by pumping approximately 100 liters of gases through an absorption train
filled with solid barium hydroxide. The analysis was made by E. S. Shepherd on
the principle of the ditference in solubility between sulphite and sulphide of barium:
that is, the soluble sulphur was reckoned as hydrogen suiphide, the insoluble as
sulphur dioxide. Similar gases were collected on the south rim of the crater by
Shepherd in 1915. The reader will note that the analyses account only for those
gases retatned by the barium hydroxide, which form a very small part of the whole,

but all the sulphur and halogen gases are doubtless included.

TasLE 9.—Gases soLusLe 1N Ba(OH).. Per cent BY

VOLUME.
|
Fumarole on Lassen Peak, case side | Fuinarole nn sourh side of old crazer;
of crater .’ 1714; collecred in collected by E. 8. Shepherd,
June 1916, June 1915.
.......... . 0.006 | COpoerind 0040
0 LT . 054 l Shhc: . 005
HiSasiavnasnaes .005 HS v 004
RO conaiee none
| ] AEREREN S none '

While the two sulphur gases react with each other at low temperatures, there
is good ground for assuming that they may coexist at high temperatures. The
gases, as they issued from the fumaroles, had an overpowering, pungent odor like
sulphur dioxide. Of course, there was no means of testing for hydrogen sulphide:
in its presence. If one is inclined to be skeptical of the coexistence of the two gases
in the same fumarole, it is at least certain that hydrogen sulphide was issuing from
ground cracks close by, as it was recognized by the odor and by the lead-paper test.

McLaunn. Proc. Chem. Sve.. 27, 10, 1911: see Clarke's Dara of Geuchenusery, Bull, U, S. Geol, Suevey, 653, 1935, 1930.
* Wackenrader, Lirbig's .Inn. 60, 189, 1646; Debus, Livbig's .fun. 244, 76, 1587.
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What must remain unexplained for the present are the conditions of temperature,
etc., under which the thionate was formed. At low temperatures in the presence of
water, thionic acid, as well as much sulphur, is obtained by the commingling of the
gases. At ordinary temperature the products are supposed to be sulphur and
warter, bur possibly a certain amount of some thionic acid is also formed. Penta-
thionates are unstable, but much less so in the presence of free acid. In accord
with this fact sample No. 52, which contained acid salts, showed no diminution in
the amount of thionate after 18 months.

It will be seen in table 4 that these peculiar saits from Lassen Peak, like those
from the other localities, contain more sulphate than any other acid radical—a
facr indicating that here also oxidatiun of the sulphur gases is an important process
in the penesis of the salts.

Sulphur dioxide, upon which the formartion of pentathionate probably depends,
has been previously regarded as a product of higher temperatures than hydrogen
sulphide, as it probably was at Lassen Peak in 1916. Bunsen  states that hydrogen
sulphide followed sulphur dioxide in Iceland after the eruprion of 1843, but whether
this is indicative of surface oxidation of the hydrogen suiphide in the earlier and
hotter stages of volcanic activity, or a change in the nature of the primary gases,
remains unsettled.

SicriFicance oF HyprocHLoric Acip 1N THE CRATER GasEs.

Contrasted with the very slight amount of chlorides in the hot-spring warers
and the salts of the hot-spring areas was the occurrence in 1916 of salts rich in
chlorine in certain parts of the Lassen crater. These salts, as has been already
remarked, were quite obviously derived from volcanic gases escaping from adjacent
crevices in the lava and responding to tests for hydrochloric acid. The gases
possessed the characteristic odor, reddened blue litmus, and reacted with silver
nitrate in the usual way. The salts were in all probability formed by the reaction
of the acid and lava rather than by sublimarion. Neither the salts nor the gases
were anywhere copious. This occurrence was strictly confined ro the crater; in
the fumaroles outside the rim from which gases were taken (p. 143) no hydrochloric
acid was found.

According to Bunsen, the evolution of hydrochloric acid as a velcanic gas is
dependent upon a “shallow hearth.” *  When the hearth sinks he believes that the
acid reacts with the wall rock, forming non-volatile compounds. Ar Katmai,
where hydrochloric acid is generaily prevalent, it occurs in larger quantities in the
horter fumaroles and almost dies out at 100°* This is probably a consequence of
the fixarion of the acid in the walls of the fumarole at the lower temperatures.

At first thought a similar explanation appeared to apply to the distribution ol
hydrochloric acid at Lassen Peak. The acid was found in the gases of the crater,
where the climax of activity and doubtless the hotrest temperatures were repre-
sented, while chlorides * were not found in the hot-spring areas which are typical

' dan, ehim. zhys., 38, 374, 1853,

t _fun. chom. phye,, 38, 262, 1853,

3 Allen and Zies, Nac, Geog. Soc.. Cuneributed Technical Papers. Kaemai Senes, No. 2, . 130, 1923

¢ For the relation between chiorides in hor-spring waters and magmatic hydrochlonc-aend gases see p. 164 «f #7.
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of a declining stage of volcanism.  Bur the facts as a whole do not support this view,
The fumaroles on the outside rim of the crarer were giving out hotter gases in 1916
than the gases in the crater where the hydrochloric acid was found, and in 1922,
when the highest temperature in the crater was 79° C. and only the faintest wisps
ol steam were discernible, hydrochloric acid could still be detected in the gases.

The distribution of hydrochloric acid at Lassen Peak is not, therefore, well
accounted for by assumed temperature differences in the magma or magmas where
the gas originated, and at the present time there is no satisfactory explanation for it.

Ca Na ‘¢
TaBLe 16.—~THE RATIOS =— AND — IN THE HOT SPRING WATERS.

Mc K
| | |
g Ca Na f Ca Na
No. i Mg _K_ No. : ﬁ; -E-
; :
Lo | 09 i 37. | 29 £
s SR |12 : 60 09 38
S oo | 1.6 ' ] o MBI e 2.1 114.]
11 S, - 15 6.4 63 | 1 55
15 ok, s, Lo 64 I n:.{
2., e 1 4.2 125 I 1.0 0
AN [5 0] 83 128 | 1.0 75
T M 9 ul 14 1314 s 2.3 58
i e L AL baeet | 64 3 TR [ 12 8.1
9. A . 1.4 1.7 367 Lovuds { » 46 |
. 30.. |16 8.1 400. .. | 2.5 56 :
¢ | 1.9 7.0 ] ‘ [
H |

Unsironmrry oF Rock DecomposiTiON.

The analyrical determinations on the spring waters throw some additional light

R L Calr,
on the processes of rock decomposition. The molecular ratio N_Ié in the waters,
reckoned from the results in table z, shows a rough approximation to constancy
(See table 10). In three warters, 135, 64, and 362, where no magnesium was found,
the ratios are erratic, and the same is true of two of the alkaline t waters, but other-

wise the variation for natural waters is slight. The limits are 0.9 and 2.9.

N, A ! o L
The ¥ ratios, with two exceptions, also vary within comparatively narrow

bounds, namely from 3.8 to 8.5. The exceptional ratios belong to waters from

springs withour visible outlet, in which an unusual amount of potassium had

precipitaced as alunite.  F. \W. Clarke * has compiled about 20 analyses of dacites

and andesites from this region. From his figures, omitting one peculiar analysis,
Cd ; ’ o

we reckon the average Wg ratio for the dacites as 1.2 and the limits 0.3 and 1.0.

The average ratio for the andesites is 1.7, with 1.2 and 2.0 as the limiting values.

» \ﬂa1lsm 22 and 231 of spring 19. Dewil's Kitchen (table 3).
L. S Geol, Susvev. Bull, 319, p. 159. 1916,
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The T 'atio averages 2.6 in the dacites, with 1.4 and 4.0 as the limiting values,

while the average for the andesites is 3.6, with 1.5 and 5.5 as limiting values.
Comparing the ratios deduced from the water analyses with those deduced

from the rock analyses, the former are seen to agree somewhat better with the
. : 11 Ca ; Na . :

andesite ratios. The Mg ratios are remarkably close; the | fatios are higher

in the waters than they are in the ‘andesites, though the difference between the
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Fig. 75.—July 2, 1915. Eastern end of the Devil's Kitchen showing encrusted ground and
sulphur pools. Photo Day.
limits in both cases is about the same. The precipitation of potassium as alunite in
the waters would of course raise the ratios. The amount of alunite in the sediments
is always small, though more may be precipitated below ground.

The remarkable fact about these rarios is that they approach as closely as they
do to similar ratios in the lavas. This agreement does not imply any uniformity in
the rate at which the rock is decomposed. Of course, the various minerals in the
rock must decompose at different rates, and the varying cencentration of the saits
in the spring waters shows that the acid concentration also must vary in different
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parts of the field. What the resules do imply is that the decomposition process does
not proceed in definite stages, but that fresh rock must be continually exposed to
chemical action. If the decomposirion products kaolin and silica effectually in-
crusted the surface of the lava, it is obvious that the ratios would eventually
depart widely from those in the original rock. It might be expected that as the
exposed surface of the more refractory minerals, quartz, pyrite, magnetite, and
pyroxene, increases as a result of rock disintegration, the ratios would undergo a
vital change. They piobably do change’ somewhat. The lavas, however, are
tolerably homogeneous in the mass, consisting largely of volcanic glass, which is
rather rapidly altered. Surfaces of the refractory minerals also are exposed from
the stair, and the increase in the surface exposure is apparently too small to affect
the results vitally.

While the ratios under discussion agree a little better with those in the andesites
than with those in the dacites, these rocks are not sufficiently unlike in composition
to warrant any conclusion as to which of the two supplies most of the bases found

in the warers.
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CHAPTER IV.

ORIGIN OF HOT SPRINGS AND THEIR RELATION TO
IGNEOUS ACTIVITY.

SOURCE OF HEAT IN THE HOT SPRING AREAS.
"' Vorcanic Hear.

The observations which have been presented in the foregoing, in so far as they
beur on the origin of the heat of the springs, may be summarized as follows: While
the volume of hot water discharged from the Lassen hot springs is small, the heat-
supply, compared to the supply of water, must be large, for a great number of the
springs are boiling hot, many are spouting jets of hot water to heights of 1 to 3 feet,
and a few at times send up jets to heights of 5 or 1o feet (Plate 7). Some fumaroles
in the same areas pour out considerable volumes of steam. One roaring fumarole at
Bumpass Hell in 1916 showed a maximum temperature of 117.5° though all other
fumaroles tested had a temperature about equal to that of boiling warter for the
elevation. The geologic observations, as we have already found, show that the
region is volcanic, and has been recently active, that the spring areas were originally
covered with lava flows, and thar they are ranged along fault lines, while the
alignment of springs also suggests local cracks in several areas.

In entire accord with these facts is the almost universal occurrence of volcanic
gases in the springs. The uniform character of the gases throughour the region, sv
far as they have been investigated, is indicative of a common source. That the
source is a hot, underlying magma or batholith will hardly be questioned by a
student of the subject, for all igneous rocks, which ar an earlier period of their
history were magmas themselves, give off similar gases when heated. While the
evidence all appears very clear and consistent, there are some other sources of heat
which should be discussed.

RapioacTiviTy as A Source ofF HEar.

While the radioacrivity of the gases and waters of the Lassen springs has not
been investigated, tests of this kind have been made in Iceland by Thorklesson' and
in the Yellowstone Park by Schlundt and Moore? with decisive results. The
amount of the emanation in both these famous hot-spring areas is considerable; in
the Yellowstone it is as great as that of well-known European localities, but no
connection is found between the amount of it and the temperature of the waters.
In fact, the cold waters of the Yellowstone were slightly more radicactive on the
average than the hot waters. Thorkelsson started out with the hypothesis that
the source of the heat was radioactivity, but both he and Schiundr and Moore came
to the conclusion that radioactivity had nothing to do with it.  As a result of other

! Memotres de U.dcademe royale des Sciences et Lettres de Danemart, 3, 199, 1910,
2L, 5. Geol. Surv. Bull. 395, 1909,
130
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investigations it has not been found that mineral deposirs which are particularly
radioactive are associated with local high temperatures. This evidence is so
definite and conclusive that further investigation along the same line appears
unpromising.

Heat Deverorep From CHEmicaL ProcEesses.

Some are inclined to attribute to oxidation or to other chemical processes,
which are supposed to be in progress near the surface of the ground, a part or all of
the heat supply of hot springs. In the foregoing (pp. 137, 140) the evidence has been
presented for two principal chemical processes occurring both in the springs and also
presumably below ground. The most important as regards the amount of the
products is the decomposition of the rocks by sulphuric acid. In a general way the
tollowing expression may serve to represent this process:

a Silicates 4+ b sulphuric acid = ¢ sulphates + & kaolin + ¢ silica

The other product, alunite, will be for a moment neglected. This expression
is not a true equation, for the reason that a small amount of water is absorbed from
outside the system in the formation of kaolin, but the assumption that i¢ is an
equation is sufficiently near the truth for the purposes of this calculation. The
method of calculation simply rakes account of the soluble products found in a given
volume of hot-spring water, irom which can be estimated approximarely the quan-
tities of the other products involved in the chemical process considered. The
resulting equation is then treated as a thermal equation. Although it is not
possible to determine all the chemical coefficients accurately and the thermal data’
are not entirely complete, it is quite possible to estimate the order of magnitude of
the aggregate heart effect satisfactorily.

We select as an example one of the most favorable cases, that of a boiling spring
of the highest concentration. The solubie matter in a liter of it consists of o.4
gram of sulphares, equivalent to o.15 gram of rock bases (Na.0, KO, FeO, etc.),
some free acid which had not had time to act on the rock, and a very little ammoni-
um sulphate which is assumed to have been derived from ammonia in the mag-
matic gases. Included in the o.15 gram of rock bases are a few centigrams of
alumina, which is usually very low in these waters. For the sake of simplicity
we shall assume that all the alumina in the original rock is transformed into kaolin.
At the same time, to insure a liberal estimate of the hear quantity, the heat of
formation of the aluminum sulphate actually found will be taken account of.

As to the composition of the rock from which these sulphates were derived,
many of the dacite-andesires,* the lavas in which all the hot springs occur, have
been analyzed. The silica and alumina in them average about 60 per cenrt and 17
per cent respectively. Now, bearing in mind that kaolin contains about 4o per
cent of alumina and 46.5 per cent of silica, we have approximately:

0.7 gram silicates + 0.3 gram sulphuric acid = 0.4 gram sulphates + 0.3 gram
kaolin 4 0.28 gram silica.

t F. W. Clarke, U. S. Geol. Surv., Bull. 319, 139, 1910,
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The total hear effect we have to consider is the sum derived from two pro-
cesses: ks, the hear produced in the decomposition of the rock as represented above,
and £, the heat produced in the formation of the acid which decomposes the rock.
The formation of the sulphuric acid involves some speculation.  In our opinion it is
most probably formed by the oxidation of hydrogen sulphide brought up in the
magmatic gases. Whether it is formed from hydrogen sulphide or sulphur, the
order of magnitude is the same in both cases. This question has already been
discussed in another connection (see p. 138). The total quantity of the sulphuric
acid from which the sulphates in rhe spring water are derived is 0.695 gram per
liter, of which about half in this case remains undecomposed:

hy = 0.695 X 1.38 = 0.96 kg. cal,, or 0.695 X 1.45 = 1.0 kg. cal.,

where the factors 1.38 and 1.45 are simply the heats of formation in kilogram calories
of 1 gram of acid. We will call 4,, therefore, 1 kg. cal.

Some of the thermal data required for the calculation of %, are wanting, but
values have been chosen which are wichin the limits of probability. As a basis for
the selection we have the heats of formarion of a few syathetic silicates, all of which
vary from 2 to 3 kg. cal. per gram. Inasmuch as heats of formation in general have
similar limits, it is quite unlikely that the values either for the primary silicates or
for kaolin are =xceptional. The other data are known. From these we have:

hy = 0.7 gram [silicates] + o.5 gram [sulphuric acid] = o.4 gram [sulphates) + 0.3
gram [kaolin] 4 0.28 gram [silical].
or in kilogram calories:

hy=—7 X 2.0-0.3X 2.15' = 0957+ 0.3 X 3.0+ 0.28 X 3.0 — 0.6.
hy = 0.6 kg. cal. hy+ by = 1.6 kg. cal.

The terms of this equation are ali of a very small magnitude and the alteration
of any of them or several of them by large percentages could not make any im-
portant change in the magnitude of the result. Again, though no account has
been taken of the heat of formation of alunite, the amount of this mineral in any
spring sediment examined has always proved slight as compared to the kaolin.

The temperature of the hot spring, the products of which are under discussion,
was about ¢1° C.  If the temperature of the ground water is taken as 10° C,, it is
obvious that the aggregate heat effect from the processes considered would be
E-S'—f-, or about 2 per cent of the heat required to raise the temperature of the ground
water to boiling. In this discussion we have taken one of the most favorable
cases. In most springs the mineral content is much smaller and the corresponding
heat effect therefore much less.

The rate of rock decomposition, as we view the matter, is not rapid enough to
vield a heavily mineralized water nor any considerable portion of the heat. Ifitis
contended that there may be other chemical processes which have been left out of

1 The equanon of course involves the heat of formatian of sulphunc acid from the clements.  This ts somewhar greater
than the heat cifect of the axtdacion of the sulphur pascs. H,§, or 8.
*Tlus figure includes 3 small heae cHece from the ncurrabizanon of ammonia.
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discussion, we can only say there are none of which we have evidence which could
contribute any impo:tant quantity of heat. There is the formation of pyrite,
but the amount of it in the sediments is too small to have any important bearing on
the problem in hand.

If we assume that mineral veins are in process of formation in the conduirs,
through which the volcanic gases ascend, we must admit that the rate of formarion,
judging by what is known of geological processes in general, is probably fully as
slow as the decomposition processes we have discussed.
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Fig. 76.—July 2, 1915. Western end of the Devil's Kitchen close to Warner Creek. Steam
indicates the location of hot springs. Photo Day.

It is therefore concluded thar chemical reactions, not only those in progress
near the surface of the ground, but any which may be in progress in the zone of
deposition, are a minor factor in supplying heat; for the major part we must go back
to the original heat of the magma.

Heat CarRIED AWAY BY SURFACE WaTER.'

Any attempr to estimate the amount of heat dissipated by a hot-spring valley
of the character and extent of the Devil’s Kitchen must be of the crudest, but even
so such an artempted estimate can not fail to have a certain amounr of interest.
The area included within this basin is roughly 1,500 feet long by 500 feet wide,
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though the hot springs themselves are more or less concentrated in about half of
that area. As may be seen from the map (p. 92), the valley is drained by a single
stream (fig. 76), which follows a winding pathway through it. On July 1, 1922, a
rough estimate showed the volume of inflowing water in this stream to be about 30
cubic feet per second, the outflowing water at the east end to be about 36 cubic feet
per second, a gain of perhaps 13 per cent, which was of course contributed from the
various springs, both hot and cold, and the seepage water draining in from the steep
sides of the valley. The gain in temperature from inler to outler was about 6°,
From these figures one may,roughly calculate the toral heat received and carried
out by the szream alone to be of the order of 500,000,000 kg. cals. in each 24 hours.
To this a considerable quantity must be added for the loss by evaporation over the
porous surface of the ground, the hot springs, and the main stream.

August 17, 1923, represented a nearer approach to mid-season dryness than any
other visit we were privilcgcd to make there. The total intake water in the main
strearn was then abour 23 cubic feet per second, and the correspondmg quantity at
the outflow about 24 cublc feet per second, that is, in the main drainage channel the
inflow and outflow from the Devil’s Kitchen was substantially equal, indicating
materially smaller accessions of surface water in passing through the hot-spring
area and presumably also considerably increased evaporation. Apgainst this we
may set the fact that the temperature of the inflowing water was 11.8°, while the
temperature at the outler was 19.2°, an increase of 7.4° during the period of flow
through the basin. Very foughly these numbers lndlc.m: about 400,000,000 kg.
cals. of heat carried away by the stream on August 17, 1923, compared with
500,000,000 on July 1 of the previous year. Inasmuch as the hear actually con-
tributed to the basin from below is presumably substantially constant this diminu-
tion ir the heat carried away by the stream is to be supplied by the increase in the
loss by evaporation, This would seem to be a reasonable analysis of the conditions,
but the undetermined losses by radiation and evaporation deprive the figures of
any considerable quantitative significance. In spire of this fact the figures are
interesting.

SOURCE OF THE WATER.
SurFace WATER.
The Lassen springs occur in small natural drainage basins in a country where,

judging by the records of the U. S. Weacher Bureau for neighboring stauons, the
mean annual precipitation must be above 4o inches.!

! Esamat=d from daca conrained in 3 private communicaueon from Mr. P. C, Day, climarologise, U, 5. Weacher Bureau,
which were as follows:

Elevarion. {Precipitation

feet ing,
Canon Dam.......... P 4,570 42
Greenville. . .. .......... 3,600 45 3
Butee Valley ....... e, 4,020 935
B T e A 4,550 %0
Weetwoed...... .. 4,000 30

Considenng the higher elevation of the slupes which drain into the hut-spring areas, the above estimate is conservarive,
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In April and May the snow lies deep on the mountain slopes, the valleys are
watered by perennial streams, and sometimes cold pools occur associated with the
hot ones. [n all the areas there are pools much cooler than the hot springs, which
are best accounted for by the presence of surface water. At the Geayser, the Boiling
Lake, the Devil’s Kitchen, and Bumpass Hell indubitable cooling effects (Plate 7,
No. 1) can at times be traced to cold streams which, when swollen by the melting
snows, encroach directly on hot springs and pools, and while this fact does not prove
that metcoric water finds its way into the springs beneath the ground, there is
obviously a considerable supply very close at hand. v

SEASONAL CHANGES IN THERMAL ACTIVITY.

In our earlier visits to the Lassen Park we gained the impression that the springs
were responsive to seasonal changes, but the recorded evidence left much to be
desired.  In 1922, therefore, more svstematic observations were undertaken. Since
the Boiling Lake and the Devil’s Kitchen were the most conveniently located hot-
spring areas, the observations were practically confined to them. Work was begun
at the Boiling Lake on June i35, when the higher slopes were completely covered
with snow. At that time the lake and springs were full of water; even some of the
mud pots contained small pools of water in their craters, while others were partially
or wholly submerged by the lake. By July g, when most of the snow had melted,
the small cold stream Howing into the lake had dried up completely and the dis-
charge from it had almost ceased. Within the same interval the water-level of the
springs—imost, if not all of them—had fallen a foot or more. The fall was parti-
cularly noticed in Nos. 1, 4, 8. 11, and the springs of group 5. A small hot pool
(80° C.) close to the cold inlet had dried up completely. During these weeks there
had been little change in the temperature of the springs. With one exception
{No. 1) their pools are very small and the heat was apparently sufficienr to keep
them boiling, even at high water.

In August 1923, only the larger springs contained water, the smaller ones had
shrunk to the proportions of feeble steam fumaroles. The mud pots likewise
showed the effects of a gre:tly reduced water supply; they had become considerably
deeper and more violently active (volcanic), though the amount of tae participating
material (mud) was much smaller (fig. 77).

At the Devil’s Kitchen similar changes were noticed, though they were not so
carefully foliowed. However, in 1922 the volume of the steam in the fumaroles of
the east end of the Kitchen waned decidedly as summer advanced.

In the mud pots, too, obvious changes were seen with the advancing season.
At the Boiling Lake the water in Nos. 6 and 7 dried out percepribly, the temperature
increased a little, and sputtering became more active. A bit of former evidence
now became clear. On May 23, 1916, the mud volcano, No. 13, Devil's Kitchen,
was sputtering quietly. On June 8 it was in active eruption, throwing mud in all
directions to the height of 10 or 12 feet, while the muddy ground all about it was
obviously drving out and mud cracks appeared. If the water supply falls off while
the heat supply keeps up the effect is narurally a more violent boiling. The thick
mud offers greater resistance to the passage of steam and other gases which, in
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overcoming it, produce a miniature eruption. At that time we had no OpPPOrtunipy
to follow the process further, but a continued reduction in the water supply shonly
logically produce a steam jet or little fumarole, the steam of which may not by
visible under ordinary weather conditions.

These later stages have actually been observed both in 1922 and 1923 in uther
localities in this region. Certain small mud pots ar the Boiling Lake (west of N,
6) displayed considerable acrivity early in our visit (1922), but declined later any
finally appeared extinct.

Hot springs pass through transition stages of activity similar to the mud purs,
which very naturally find explanation in variarions in the supply of surface warer.
Thus at times some springs spout to a much greater height than at others. (of
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Fig. 77.- June, 1923, Large mud pot at Bumpass Hell (Fig, 50, No. | 7).
* Active at the bottom. Color. battleship gray. Photo Day.

Plate 7). Variations of this character have been noticed at the Geyser, at the
Devil’s Kitchen (No. 3), and at Bumpass Hell (No. 14). The phenomenon has nut
been studied with the same detail as the acrivity of the mud pots, bur in August
1923, when the ground was drier than it had been at the time of our previous
visits, a larger number of springs were spouting.

VARIATION IN THERMAL ACTIVITY IN DIFFERENT YEARS.

In restricted localities within the hot-spring areas decided differences have
been observed in different vears. Thus in 1922, and particularly in 1923, one of
the most active spots at the Boiling Lake (fig. 59, No. 8), was on the promontory
at the foot of the slide on the northeast end. Wirhin an area of perhaps 1o yards
square were more than a dozen springs in which muddy water was boiling violently
to the height of several inches. Neither in 1915 nor in 1916 had any springs becs
observed here. At the Devil's Kitchen there was 2 similar and much larger ared 18
the northwest corner. The activity must have been very slight there in 1916, 7
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July 10, 1915. Deep hot pool at Bumpass Hell {No. 16, Fig. 30} nearly filled with water. Calor
bright bird's-egg blue. Fumarole vigorous and noisy. Photo Day.
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it passed unnoticed, while in 1922 there were a large number of boiling springs and
mud pots, some of them vivlent. On the same (north) side of Warner Creek and east
of No. 10 many mud pots, which in 1916 were seemingly extinct, showed consider-
able activity in 1922 and 1923. DBumpass Hell offers an interesting case (Plate. 13).

We arttribute the differences to a greater supply of surface water in 1922 and
1923 during the time of our observations. Differences of this sort may possibly be
caused by variations in the total annual precipitation, bur the differences under
discussion are apparently conditioned by the rate of melting and the eventual dis-
appearance of the snow. Comparison of the weather records indicates that more
snow fell in the winter of 1916 than in 1922, but in the latter year the snow lingered
late. I[n conscquence of this our arrival in the Park was postponed a full month
beyond the time when we began work in 1916. The amount of snow stiil unmelted
and the tardy appearance of the spring flowers evinced the lateness of the season.
The large volume of water at the Boiling Lake at that time has aleeady been men-
tioned (p. 135). At the Devil’s Kitchen Warner Creek was brim full, many smail
rills were pouring over the high southern wall of the basin, some of the springs were
obviously affected by inflowing surface water, and the flats near the brook level
berween the points marked 3 and 10 on the map were quite muddy and the fooring
less secure than usual.

SALT PATCHES AS AN INDICATION OF THE STATE OF THE GROUND.

In May and June. 1916, salt patches were found in all the hot-spring areas.
Some of them appeared and visibly increased as the ground dried vut. The same
course of development was observed in one place in the Devil’s Kitchen in 1922, but
in that year hardly any patches were seen, and these were of the scantiest character.
From these facts the inference was drawn thar the appearance of the salts depended
on the moisture in the ground, and that as a corollary the larzer season was wetter
than the former. But in Augusr 1923, when other convincing facts led to the con-
clusion that the ground was drier than it was on either of our former visits, no salts
at all were observed. A further consideration of the matrer makes it quite improbable
that the salts remain indefinitely in the ground of any particular area, merely
moving up and down in résponse to variations of the weather. In very dry times
there is too little moisture to move them ac all, while in wet seasons they are prob-
bably washed down into some near-by hot spring or into some outlet stream. The
formarion of more salt and its subsequent deposition at the surface will depend on
the amount of volcanic gas that permeates the area in any particular time (p. 141)
and on a proper distribution of ground water to maintain just the right degree of
moisture, for neither the Aow of gas nor the flow of water through the same section
of ground can be at all constant. Both are bound to change in a region where dis-
integration and slumping are in active progress and where the difference in the
water supply from early spring ro midsummer is so great. The presence or absence
of salts can not, therefore, of itself be regarded as an index of the amount of inoisture
in the ground, but the evidence which precedes this discussion is still valid and
indicates that in June and early July 1922 the ground was wetter than at the time
of our former visit, while in August 1923 it was drier.
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RECENT OUTBREAK OF THERMAL ACTIVITY.

Some tine berween 1916 and 1922 a new outbreak of thermal activicy vecurre
- in the east end of the Devil’s Kitchen (figs. 78, 79). At the earlier date the ACTivigy
in this locality was chiefly on the left bank of Wamer Creek.  On the righe hynk

Fig. 78.-—June, 1922, Fresh outbreak of thermal activity in the Devil's
Kitchen. | Photo Day.
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Fig. 79.—The same region in July, 1923. All of the central portion of
the picture has settled 8 to [0 feet. Phota Day.

there was a small hot stream (fig. So)—a mere rill formed by the discharge of severd!
insignificant hot springs lowing down from. No. 15 and emptying into the creck,
a single fumarole. In 1922 the stream had disappeared and its place was ovetpe!
by a decp furrow, from the bottom of which several large active fumaroles (g 7° -
occurring at intervals, poured out a considerable cloud of steam. The temperdtes
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in all the fumaroles was practically thar of boiling warter at this spot, namely, 94°.
About 25 feet to the sourheast, close up to the steep, high bank bounding the Kit-
chen in thar direction, there now appeared a deep trench approximately parallel to
the bank, from which issued the most acrive hot springs in the whole region. Both
furrows and trenches were obviously formed by intersecting slump holes which were
especially well marked. FEach hole in this trench was partially filled by a hot
muddy pocl emptying into the next below. Into the uppermost pool throughout
the time of our stay in 1922 a rilt of cold water was flowing, ver the temperature of
the poals close ro the springs never varied more than a degree or two from the boil-
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Fig. 80.—May 20, 1916. Wonderful magenta terraces colared by oxide of iron. Obliter-
ated by the new outbreak at the Devil's Kitchen (1923). Photo Day.

The surface of the lowest pool was constantly:stirred by pulsating jets
In No. 24 appeared a dome-shaped fountain of considerable volume
(probably 2 feet high and 2 feet across), spasmodically leaping, splashing, and

ing-point.
of hot water.

roaring. The uppermost spring (No. 23) was the most. spectacular (fig. 81).

of steam at a distance of 5 or 10 feet.

of good-sized trees (figs. 78, 79).

It
took the form of a noisy jet of steam and hot water shot out of a large nozzle, from

which it emerged at an angle with a pulsating motion, dissipating itself in a cloud
The subsidence which formed the seat of

this new activity was evidenced by the form of the depressions and by the uprooting
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During the same period (1916-1922) a decided decline occurred on the oppusiye
bank of the creek, where in 1916 there had been a line of small, vigorous hot springs
and a good-sized and quite active fumarole (fig. 47, No. 20). The ground along
the north bank of the creck at thart time was riddled by chemical action and affordeg
a very uncertain footing (Ag. 75). In 1922 all had changed materially. Spring
No. 19 could no longer be located. A shallow depression containing beiling water

gg"- e

. 81.—June, 1922. Spouting spring
in Dewvil’s Kitchen (No. 23, Fig. 47).
A jet of hot water and steam 8 or
10 ft. in height. Phato Day.

5

1
- . DL
- A BT |
- * -, ‘,g
v
= j{:‘ I i
T d
rx-. i 3
. ,l"'; A
|
3
=
’ ""
. 4 ~ 4 p
3 e -
A5 s
Ls T A
b — e ™
E.?"r..*-\} sV T
RS V.3 e L i
i = ¥
‘;.l\_r. i -.-'"' l-.-u...- i
”" - X el - - -
o A
g b % —
o ¥ i

was found where No. 20 had been. N,
21 apparently still existed, but was much
less active than formerly. The bank
was generally firmer and drier and some

- incrusting salts were observed. [In Ay.

gust 1923, No. 23 was still acrive as
roaring jet of steam but carrying little

» water, while No. 24 had become reduced

to a shallow, turbid pool showing but 4
{raction of the uctivity of the year be-

fore. Boththesteam jet and the springs

showed the temperature of boiling water,
while the ground about the springs was
unpleasantly hot and dry. The under-
mining of trees and slumping of the
ground had progressed farther into the
south bank, probably during the previons
spring, for the cold inlet stream was now
dry. Both these pools and others to the
north were now considerably deeper than
in 1922.

Changes of a character similar two
these have been observed elsewhere.
Hague! says of the Yellowstone Plark:
“New springs are continuaily reaching
the surface and old ones are becoming
extinct.” Within a short time one of the
largest geysers in the Park has broken out.

A comparison of these changes to the
rejuvenation and decline of activity in
volcanic craters, where great fluctuations
in temperature are known to take place.

is naturally suggested. While of course the temperature of spring waters is limited
by the boiling-point, the acquisition of a new store of energy by the batholith from
which the heat of the springs is derived is a possibility.: However, a more plausible

¢ Bull. Geol. Soc. Amer. 22, 114, 1971,

* Thus the temperature of the famous Sulfarara of Puszucli near Naples rose abuue 70" Cin 2 period of abuut 32164
(1856-1905), See Wolff, Fuikaumsmus, vol. I, p. 600, 1914
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explanation of the phenomena described is found in the changes which may occur
along the paths by which hot water and steam reach the surface. The ground of
these areas is gradually disintegrating under the influence of thermal action into
products which are slowly carried away by flowing warer; the ground is undermined
and the surface portions siump in.  These are observed facts. That steam should
slowly cut for itself new passages to the surface, that slumping should dam up old
channels and divert the water to new paths or should open up new apertures, seems
not improbable.

The data are probably insufficient for'a derailed explanation of the changes in
the Devil's Kitchen, but what we have are suggestive. The new outbreak and the
decline of earlier activity may be intimately connected, for both spring groups
probably derive their water supply from the same collecting ground—the long steep
slope to the south. Springs 19 to 21 lie near the creek level and the new springs are
on the slope above mentioned at a higher elevation. There are one or two hot
springs rising in the bed of the creek berween the two groups. The decline appears
to be certainly due to a local interruption of the water supply of springs 19 to 21,
for ground temperatures in that vicinity are still high, reaching a maximum of 94°,
at depths of 1 to 3 feet. If the two groups of springs derive their supply from the
same source, the slumping in of the ground at the higher elevarion may bring most
of the warer to the surface and thus impoverish the other group.

In the two preceding sections we have endeavored to account for variations in
the volume of water observed in different vears in the two localities which have been
most closely studied. Two factors appear to be responsible for these variations—
a change in the total volume of water and a change in its distribution; but to decide
in each case which is the ciuse of the observed variation would probably necessitate
a close and continuous obszrvartion of the phenomena such as we have not been able
to give.

FLUCTUATIONS IN THE COMI'OSITION OF THE WATERS.

G. A. Waring in his “Springs of California’ ! gives a brief description of the hot-
spring areas in the Lassen Park. He publishes two analyses of the waters made by
F. M. Eaton of Qakland, Califernia, which, so far as we know, are the only ones
ever made of the warters of this region excepting our own. The analyses are worth
quoting (see table 11). The first water sample is “from a large pool in the centre
of the area” (Devil’s Kitchen). This description agrees well with pool No. 5
(see fig. 47), an analysis of the water of which is given in the table for comparison.
The discrepancy in composition between the two is very striking; the soluble salts
are 1.12 gram (Eaton’s result) and 0.79 gram (our result), respectively. It is
possible that Eaton may have referred to pool g instead of pool 3, the warter from
which was not analyzed by us, but it is noteworthy that none of the waters in the
Devil’s Kitchen which we did analyze were so concentrated in soluble salts as the
waters of pool 5. .

Eaton's second sample was from Bumpass Hell Springs. This may seem to
the reader entircly indefinite, considering the size of the area, but anyone who has

1 U, 5. Geol. Survey, Water Supply Paper 538, pp. 140143, 19135,
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visited it will recognize that there is one pool, No. 14 (Plate 12), now divided iny,,
two, which, on account of its size and its activity, is more impressive than any other
The comparison of Eaton’s analysis with our analysis of the water from Na, | s
shows thar the soluble salts are o.24 gram (Earton’s result) and 0.81 gram (o
result), respectively. There is only one other pool which it is at all likely anyune
would select as representative of Bumpass Hell, namely, No. 4 (figs. 50, 52), bu
here also the difference, though smailer, is quite beyond the limits of analyrical erropr,
TasLe 11.—CompaRrisoN oF ANALYSES oF SPriNG WaTeERs 1n Devit’s Kitchen anp

Bumeass HerL.
[Samples taken several years apart.]

‘ 1 1 |
Locahty. | H. ‘NH..i K. | Na. | Ca. .‘ Mg. ‘ Al LFcur Fe | 50| QL 510’_1‘".”'.

i —

)
1
| Dewil's Kitchen Sprongs, } ! |
hot pool near the i J
center of the area, ' | ‘ f
i (Analysis 1909-10 by | ' ! | |
|  F.M.Eawn)........] 10 ... .7} 41 20 11 50 11 L 963 | trace | 286 |
Poal 5 (Ag. 47) Devil's : ! | I !
Kirchen. (Analysis | i | | | | |
1916, the authors). . Y 24 h 9 +3 38 4 10 }
Bumpass Hot Spnngs, | 1
{Analysis 1909-10 by | | I
F.M.Eacon)........ {0371 ... 14 | 16 [ 89] 51| 53 ‘ 14 141 feeace | 124, .
| Spring 14 (fig. 30) Bum- ‘ E | |

| pass Hell. (Analysis
, 1916, the authors)....| 7T 15 13
Spring 4 (hg. 50) Bum= |
pass Hell. (Analyss | {
1916, the auchors).. ..| none | 128 4 3 7 2 } nenc
| l | i

5 681

L)
"~
&
-

i 4 ‘ 419 | trace mi £

This evidence admittedly leaves much to be desired, but interpreted according
to our best judgment it indicates fuctuations in composition which are in accord
with all the rest of the evidence in supporting a' variable rather than a constant
tlow of water from the springs.

Altogether, the evidence for the surface origin of water in the Lassen springs is
so convincing to an observer that if the hypothesis of juvenile or magmatic water
had never been proposed the entire adequacy of the simpler theory to account for
all the water would probably never have been questioned.

Tue Presexnce oF MacMaTic WaATER.

Nevertheless there are reasons for concluding that a portion of the water i
these springs is magmatic—reasons so cogent that the conclusion appears almost
inescapable. We have already found in the presence of the volcanic gases in the
springs evidence of a hot magma from which the heat arises. We have concluded
that a hot magma must of necessity give off volcanic gases as well as hear, becanee
all igneous rocks, which once were magmas themselves, give off similar gases © 'jfﬂ
heated. Furthermore, heated igneous rocks almost invariably gize off more steam 114"
all other gases put together.

Hot magmas in all probability always give off magmatic water, and any het
spring which gives off volcanic gases should also contain some magmatic WA(¢f
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A possible step in the direction of estimating the amount of it would be to determine
the ratio of the gases to the rotal water in the springs, and then to compare this
ratio with that of the gas to the steam in fumaroles and the ratio of gas to water in
rocks. An intimation of the order of magnitude of the magmaric water mighr be

arrived at in this way.

RELATION OF HOT SPRINGS TO THE MAGMA.
Views ofF OtHER INVESTIGATORS.

As regards their view of hot springs, geojogists divide into two schools. One
schoul has held the perfectly definite conception that hot springs are produced by
meteoric water circulating under the influence of gravity through hot ground.
Many of this school would probably admit that some of the volatile products as
well as the heat were derived from a deep-seated source. The other school, ap-
proaching the subject from a study of the mineral veins and their relation to the
igneous rocks, has held that the water, or some of it, was juvenile, though their
ideas of how this water is conveyed to the surface do not appear to have been clearly
worked out.

Hague * concluded that the hot waters of the Yellowstone spiings were of
surface origin, and Bunsen ® reached the same conclusion regarding the hot springs
of Iceland, though the latter qualified his statement by the admission that some of
the water there was derived from the heated rocks. This is doubtless true of a
zone which lies between the batholith and the zone of ground water. In the latter
the decomposition products, kaolin, alunite, and silica, would conrain more water
than the mass of most igneous rocks from which they were derived. In that case
water would be withdrawn from the general supply.

Thorkelsson ? is less specific in his statements than Hague or Bunsen. He
conciudes that the alkaline springs of Iceland contain at any rate considerable at-
mospheric water, but avoids further speculation.

More recently Schneider + has published an important contribution to this
subject. His observations prove in a convincing manner the close relation of
ground water to the Icelandic hot springs. At Krisuvik, for instance, where hot
springs, mud pots, and solfataras occur together, the spouting springs are rendered
more active by stopping up the solfataras. If the springs are stopped up by turf,
the mud volcanoes respond by greater activity, while if the surface waters above the
solfataric field are dammed up, steam replaces the warer jets and the mud voleanoes
cease their activity. At Cape Reykjanes, Schneider states that the geysers are
strongly affected by the ebb and flow of the tide. Schneider believes that a/l the
water of hot springs is atmospheric and that they contain nothing juvenile except
the volcanic gases, which, as a follower of Brun, he regards as anhydrous.

Respecting the hot springs of New Zealand, ir is the view of Park * that both
alkaline and acid waters have a common origin, and this is quite probably mag-

! Hapue, Bull. Geal. Soc. Amer. 22, 121, 1911,

? Bunsen, Lichig's.innalen, 63, especially 1=5, 1837.

*Thorkeissan, Memaires de ' dcademie royale des Sciences et Letires de Danemark, 3. cspecially p. 160, 1910,
! Schneider, Geolog. Rundschau, 4, 65, 1913

* Park, Gevlogy of New Zealand, pp. 178, etc.
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matic. On the other hand, there are well-known facts difficult to explain on gy,
hypothesis, notably the phenomena of the great geyser of Waimangu and ics re

‘.Il 1
to Tarawera Lake.!

Tue Macmatic WaTeR

Some new light on the subject, we believe, is to be gained by considering H, .,
springs as one of the phases of volcanism and closely related to the fumuagale,
Hot springs and fumaroles often, if not generally, occur togerher. There are fum,.
roles in some of the hot-spring areas under discussion, notably at Bumpass ey
and the Devil’s Kitchen. Whether the one or the other occurs is no doubr 4 ques-
tion of the relation of heat supply to water supply.: Any magmatic water which ,
fumarole may possess must find its way to the surface as steam. That fumarole,
acrually do contain magmaric water follows from the behavior of an igneous 1 i,
when heated. Occasionally alsn field evidence may indicate thac the water of |,
fumarole is entirely magmatic. This is true of the well-known fumarole* at the
foot of the cone of Etna. As the temperature of a fumarole falls the exhalation o1
steam continues. Not until it reaches the critical temperature, strongly modilicd s
it is by the soluble matter in the magma, would it be possible for the water to (on-
dense, and not then unless the pressure were sufficiently preat. The experiment.!
studies of G. W. Morey * indicate, however, that the vapor pressure of water in the
magma would be so reduced by the soluble matter that a pressure sufficicnt 10
condense the water would onlylserve to drive it back into the magma. In othes
words, if water is to leave the magma at all, it must do so as steam. If one »
inclined to argue that some important factor has been omitted from the discussion,
invalidating this conclusion, he finds himself confronted by the necessity of expliin-
ing how liquid water is raised to the surface. A force adequate to do this has so Lu
not been suggested. Of course, the hydrostatic pressure of a column of colder
water from the surface would be equal to this work, but probably few if any geoe
logists believe that unbroken columns of water penetrate down far cnough to reach
a barholith. As to the means by which magmaric water reaches the surface.
another line of reasoning has led us previously to the saine conclusion.

AciD AND ALKALINE SPRINGS.

Fumaroles commonly contain some acid* gases, H.S, SO, HCI, HF, as well as
CO., while hot springs may be either acid or alkaline. The presence of these gases
is satisfactorily explained as the result of a hydrolysis of sulphide and halide mole-
cules in the complex magma or barhelith by the agency of steam. The volatile
acid products of the reaction are continuously cairied off in the gaseous phitse

!t MacLaren, Geul. Mag. 3, 511, 1906. e

= Wolff says (/'wkanismus, p. 627) thae a dechine in temperature changes fumaroles into hot springs This 1
necessary consequence.  In the Karmas region, Alaska, wiany extinet fumarofes have resulted from chis cause. The f e
rion of a hat spring 15 of cuurse also dependent on topography and ground structure which derermine ag'what punts =™
shall come to the surface.

* I'hus fumarole. the Fummarola o Vucealoru, gives off an enormous volume of steam after 9 imonths of rainh o wr ! 2
{ohservanion of 1954).  [ts locatien (less chan 1,000 iret below the sumnit) and the strucrure of the mountain ks biad
view that its water can not be meteone.

¢ Journ. Wash, Acad. Sci 12, 219-230, 1922,

3 Occasionally alse fumarole gases are alkahne from the presence of ammonia or ammonuum carbonate.
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the system and may thus continue to be given off for long periods.  If, however, it
were possible for 1 magma or batholith to give off /iguid water, the solution should
always be alkaline, for we know that the principal reaction of an igneous rock with
water at 100° is the hydrolysis of the silicates, a reaction which should move nearer
to completion at the higher temperature of the batholith. This reaction is ob-
viously favored by the solubility of the alkali hydioxides, though it would doubtless
be unimportant if the water were given off by the batholith in the form of steam on
account of the slight volatility of the hydrox?des. Acid elements, like the halogens,
sulphur and carbon would be carried off by liquid as well as by gaseous water, but
in the water solution they would take the form of salts—halides, sulphides and car-
honates or bicarbonates. The halides are neutral, the sulphides, carbonates, and
bicarbonates are alkaline. We have reason to believe that a magma, and in a
lesser degree a batholith, contains more sulphur, and in some instances more
halogens, than an ordinary igneous rock, but that these elements should ever reach
such a proportion as to be capable of neutralizing completely all the alkali from the
hydrolysis of the silicates, much less that they should by any conceivable reaction
give rise to free acid, is quite beyond the bounds of probability.

On the other hand. aciz springs are the logical successors of acid fumaroles, if
we suppose them to be formed by ground water which serves to condense the vol-
canic steam and acid gases arising from albatholith. Springs which conrain free
hydrochloric acid, like some in the Yellowstone Paik, or possibly hydrofluoric acid
in certain instances, are thus accounted for, while springs which contain free sul-
phuric acid can only be explained by supposing thar an oxidation of the original
sulphur gases (H.S, S, SO.) occurs after they come into contact with air in the zone
of ground water. This phase of the problem has already been discussed. Waters
of such an origin may emerge from the ground still acid, or their character may be
changed as a consequence ol their subsequent history.

\Whatever the origin of the acid, it will actack the rock as soon as it comes in
contact with it, decomposing it in a manner already explained (p. 140), and the de-
composition will proceed as long as the contact continues or until the acid is ex-
hausted, for no igneous rock can remain in equilibrium with an acid spring-water.
The bases in the rock gradually neutralize the acid and eventually, unless the rock
is entirely free from alkalies, the hydrolysis of the alkali silicates will produce an
alkaline water. Bunsen ! convinced himself of this vears ago, when he heated an
acid spring-water of Iceland with the powdered rock of the region. When the two
were heated for some hours in a sealed tube at abour 100° C. the solution became
alkaline in consequence of the formation of sodium and potassium hydroxides.
Incidentally the iron was of course precipitated. In a natural spring-water the:
caustic alkalies would always be transformed into carbonates or bicarbonates and
the alumina as well as the iron would be precipitated.

I'rom a chemical point of view, then, an acid spring-water, the rock it traverses,
and the decomposirion products of the rock constitute a system in process of change,
and the composition of the water where it emerges from the ground will depend on
a number of conditions.

V Liebig's Annalen, 62, 32, 1847,
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Still holding the chemical viewpoint, we see that the problem involves the
speed of the reactions, and that these depend on the physical and chemical nagyre
of the rock, the temperature, and the time of contact between rock and acid,  |If
the rock is rich in volcanic glass, like that in the Lassen Park, or in feldspathic
minerals, the acid will be neutralized much faster than by a rock wmpoaul chietly
of pyroxenes and amphiboles. Where the rock is cracked and seamed irs active
surface is obviously increased, and the speed of reaction thus promoted, while the
influence of variations in temperature is obvious. The time of contact between
rock and acid dcpcnds not only upon the length of the path which the spring-warer
traverses in its journey beneath tht ground, but alse upon its rate of percolation,
which in turn varies wich the topography and rock structure.

In other respects the acid hot spring is not comparable with the chemical
systems ordmarlly studied in laborartories; the waters move from point to point,
laving successive portions of rock, and finally leave the field before equilibrium can
be established. Moreover, the supply of acid is continually renewed and, according
to our hypothesis, continually, though probably not regularly, reduced in concenera-
tion as the waters percolate. If the acid supplied to a particular spring is relatively
small in quantity, and this will depend in the present case not only on the concentra-
tion of hydrogen sulphide in the volcanic gases, but on the conditions which fivor
its oxidation and on the proportion of surface water diluting the gases, so much the
greater will be the chance that the water of the spring as it issues from the ground
will be alkaline. ILocal differencys in the volcanic emanation, like local differences
in the composition of a rock, may occur in the same field, or changes in the composi-
tion of the original gases may arise from reactions with the rock as the gases move
through 2 zone of diminishing temperature toward the surface.

For the sake of simplicity we have considered the formation of the acid and
the atrack of the acid on the rock as separate processes, bur it is pracrically cerrain
that the two go on together. If this is the case, the ratz of the former reaction
inust be the greater. '

Variations of the above character in conditions beneath the ground may thus
result in both acid and alkaline springs in the same area.

COEXISTENCE OF ACID AND ALKALINE SPRINGS.

Acid and alkaline springs occur together in cthe Lassen district, but the number
of the latter must be small, as only four have been found, all but one in the Devil's
Kitchen, and these are only slightly alkaline. These four are lowest in SO, of any
springs in the region, only one slightly acid spring containing so small a quantity.
I'rom this we may infer that the cause of the alkalinity, or rather the principal condi-
tion favoring it, is a local limitation of the acid supply. The outstanding fact is that
the waters are especially dilute in this strong acid radical. The cause of this is
atrributed to the presence of a larger quantity of surface water to a given amount

of volcanic gas, rather than to any conatderable variation in the composition of
the latter. -
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None of these springs so far as observed is depositing any siliceous sinter, as
geysers invariably do.' The reason for this is unknown, and we shall not hazard a
guess until the subject has been more thoroughly studied.

Acid and alkaline springs occur together in all the great hot-spring regions of
the globe. Bunsen? says that in Iceland the alkaline springs are the most widely
distributed ard form the majority of the warm and hot springs of the island. Hague?
says of Yellowstone Park: “The volume of the siliceous alkaline waters far exceeds
that of the acid type. On the other hand the latter occur more widely distributed.”
According to Park: “The waters which rise to the surface in the region about
Lake Rotorua are alkaline, acid, or neutral.”

TIME RELATION BETWEEN THE ACID AND ALKALINE SPRINGS.

If our hypothesis of origin is correct, the waters of the few alkaline springs in
the Lassen Park are acid ar some point or points nearer their source, and in the
process of rock decompesition they have become aikaline by the time they have
reached the spring vents. The close relationship of these springs to the acid
springs in composition and in the character of their sediments, as well as the absence
of other important differences, lead to the conclusion thart all are of the same age.

It is interesting to consider how other investigators have handled this problem.
Bunsen concluded that the alkaline springs of Iceland are later in development than
the acid springs. His conclusion is based pn chemical evidence. Elemencary sul-
phur is apparently regarded by Bunsen as the only original sulphur gas in the
volcanic emanations there. This he supposes to have reacted along with steam on
the ferric iron of the pyroxcnes in the rocks, with formation of pyrite and sulphur
dioxide, as previously explained in another connection (p. 139). In the course of
time sulphur dioxide is succeeded by hydrogen sulphide which results from the
action of steam on the pyrite previously formed. Bunsen gives observations in
support of his statement that sulphur dioxide is characteristic of an earlier phase of
volcanism and thart it is lacer succeeded by hydrogen sulphide. FHis explanation,
however, implies that steam was not present in the earlier stage. Neither evidence
of this fact nor any reason why it should be true are accorded us. DBunsen says:

In consequence of these changes the acid reaction of the water with which the rocks are
impregnated is converted into an alkaline reaction resulting from the formacion of alkali
sulphurets at the cost of the now solely reacting sulphurerted hydrogen . . . With the
disappearance of the acid reacrion begins the acrion of carbenic acid on the rocks and the
formation of alkah bicarbonates., The latter dissolve silica, which is che cause of the forma-
tion of geysers.

Discussing the relation of acid and alkaline springs in the Yellowstone Park,
Haguet affirms:

The ascending waters in their circuitous course penetrate fresh seams and cracks in

unaltered rock which slowly widen under the disintegrating influence of aqueous vapor.

' Some springs in the Morpan group apparently form an exceprion, but these were more disrant from che voleanic center,
and have not been studied by che anchors.

2 Liebiz's JInn. 62, 7, 1847, "

! Ball. Geol, Suc, Amer. 22, 116, 1911,

‘ (_Iu.-ul of New Zealand, 178, 1910,

* Fur the reason previously given no positive stacement can be made aboue Morsan's Springs.

YOp. at, p. 118, ]
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Finally the chermal waters following these cracks issue at the surface as hot spring, |,
pools. These early warters are usually acid in composition and deposic ferric and ;nlm;mj I
salts. Occasionally they sec free sulphur derived from the decompaosition of .., ‘
sulphide. In time the openings through which they flow become broader, rhe \\..:..;
themselves, free from hydrogen sulphide, become clearer and neutral and act lase isay,
siliceous alkaline waters. .

While little account of chemical changes is taken in this exposition, i,
important idea stands out clearly; the alkaline character of certain of the Sprngs
of the Yellowstone Park, as well as their greater size, is a natural result of p;:‘..
longed rock decomposition.

On the other hand, Park! believes thar the hot acid warers of New Zealand wese
originally alkaline and that they have subsequently become acid through chiemi .
changes occurring near the surface of the ground. He says:

Shafts and bore holes put down in the pumice and rhvolite, which constitute the gieas
bulk of the rocks in this area, have shown that che alkaline waters come from a deep-weani
source while the acid waters have quite a superficial origin.  This has led to the erroncum
conclusion that all che waters have not a2 common origin.

On p. 181 he says:
Of the genesis of the ascending alkaline waters nothing is known at presenc. 1t
not improbably magmaric.

On p. 180 we read: )

The hort, ascending, alkaline, chlorinated waters become parually or wholly oxidized into
sulphates by contact with the decomposing iron sulphide wich formation of free sulphui
and hydrochlonc acids and the liberation of sulphurected hyvdrogen and sulphurous acul
In this way the ascending atkaline waters that happen to come in contact wich masses of
pyrites become oxidized in the superficial lavers of the pumice and rise to the surflice s
neutral or acid springs, according to the degree of oxidacion they have undergone.

Wherher in this instance there is sufficient ground for supposing that the aad
waters of this region are derived from the oxidation of pyrite is not clear from Paik’s
statement. [Evidence in general is certainly against it. However, the views ol
Park probably accord with the views of many economic geologists in that they
regard acid ‘waters as the result of a transformation of alkaline warters of much
deeper origin. At the famous Steamboat Springs, Nevada, the authors observel
acid salts at the surface of the ground within a few inches of alkaline hot-spring
waters. Apparently they were the product of oxidarion of hydrogen sulphide which
had escaped from the warers. Ar Sulphur Bank, on the shore of Clear Lake, Calt-
fornia, the deeper ground warers have been shown to be alkaline, while nearer the
surface hydrogen sulphide and sulphur oxidize to sulphuric acid, which has been
changing the rocks to silica. In neither case did we observe aikaline waters chang-
ing to acid waters, although the possibility is not excluded. )

Pursuing further the theory which we have advanced regarding the relation®
of acid and alkaline springs, it becomes clear that if the voleanic gases are condenst!
under conditions unfavorable to the oxidation of sulphur gases, the water wouh!

'zieulngy of New Zealand, 178-181, 1910, :
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become alkaline in the first stages of rock decomposition, uniess the gases conrain
halogen acids. If the warer were alkaline in the begining there is the possibility
that it might become subsequently acid.  But if, as observations in many different
places seem to indicate, alkaline waters aie characteristically low in sulphur, it
would be only in the very first stages, if at all, that the water could be acid; the
amount of sulphur would be insufficient to make it acid at any subsequent time,
even if the sulphur were completely oxidized. The problem is one that calls for
detailed observation in many localities, but at present the weight of the evidence
clearly inclines the student of the subject to the conclusion that the acid hot springs
constitute a stage of volcanism, logically following the acid fumaroles, and that the
alkaline springs develop subsequently as a necessary result of the processes of rock
decomposition. ;

Speaking generally, all volcanic hot springs in the lapse of time should become
alkaline as a result of the gradual decline in the amount of sulphur gases and
halogen acids in the volcanic emanations as the temperature of the barholith falls.!
A uniform decline would not, however, explain the coexistence of ac'd and alkaline
springs in the same area.

Hague's argument thar the alkaline springs of the Yellowstone are older be-
cause they are larger is a plausible one, but no reason is given for the change in the
chemical character. The large springs discharge a much greater volume of water,
however, and there is some reason to conclude that a larger proportion of it is
meteoric than is true of the acid springs. It is known that geysers fill with cooler
water after an eruption, and it is easier to explain the heating of large amounts of
surface water (p. 170) in a given area than to explain the condensation of great
quantities of magmatic sceam. The effect of dilution on the acid zases is, as we
have found, to favor the fermation of an alkaline water.

There is another reason for concluding that in the order of development the
alkaline springs follow the acid springs, as Bunsen and Hague believed. The prod-
ucts of the acid hot spring are all soluble or easily washed away, while an alkaline
hot-spring often deposits about its mouth a hard, compact, siliceous sinter quite
refractory toward natural acid warers. If, therefore, the acid sprirgs succeed the
alkaline springs, there ought to be many instances of acid springs about which the
surviving sincer teils the story of an earlier alkaline age. But no facts of this sort
are on record, so far as we are aware.

This conclusion should not be understood to imply that all alkaline springs of
volcanic origin must be originally acid, either in place or time. According to our
interpretation, that would depend on the nature of the volcanic gases. If, when
the springs came into existence, the gases contained none of the strongly acid
constituents like rhe halogen acids, nor constituents which, like the sulphur gases,
give rise to strong acids through oxidarion, the waters would obviously never acquire
an acid character, and the processes of rock decomposition would be from the first
of quire a different nature. Whether this case actually occurs in nature or not we

* This statement supposes that the chemically active gases disappear before the steam. It ts supported by 3 considerable
body of evidence.

R,
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are unable to say. Thus we find logical grounds for the conceprion that veleanic
hot springs may be originally alkaline, or originally acid, changing later to alkaline,
but no basis for the conclusion that volcanic springs originally alkaline become acid
by later development.

SUBSTANCLS OF SECONDARY ORIGIN IN VOLCANIC HOT SPRINGS.

It has been concluded from cogent evidence that the bases in the Lassen
spring-waters are derived from the lavas through which they percolate, but from
the nature of the gases which escape from the springs and the close relation which
the springs bear to the fumaroles it appears equally certain that the sulphur is
dertved from the volcanic gases. It has also been implied in the discussion that the
sulphur, halogens, and other volatile elements in all volcanic spring-waters are
similarly denived, but in view of the grear diversity of conditions which prevail in
the earth’s crust it would be unwise to maintain that this is an invariable rule.
If waters supplying hot springs traverse sedimentary strata in which soluble salts,
such as sulphates and chlorides, have been segregated, they will naturally dissolve
and remove a portion of such salts.

In this connection it may perhaps be inquired why, if igneous rocks contain
sulphur, chlorine, etc., these elements should nor find their way into the hot-spring
waters by leaching as well as by volatilization. The reply is that whatever is
capable of passing into solution in the course of the decomposirion process would
necessarily becume a constituept of the warter, but the amount would be generally
small. For example, only about a gram of lava would be required to supply all the
bases in a licer of any of the waters of the Lassen Park, and this amount would not
coutain more than a few milligrams of sulphur.

THe Meass sy Wuien Heart 1s CoNvEYED To THE SURFACE.

If we accept the view that the Lassen hot springs contain magmatic water and
that this water rises from the magma as steam, it is clear that the condensation of
the steam would supply a relatively large amount of hear. Only when the mag-
matic steam is very hot, where it meers rhe ground water, does its specific heat
become comparatively important.  Of course, the other volcanic gases participate
in the heat convection, but since their amounts are probably very small when com-
pared with steam, their hear capacities being only about half as great as that of
steam (except in the case of hydrogen and marsh gas which are insignificanc in the
Lassen gases), and especially since they do not undergo a change of state, their
contribution to the heart supply is negligible. On the assumption that all the heat
in the hot springs is brought up by magmatic steam and that none is lost to the
surroundings, some estimate of its limits in the springs and fumaroles can be made.
The highest temperature found in the Park, was, as previously stared, 117° C.
The temperature of the magmartic steam is therefore at least as high.  The boiling
point of the springs in this particular locality (Bumpass Hell) is 91°. Taking the
temperature of the surface water as 10°, from which it varied litrle during the time
of our visits, a simple calculation shows that 1 kg. of steam in condensing would
heat about 6.9 kg. of surface water to boiling if no heat were lost 1o the surrounding
ground, and that the resulting mixture would contain about 12.5 per cent of mag-
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matic water. Under the above conditions this would be the lowest possible amount
a boiling spring could contain. If the temperature of rhe magmatic steam were
100° hotter, the heat supply would be increased about 10 per cent, but the magmatic
water in the mixture would be lowered thereby Jess than 1 per cent of the total weight.

Assuming that the heat of the springs is derived from magmaric steam, it is
obvious that the above figures for the percentage of magmatic water would have to
be raised in consequence of the loss of heat to the ground through which the waters
percolate. After a time an equilibrium would be established in which this loss
would be equivalent to the heat loss from the surface of the ground ourtside the
springs. At present this quantity is impossible to estimate. Temperatures at the
very surface in the hot-spring areas here under discussion seem to be near the nor-
mal, except close to the borders of the pools. A few feet below the surface the
ground is often quite hot for long distances from the springs. In such cases steam
always seems to be present.  We are inclined to the conclusion that the heat lost in
this way is less than that carried off by the hot water. Still, the very large area of
the surface through which heat escapes, when compared to the area of the springs
themselves, is a factor which may raise the heat loss to an unsuspected magnitude.

But there are facts which are difficult to explain by the assumprion that vol-
canic heat is transmitted to the surface entirely by magmatic steam. For example,
there is strong evidence that the fumaroles of the Katmai region, Alaska, carry with
the magmatic gases much steam originating from surface water. Gases from very
hot fumaroles carry sometimes as much steam in proportior to the other gases as
those several hundred degrees lower in temperature. To assume that the heat is
supplied entirely by the magmartic steam would lead to an absurdly high initial
temperature of the gases and of the magma. But if the water is not all magmaric
one must assume some other source of heat to vaporize the surface water.

Only one other means for the transfer of heat from a batholith to the surface
has yet been suggested, so far as we are aware, namely, conduction through the rock.
It is difficult to see how heat could be conducted thro gh the ro k fast enough to
keep up the temperature of boiling springs. If it is possible at all it must be accom-
plished by the circulation of the water through a labyrinth of cracks and crevices,
which brings a given volume of water into contact with a very great surface of rock,
for rock is a poor conductor of heat at the best, and shattered rock, such as would be
expected in the upper strata of the earth’s crust in hot spring areas, especially poor.

Some recent experiments of Professor Jaggar: offer good evidence that ar least
in these upper strata it is not chiefly by conduction that heat is transferred. In
1922 Jaggar sunk several driil holes in or near the crater of Kilauea. One of these
was bored in the bottom of the crater itself within a mile of Halemaumau, where
a high temperature gradient was expected. At a depth of 8o feet a temperature
of 62° C. was found. As a matter of facr, there was no gradient ar all in the com-
pleted shaft; the temperature was equalized by a rising stream of volcanic gases.?

' Thoerkelsson believes that “the rransmission of heat from the mrenor of the earrh takes place almost exclusively by
means of conveerion of hor warer and steain chrouch Rssures in the cruscof the earth.”  Mem. de ' dead. roy. de Danemark 8,
263. 1012,

2 Boll. Hawanan Veleano Observatony 12, 27, 81, 735. 97, 111,

3 That the zases from this partcular bore hole were voleanic is an assumotion.  They have not been analyzed. The
gases ac che Sulpiwr Banks are certanly volcante.
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The maximum temperature found in any of the bore holes (at Sulphur Banks
outside the crater) was the hoiling-point of water, 96° for that altitude.

The gases here are mostly steam, 96 to 97 per cent in the samples analyzed,
which for reasons previously stated (p. 162) is doubdless partly magmatie. Bug
much of it is certainly surface water, for the rainfall there is abundant and che lava
is remarkably porous.

Jaggar’s experiments therefore tend rather to confirm our ideas of heat con-
vection by steam, and they suggest further thac surface wacer as well as magmaric
water may have a part in the transfer.  Percolating ground wacer recetves heat
from magmatic steam which rises through crevices cutting the pach of the former,
Very narrow cracks offer a ready passage to the steam, but are less accessible to
liquid water. We may suppose, however, that some surface water finds its way
through and into a zone where it is not stable, but where the temperature may or
may not be much above boiling according to varying condirtions in ditferent places.
For every posnt in the path of the percolating ground water there is of course a
depth below which gravity can not bring it again to the surface. [f the water falls
below this depth it will continue to fall until it is vaporized, when it will again rise.
In this way another portion of heat may be transferred from the rock to the surfice
water. This process seems the more likely to happen because it is difficult o
believe that fractured rock which permits the passage of steam would not also give
access to some liquid warter, though in parrticular cases it is possible that the pressure
of escaping steam might pracrically prevent it.  One limitation to the transfer of
heat by this means is obvioul. Since the heat is withdrawn from the rock for the
most part by a change of state in the water, it can not be operative below the depth
which liquid warer can reach. From the magma or bachalith up to that level it
would seem that hear conduction must afford the only means of transferring heat
except that of magmatic steam. As to the reheated fraction of ground warer which
may be instrumental in the transfer of hear, it is clear from the previous discussion
that only a comparatively small proportion would be required to heat all of the
remainder to boiling, even if there were no magmatic steam at all.

The minimum limit to the amount of magmaric water which a boiling spring
may theoretically contain is therefore subject to two corrections.  In so far as heat
from the magmatic steam is lost to the surrounding ground, the limit must be raised,
while in so far as ground water is vaporized and thus participates in the convection
of heat, the limit must be lowered. At present we can not estimate the magnitude
of either correction, but we are inclined to the view that the latter is the grearer.
Whenever the magmatic water in a spring falls below the minimum limit in question
the temperature of course would fall below boiling. On the other hand, if the
amount of the ground water diminishes, the spring will boil more and more violently
as the proportion of magmatic steam increases. Spouting will resulr, and since
the temperature can not rise as long as liquid water remains, the new accession of
heat will be chiefly expended in evaporation, until finally, when the steam has
reached a sufficient excess, a fuinarole will result. This phenomenon has been
observed both in mud pots and in hot springs. The transformation of cerrain
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builing springs at the Boiling Lake into fumaroles in midsummer of 1923 is an
especially illuminating observartion (p. 153).

It is a very interesting fact that nearly all the fumaroles in the Lassen Park
have almost the same temperature as the hottest springs. which is practically that
of boiling water for the elevation. There are many such fumaroles at Katmai, at
Kilauea, and no doubr elsewhere. The most satisfactory explanation of this
phenomenon is that there is liguid water in contact with the steam of these fuma-
roles, equilibrium with which controls the temperature as it does in the boiling
process. In some fumaroles we had ocular evidence of the fact, and there was other
evidence in certain instances. The maximum amount of magmatic steam which
such a fumarole can contain will depend of course on the conditions. Assuming, as
before, that the magmatic steam where it meets the ground warter has a temperature
of 117°, that the remperature of the surface water is 10° and the boiling-point 91°,
we calculate that an amount of ground water (supposing it to evaporate) equal to
about 2 per cent of the weight of the steam would be required to cool it to 91°, and
the mixrure of course would contain nearly the same percentage of steam of surface
origin. Only a small excess of surface water would theoretically be required to
maintain the boiling temperature. The amount of surface water required to cool
the steam to the boiling-point varies considerably with the initial temperature of the
latter, since steam is not condensed in the process. If the steam were 100° hotter
(217°) the surface water required would amount to 9.7 per cent of the weight of the
steam and there would be 8.8 per cent steam of surface origin in the vapor mixcure.
If we take into account the fact that the ground would aid in the cooling of the
steam, we see that the surface water required would be somewhat less than these
limits. DBut if, as we believe probable, surface water participates in the convecrion
of hear, probably a larger correction in the opposite direction would be required.
Fumaroles of the temperature of boiling water are therefore likely to contain
less magmatic water —perhaps much less than the theoretical upper limic. From
a physical standpoint there would be no essential difference between a fuma-
role of this nature and a hoiling hot spring except in the relative amounts of the
liquid and vapor phases. - 3o long as conditions permit water to flow from the vent
the phenomenon would be called a spring. In the fumaroles the water level,
where there is one, must be below ground, bur the level may be rising or falling, or
practically constant, with the water flowing out at a level lower than the orifice.

The hypothesis of heating by magmaric steam implies that the amount of
magmatic water in springs and fumaroles varies from place to place and from time
to time in the same spring. The limits are not ascertainable at present, but the
discussion indicates that they are wide apart. In the time of melting snow, at any
rate, all the evidence goes to show that ground water is in large excess, and it is
altogether probable that the amount decreases wirh the advancing season, but as
the fumaroles themselves may contain much steam of surface origin, only a theoret-
ical upper limit to the amount of magmatic water can be set, and this may be much
above the acrual.

In view of the fact that much has been said in the foregoing pages regarding the
participation of meteoric water in the activities both of the volcano and of the adjacent
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hot springs, it is appropriate to consider briefly how such witers reach the cenger. uf
activity; what is the manner and what the limitations, if any, of their circulai,,

In the consideration of this question capillary forces continue to be invahe,
as they have been always since Daubrée showed that these forces under given g,
ditions were competent to move water against the opposing force of gravity or
adverse gas or vapor pressure. [n point of fact, these “given conditions” presciily,
limitations which are absolutely prohibitive to any extended application of ¢,
principle to such geological phenomena as those here considered. This has heey
conclusively shown by Johnstan and Adams ' and plainly indicated by Kemp:
by Osmond Fisher * much earlier. Capillarity is strictly a force of surfice rensivn
“a column of liquid can be supported only when there is a free liquid surface withiy
the capillary.” ¢+ “Capillary action can be made ro do grear rthings, . . . But it
can nor cause a liquid to flow continuously through a tube, however short; for, 1
it could, it would give us perperual motion.”* Moreover, rhe surface tension
diminishes as the temperature rises, and of course vanishes when the surfiuce van-
ishes at the boiling temperature. It is therefore of no sarvice in accounting for the
access of water to a volcano conduit or to a boiling spring. It is perhaps ol
importance in facilitating the surface evaporation of giound waters in a hot-spring
area.

Johnston and Adams have also considered the magnitude to which capillary
forces can attain in support of the geological specularion that the penetration of
water into deep-seated rocks can be accounted for in this way. The principle
invoked is that the pressure developed by capillarity increases as the pore spaces
diminish in size. They discover at once that such pressures are “insignificant in
comparison with the hydrostatic pressure except for very fine pores,” and as soun
as the pores are fine enough (0.1 4 or 0,01 4 in diameter), the amount of warter which
could flow through them, assuming a total pore-space of 10 per cent, would be
respectively 0.15 or 0.0013 ¢. cm. per year for each centimeter of surface.

Johnst . and Acdams leave no doubt of the conclusion to be drawn from this
full and coniplete investigation of the macter; they say in their résumé (op. cit. p. 13!

Capiilary forces are effective only when there is a surface of separation within the pores.
moreover, thev diminish steadily wich rise of temperature and vanish at the critical pont
of the liquid. Calcularion shows that the effects producible at any considerable depth are,

in comparison with the pressure due to che hvdrostatic column, insignificant excepe in pores
of such fineness that the amount of water which could flow through them is infinitesimal.

This conclusion leaves the movement of meteoric warer in the ground, and
its approach to centers of volcano and hot-spring activity, subject primarily to the
action of gravity and the local temperature relations. The penetration of liggusd
water to considerable depths is therefore dependent upon the existence of :uull-tl
cavities, or structural disconrinuities, and is limited in depth, so far as can be -
ferred from our present knowledge, to the zone in which such structural discoo-

1 Juhn Johnsren and L. H. Adams. Observations on the Daubrée expenment and capillanty in relanon to cerean
logical speculanuns, Journ. Geol, 22, 8, 1914,

t . F. Kemg, Rile of Ipneous Rocks in the Formacon of Veins, Trans. Am. Min. Eng. 31, 177, 1991,

3 Osmond tisher, Physics uf the earth's cruse, 2d. Ed., p. 143, 1889,

* Johnston and Adams, op. ar.

# Osmond Fisher, op. ot
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tinuities can occur—sometimes described as the “zone of fracture.” Above the
hoiling-point or crirical temperature the penetration of water vapor is governed
entirely by the mechanics of gas pressure and movement and the solubility or
chemical acriviry., The observations presented in the preceding pages contain
abundant evidence of the solubilicy of water vapor in silicate solutions {(magmas)
and of the enormous pressures which may be developed locally under given condi-
tions (p. 72 ¢t Seq.).

All of these observations tend definitely to restrict in depth the zone in which both
hor-spring and velcanic activity can occur and bring us more and more definitely to
the conclusion that these phenomena are subject to local rather than general condi-
tions and have no far-reaching subsurface connections or very deep-seated origin.

CONCLUSION.

As a result of this investigation in the Lassen Nartional Park it is concluded
thar the hot springs in this locality are chiefly fed by surface warter which drains
the basins in which they lie, and that the variation in the volume of the water locally
and seasonally accounts for the variation in volume and partly for the variation in
remperature which we find in the springs.  Another portion of water is derived from
an underlying batholith. Arising in the form of steam along with other volcanic
gases though clefts in the rock, it is condensed by the ground waters and becomes
mingled with them. The amount of rhis mpgmatic water varies in different springs
and at different rimes in the same spring, not so much because of inconstancy in
the emanation as because of variations in rhe volume of ground warter. In the time
of melting snow the magmatic water is in general small in amount. It increases as
the ground water diminishes. The final stage which is sometimes actually realized
is a fumarole. The fumaroles of the Lassen region, whether persistent or otherwise,
have almost always a temperature close to that of boiling water for the elevation.
This is interpreted to mean thar there is liquid water below ground in contact with
the steam.

Some of the hear, perhaps the larger part of it, is derived from the magmartic
steam. Another portion conveyed by conduction through the lower depths of the
rock is carried through the upper strata by the evaporation of a [raction of the
ground water in a manner which has been explained. This process may become
relatively important where the quantity of ground water is especially great.

Whether the spring warters descend throughout their whole course, or whether
they ascend in the latter part of it as artesian waters, we do not know, but according
to our view the [iguid warter is moved by gravity alone and comes from no greater
depth than that to which the ground warter penetrates, while the mineral content,
excepting the volatile portion or portions formerly volatile, is all derived from the
rock above that level.

The hot springs of acid character are closely related to fumaroles which give off
sulphur gases or in other localities halogen acids. The alkaline springs are a later
development from acid waters in the process of rock decomposition. Under
favorable conditions the acid is exhausted and the further action of hot water on
the rock (hydrolysis of alkali silicates) gives the water ar alkaline character.

vl
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APPENDIX.

List oF Osservep Eruprions oF Lassen Peax 1914-19172

Observers,

F—Furest Service

O—Cieorge W, Olsen... ...
D—=Miss Dines (Postmistresa) ... .. . .

Stations,

S mal e Summer. Brokeo Mr., 4 miles wese;
Winter. Mineral, 13 miles souch,

S Chester, 20 miles east.
: ..., Manton, 20 miles west,

En?:n‘:;nn. Authority.| Date. Time. Duration. Intensicy and Remarcks.
1]
914 Minutes
Yoiias F,0 May 30| 3 pm 10 H:avix_'. H. Abbey reports size of crater 25 hy
eer.

- S N i s June 1| 8 am. 15 Heavier.
BT B e < 2| P0am. 30 Very heavy.
4i.... F.O.. “« 3| 4M0mpm. 0 Heavier.
2. ; 5 ie : 12 ;grig" am. 30 Heavy, steam dacker.

. N L0 - 3™ a.m.
e F... £ 12| 345 pm. 30 Heavy, steam very dark. Size of crarer 40 by

100} feer. )

g. 5 (};. 0., : lg 2:4 am. 30 Heavy. Ashes fedl at Mineral,

sinss 1 5™ p.m.

10... Eui “« 141 6" am. i Unconfirmed. Reported by Red Bluf.

i1......| F.O.. 14| 943 am. 30 Heaviest vet.  Alnrude of smoke 25000 fr,

1200 ] F O “ 14| 65 pm. 13 Medium,  Size of crater 450 by 115 fexe,

134 | B “ 19| 8k15™p.m. 15 Medium. Alricnde of smake 2,000 feee. Size of

" o ) crater 600 by 130 feet.

TPE I o [ . & p.m.
1552 s “. B F  am : New snow covered by laver of ash.
16.. 75 o 4@ 0106 am. ... Heavy. Series of slight erupuions fulluwed
| iF_ll'l!. Continued 10 3 p. m.  Alnude 2,800
eet. .

188 S. 0 July 1 5:30- 2.m. 30 Heaviesz ver. Alnrude 5,900 feet.

|- By . 1 2520 p.m.

19......| F,0 « 1] 6450m :,m. 30 Very heavy.

20. .. v £« 6| 3b30ma.m. 30 Reporred by Red Bluff. Heavy sream and
smoke from entire lengeth of crarter.

..., Eivsvianc ¢ 13| 30T~ p.m. 30 Medium. Awcalm. Thincolumnsreamroseto
heiehe of 1,800 feer. Lirele ash visible. West
end of crater

b A Fivavous “« 15| 6"05=a.m. 4 hours. Veryheavy, Oflongduration, 4 hours.

b - P F “ 15| 12*05® p.m. | Entire afternoon. Gu-awsg disturbance ver, ing previous

. cruptions in mtensity and duragon. Grear
amount ash thrown. Heighr, 8,910 feve.

24... ) “ 16 [ 13030% pom. Intermitrent Very heavy. Voleane dust fell ar Mineral.

zhm':mh early
ours.
;.g IE e 5 ....... ot {g 2:30" a.m. Several hours, Heavy erupnon.
PPt o e 3 L a.m.

T il K « 161 M 4

A...... | BEE “« 17| 6  am.| Several hour. Heavy eruption. Vulcanic ash fell ac Mineral.

2..... Eis “ 17 1 11847m am, Several hours. Heavy eruption. .

3......| F, O « 18| 3%38mam. | Enrire morning, | By far most violent eruprion to date  Ash.
steam, cec.. rose w heighe of 11,000 feet.

3t F.O Aug. 10| 530 p.m.| Conrtinued after | Medium. Small quanticy of ash thrown our.

dark

2..... . F0 “ 19| 7a24m a.m. | 4hours, 30 minutes. | Very heavy. Huge clouds of ash thrown aut.

5 o - . Heighe 10,300 feec.

3 oo o 3 2.m. . .

o F.0 s 31 | 110" 2.m. | 1 hour, 40 minutes. | One of the larcest cruptions to date. Enure
crater active, Heighe 10.560 feet.

35 F,0 = 22 BMORamfieeiieeens Heavy ash column shut up cbiiquely mstead of
verrically as n all former cruptions.  Aln=
tude, 739 feet. . 3

362 FiD .. « 22| 1240% p.m. | 1 hour, 20 minutes. | Heavy. Entire crater active. Heghe 3,40 feer-

k7 FPSRLI o 4 5 T 22 4435 p.m, 53 minutes. Medium, shore duravien. Alptude 6,000 fest.

38......| F,O “ 23] 6%33a.m. |1 hour. 33 minutes. | Medium. Heighr 3,610 feer.

t Colleczzd by J. S. Diller. 176
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Frtl:r'::;un Authwriry.' Date. Time. Duratian. Intensity and Remarks.
i
984 l Minuter
3905 F,O....!  Aug. 23| ™43 pm.| Continued after | Laruer than momning discurbance. Height
| ' dark. 3,940 feer. .
4...... F.O ....| Sept. 5| 1223»p.m. 4 hours. Medium. Full-length crater acrive. Height
‘ 5,600 feer. Size of crater 605 by 208 feer.
1 4 (C. H. Lee’s measurement).
s F cuy] % 5 4°25* n.m. | 1 hour, 35 minutes.  Mediun.  Larger quantites of ash than morn-
1 ‘ = g erupnon.  Heght 4,950 feet.
L JEn. [ . Quvne| * 6  11% 4= 3.m. 3 hours, 35 minutes. . Medium, Ennre crarter acuive. Heighe 5,920
! feet. (Crater reporred to have widened con-
' | siderably in wese cnd.)
43... F % 710830 p.m. | Continued indefin- « Very heavy. Wind neglizble, column duse as-
| ] iely thru early cended o grear hesght. Rumblings awakened
! ! morning hours. | lookour on Hrokeot Mountain,
44...... Esusann i 8| & am. | Had not reached = Verv slight. Began subsiing almost immedi-
]  normal when sece ately after first outburst.
| ond eruprion toak
| ‘ place. ) . .
45 B F.0 i 8| 9453w am. | Normal had not Medium. Began subsiding immediacely after
| been reached when sutburse.
| . third eruption of |
| | _day took place. | )
6......|F & 8| 10M25™ a.m. | Normal not reached Medium. Slighty mere ash thrown out than
i ) two preceding eruprions. .
17... | . B 11"35™a.m. | 1 hour, 30 minutes, | Heavy. Ash clouds enveloped mounrain. En-
1 : ure cratefr acuve.
48......} F,O.. ¢ 9| #0mam. ., ciie oo Medium. )
L I FO..... ¢ 9 3 pm Conunued after ' Considered one of the largest cruprions to date.
J ’ sundown. Hlelavy fall of ashes in Mineral and Lyons-
| ville.
0......0...... | = ml *  am. '
LN | “ 11| PI0mam. | .
- » 1 ST € 15 8 pml......eo...... At 8 pm. on Sepr. 15, people n Warner
| Valley heard rumbhing nuises and felr a
| i shght earthquake. Not rooced ar Chester.
53.. F £ 16, M pm. Unknown, Me. ubscured by clonds. Only indication of
| eruption was fall of ashis at Viela. Storm
| cleared on 18ch, disclosiag 3 new vents on
i | \\"es:‘slnpe. undoubredly caused by erupuon
I of 1fith.
$areans Fovavenef ™ 19| 3%0%am. Shart. Medium.
35 na] O ! ® 20 | 1N AL | S aeaeies v ke The ground here was white with the dust from
| | the eruption at 12.30 aim., the only time it
i has fallen here (Chester).
L1 e | “ 200 3  am. 5 hourss Very heavv. Accompanied by terrific comble
\ ‘ ings. followed by heavy wibrations. o
. i change noted :n vents.
57 .| F,O “« 3y 1135 am. ! 3 hours Heavy. Rumblings and deronations heard ar
: . i Mineral for first time. Ao hes fell at Mineral.
y | ‘ No change noted in vents.
$#....|FO “ 2| 6~am ... Probably most vialent eruption to date. Ash
i i i pracuically obscured sky from Mineral view-
{ | | point.  Vent nearest top on west siope con-
! ! suderably enfarged. Equal volumes of steam
; I from both sides of mounrain. No mutters
. ! | ings heard or carchquake fele ar Chester.
aVicnas i FolQiaun “ M M5 pm. Unknown. F —"Very heavy.  Luminous hadies hurled
{ ! htgh nro air. Substanniated by Tumner Mr.
| ookout and orher cyewitnesses. Demol-

i ished lookout house. Esv.inared length of

i crater 300 feer. Considerably widened. Res

| comng more rounded with cach eruption.”

! O — "“The only ume [ saw hyght was a Bash of
hghr thar tuoked as tho it might have been
an explosion of gases ue an clectric flash.

| | T'hli: 15 the only erupron [ have sven at
\ } i nmighe.”
6. .. Foes £ 3010  pm. 3 hours. Heavv. Ashes fell ar Hail's Flac.
] IS F.0. Qer. 1 3™S5™am. 1 hour. ‘ Heavy.
— 1 I
| p—
. e i e T e
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Emb:‘:;nn. Autherity.| Date. Time. Duration. ! Intensity and Remarks.
1014 Alinuies |
L s
Oc. 1| ™ am. 2 hours. | Medium.
* 1712 M 1 hour. Medium.
¢ 1 4404 pm. |
4 BRI aan. || asgsssaaiean ¢ Esnmated heighe of column 8,000 feer. Coloe
to at first very dark, lacer. rurning almose
11%30" p.m. white,
. 7] 6020%am. i 4 hours, Very heavy.
el ! ALY U e T Made a trip to the top of the Mountain Oce. 11,
| $ ! | e crater is much wider and deeper than at
| | © my last visic July 19. 1 guessed the crater 1o
i he berwevn 400 and 300 feee wide and 700 and
| | 800 feer Jong and 130 and 200 feet deep, Fore
] i est autloak house demolished by large quan- |
| * l tev of stones blown out since Sepe. 13, The
] | crater has cue through the West Butee and
; there is a large crack extending down the wese
i i side of the Mountain for several hundred feet,
l @ o s : emutting steam conseantly.
- N 11 R e am. |
{ 70.....- O i ts 9‘30-p.m.|.. F'mi}‘eingsmanhnemptimbutnotb}'my.
1 | oseil.
| [ TR ' “ 16 | 4"30™a.m. [ | )
o RO Fusivse s “ 17 | Between 8 ' Unknown, Unknown, Observed by parties in vicinity of |
| pm, & Mid-. | mountain. i
gight. . |
3. F;O.. 22 | 11R30™ a.m., 2 hours. ! F=""Yery heavy. Air at Mineral darkened by |
; | heavy fall of ash.” [
" O—"Rumbling plainly heard here ac Chester
;  but no earthquake fele. Yor savs, Oct, 22,
i | bigzest erupcion. He ascended Lassen Peak
soun after and states that the ashes were 50
hot he could not remain long at one place and
| that the dug's feet were burned.  He rook 2
i pheto of the new crater on the N. E. side at
| the head of Lost Creek.” .
74, F.0 ‘W 6M5tam. 1 hour. —*{{eavy. Snow on all sides of mountain
- i _cuvered by ash.” a
&6 e W M i s ene s *“There were numerous Rashes of light seen at
i this eruption. There seems to be no doubt a3
i 1 have talked to several evewitnesses whom 1
i believe to be rehable and all are positive that
i 1t was highe from the volcano and not from the |
{ ravs of the sertng sum. Unforeunazely [ did
: not sce this erupnon.” .
77. .| O. o ) (0 L 1T . T Qct. 26, ascended the mountain and found
the crater quite 2 bic deeper.
TR et |0, D... “« B8 p.m.
9......| F,D. “ 30| 1%0®p.m.; 20 minures. 'F;"U_ict'a'ned during storm. No [further
. erails.
B0 .vuinf 0Dl g L1 ¢ ll'SO":.m.l
BLio venl Dineiss | Nov. 1 p.m. | .
82.. 4 0. “ 2 8M5mam. | 15 Minutes, |
Bsvived] Bevigoin “ 27 Ohsmam, 10 Minutes, |
8....... F,D.. 42 1M am. 30 Minutes. F=" Medium.”
. D—"Smoke . . . south.”
2 120 pm. 30 Minutes. Medium. "
1| 4%20e pm. 20 Minutes. | F—*Medium.” D-="Smoke . . . south.
ol (1 2 T N A Seen by a neighbor.
+ ? R R ! Steamng or smoking nearly ail Jay.
10| #25= pm. | , -
11 H dosim s e e s | Heavy clouds of steam nising from the crater
i 2il day bur nor like the regular erupnions.
103 P fecsevsmnes conaomes Same 35 on Nov. 11, with small eruption at §
{ i E m. Did not nse above the mountam.
1 ! | rifted north.
92, ii5us | — L% 16 10MDmam, 30 Minures. Slighe.
|
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No

Fruprion,

Time.

Duration,

Intensity and Remarks.

100.. ..

{1 ] (S

2......

{1k FESep

I

1914
§ I Nav,

s Quananins ¢

{1 . U

107......

108.....

[ Aul‘l‘mriu’J Date.
|
]

18

18
20

3
11
12
12
i
L
15

16

17 111 am.

18

18

7

2

|

!
|
|
|

Minsses

11 8 1, PO I L e

MO pom.

Dunng |

afternoon,
3230= p.m.

11045~ a.m.
443" p.m,

20 Minures.

i

|

' Emall eruprion.

Note.~Since Nov. 26 (letter of Dee. 7) there
has been a heavy fall of snow in the hig
mountains, | should judpe abour 4 feer,
there bewng 2 feer at this place (Chester).
Dunng this nme (Nov. 26 and Dee. 7)
have seen Me. Lassen bur twice. On Nov.
30 the clouds cleared away and Lassen was
planly visible for scveral hours. and it was
completely covered with ashes showing that
there had been a heavy cruption within the
last 24 hours, otherwase it would have been
white. At that tme there were two or three
feet of snow on the high mountains. Dec. 4
it was partly vinble for 2 short nme, Az
that time 1t was white,

Medium, Several parties viewing eruption from
different angles declared disturbance came
from north slope of mountam.

‘E.ruﬁtmn at righe.

Unknown.

30 Minutes.
40 Minutes.

1M A m i s snvise

3% to A" p.m.

?

1Ie=a.m. 1. vorsnosnaunens

4h53® pom. |
o a.m.
Sh0™ 3.m. |

10 minutes.
Unknown.
14 hour.

Reported 23 heavy snowstorm on mountain at
time of eruprion.

Slighe.

F="Medium." .

O—"Rays of setting sun colored tnllu_:l eruption

but nothing ike fire was noticed.

. Medium.

At dayhght steam nsng from a point noc seen
before, scemingly about one-fourch mile
down the slope of the mountan, steaming
quite heavily all marning.

Twao jers of steam; one from the crater and one
from the north crater=—narmw column ns-
ing several thousand feet.

Steamed quite heawly all doy from north

crater.

Charles Yon, at Drakesbad, heard rumbling
nosses i1n the direction of Lassen Peak.
Small eruption, Clouds nse several thousand
feet. Column narrow like smokestack, and
extends far inco southern sky.

Steamed all day from the noceh crater and all
afrernoon from both craters. )
O—" Eruption ftom north crater accompanied
by rumblings disunctly heard ar Chester.
Cloud very dark colored at beginning, getting
hghter in abour 20 sminutes, Duranion about 3

hours, height 10,000 feet.”

D—"Lasung onehali hour. East side new
crater.”

Lassen was white with the new snow last night,
and quite a cloud of sream nsing from new
crater. By 8 pom. it was obscured by fog or
cloud unnl afternoen, when e cleared. The
snow was covered with ashes and quite a
cloud of steam nsing from new crarer,

. Lassen steamed very heavy all forenoon and
unul abour 2 pm. Heavy cloud of steam
hangping over the mouncan for 2 hours
abour midday.

Lassen steamed quite heavy for 2 or 3 hours in
afternocon, from norch cracer.

Erupted from southeasz. Smoke—nocth.
Heavy.
- Black Smoke. Smuke=—north.
|
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|
! Enﬂ'::; on. | Authoriry. Date. Time, Duracien. Intensity and Remarks,
|
i ors Minuter |
114 E.. Jan. 17| 630" am. Unknown., | Medium.
1850 o “ 17| 8  am. | 13 or 20 minutes, The firse erupcion of Lassen Peak sern 1.
| Chester this month occurred 3¢ £ 3. )
| center of mountain,  Duracion 15 1 2 g, .
% utes. 1id not nise to any prear haighe 1. 4
i ooy dnifted to southwese in quite 2 lieavy by
116:...2. | A “ 18 6 am.: Unknown. Medium,
b I 0. 1A B am ..., Small eruption at 8 a.m. from center
118, .....' O.., 4 18, 1M3=pm. 1 hour. (hute 3 heavy croprion; height 3000 feer a0,
{ I tion 1 hour, sceaiming quite 3 due .l iges-
n;wn. Cloud drifuing clear across the wi st
1 sky.
[ 19...... i “ 19| »  pm. | Share. Stight.
[ 120...... i 5 e 4 31| 6430%am, 1 hour. Wene adout 1,000 feer.  Sinoke—noith
12 s O “ 21 BMO™am. Claud nrot nsing above tap of monntain by
| drifung west of southwest.
SRR e v os “ 22, 6 am. Several hours. Heavy.
123 Doviviiing. — WL A am, 20 minuces o Twa eruptions, one about 6 3.m.. ondy 1l ¢ o)
| | | b5 hour. seen at 6301 cloud dofed in N b e e
| | I'his cruptinn was of medim size, diares
| i _was fiem 20 minutes to onehalf honr.
124..... CFLOD. ¢ 3 9M3mam. O, D reports ene  F—="Mcdium” .
i [ hour, F repores sev- O—"Quite heavy. duranon abour [l
' ! | eral houss. Cloud went several thousand feer hgh, e 1
N.E. The rumbiing was planly head
| | Drakesbad and Warner Valley, nurtheast o+
| Chester.”
l | D—"La-ge voluine of smoke lasting 1 b
| ; Smoke—southease.
1250 cxun] Eovamsens [ 4 325010020 am. | Several hours. = Medium.
126 Q.. f ¢ | IM0mam. L. Loud rumbling noise heard in dircetion of |-
| | i sen Poak, 1210 2.m.  [e beng cheady o
eription coald be seen.
127 L ¢ 26| 10M5=am. ... A\ Black smoke. Sinake—north.
‘ 128 . ‘ (B b 260 2m0mpm, s e Back smoke.
129 Fli | Feb. 5| Latewm F “nknown. Unknown. Snow darkened.
| | :fr:muun." !
130 Fosi “ 6 Early Unknown. Unknown.
] | morning. | . . 3
131......' F,0,D. 4§11, 6450 am. Several hours. F—"Heavv. Ash cloud reached high alestule
f O—"En:pnon.”
D—" Smoked all a.m.”
132 F.0.D. J “ 12 |About5a.m. Several hours. F—"Heavy."
‘ ‘ ; Q=" Eruption.”
X £ ] ’ | P-—"\Sm-:l:?i all am.” :
j 5k g Lt | FoDLo il % A 0 mssmipim. everal hours. "—“Very heavy eruption occurred.” "
¥ % d i | D—"* Laige cruption. 1housands of frer heh
. Sng A o | o:.. - \ 12930%am. . .. .. ........ Rombling heard i direction of lawes
l | ! Peak ar 12.30 a.m,
135.. F.. “« %] 6 am. Shorr. Mediun, .
| 136, 0, D. Mar. 11 | T40=am. 14 hour. O—"Medium intensiey, duranon 3 annures
| | D—"TBlack smake. Smoke—north.
137... Foorreand % 120 730mam. | Shorr. Medivm. Bumpass Hell inoan crpive 210
| | just previous to and donng crupuon, W
| nessed by Abhev from acar Beokeoll. =
! l ter appeared from Brokeoff to have hastt
l | . ened considerably n direction of besds
i | House, .
138 4 O S ER ¢ 1| SR oo Eruption some tune Juring nighe.  Mwnta
| | covered with dust thi morping that =-*
| | whire last mighe. X )
139 tF.. “ 19| % am. Couldnot he deter- Very heavy couption. Falling ash causel hert
| ! mined. atmasphere m wcimity of moungain for ot o
‘ l er pornion of day. Sceam conld hesan h
i ¥ Red Bluff mauing from vents un sule
1490...... F.,.O,D ¢ 2 M0mam, 35 minures. F—"One of the heaviest cruptwns. 40
! i rions mmilar to those of prevans dav
} ‘ vailed.”
- ~ e e s — | — - - — (P e m e o
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181 -
i . ‘
F-ﬂ;‘:ilun. Authoriry ' Dare. Time. Durarion. Intensiey and Remarks,
|
i | o5 Minuter

180, .. .. F,0,D. ' Mar. 20 35*30=am. 35 minutes, 0—"Heavy crupuion, 10,000 feer, durarion 35

| minures.”

1 D—"Latgest vetr. Crimsen clouds of smoke.
As sun was nsing reflecnions were beautful
and wonderful.  Never to be forgotren by

} ¢ those who witnessed the grand phenumenon.

i Black smoke. Ashes fell from 9 3.m. o 10

| o'tlock. Ashes reached Paynes Creck and
the Black Burres.” :

131, D e YW &3 am. 10 minutes. Mediun eruprion. duratien 20 minutes,

142. + F, 0, “ W S0mam. Uneil § p.m. F—" Medium."” |

O—"Heavy eruption lasting unol 3 p.m."” |

143 | 0 4M30mam Short Medium, l

T - e 4 o “ 31 SM30mam. Shorr. I

1455 ca s 10 DL “ 21 1™ am. O—I13 munures.  D—White Smoke.

‘ D=1 hour. !
t46 ... F,O,D *Aa® F—Short F—"Medium."”
0—2 hours. 0—" Column nsing abour 10,000 feet.”
D—1 haur. |

147 . 0 “ 21 980 pm.  About 30 minutes. ) [

LY, b S | pm. . . y 7 Tw.enlt\‘::lhe eruptions 3t night about 10
o'clock.

149, 0,D g 23 O—"1.assen in light eruption all day. Column
not nsing abave mountain, but rolling over
and dnfung northward.”

D—*"Crarer smoked all day.”

13000 Dl Apr. 4 Nearlvall futqnnon. Light ecruprion  nearly all forencen. Ob-
scured by douds afrer 11.30 am.

) FYTWPTAN | Er e R p.m. 13 hour. Smuke—south.

(5.5 SRR » L = 6 Plimam. 2 hours, Medium nized eruprion a3z 7:15 a.m. lasting

I I rwo hours. '

183500t Qi " 8 Friptivn some ruime tast might juse hefore dark, -

The east side of 1.assen was white with new (
snow this murming ar 7.30.  When fog cleared

‘ ’ up the north half of the east side was covered |
with dust. this cvening alter sunser two

‘ columns of steam were nsng from the top of

i | l.assen several hundred feer.  This forenoon

! from 11 ro 12 a large column of steam was

. I nsing from Bumpass'
Charles Yon reports quite 3 heavy fall of
ash ar Drakesbad, someome dunng the
night of the 12-13ch.

154 F.O “ 15 M0t pm. F—Short F—"Heavv."

E D—Continued un=  Crater visired br Hampron and Kaul Mar. 23,

! - il dark. 1915 Apparently no great increase in size.

Q—"Heavy column rose several thousand feer

1 fugh, continued unnl dark.”

| 155 of Oss “ 16 4% am.  Unul 530 a.m. I'he ttme of heginming not known, only esti-
mared.

| 156 0,D “ 16 1m0 p.m. O—Moustofthealf- O=—"Cloud dnfung this way, fumes quite

i rernoon. strong here, no duse fell 1o amount to any-
thing.”

v P—" Resembled horns,  Semoke—south.”

| 157 | 7.8 BF “ 16 S5%50~p.m. F=—Shore. F—" Medium.”

{ 0—Conrtinued O—"Cloud dninng southeast.”

1 until dark.
158 ¢ S e g S bR e A smail amount of ash fell last mght.

| 159 L e @2 3 pm. Shorre. Medium.

1160 P “ 27 330 pm. Unknown, storming  Heavy. Valcame dust fell ar Manton.
161 .. Q.. = 27 S¥=pm, U minuces. Heavy, duranon aboutr 30 minutes, )
162.. D.. “ 30 T . : Ashes fell at dusk Rlling hair of E. Z. Williams

and Alice Bhnes who happened to be work-
g in Hower garden. Very cdoudy. Eruprion
nor seen  \We held out paper and caught one-
haif teaspocn of ashes in 2bout 10 nunutes.
Ashes fell at Corronwood, Shasta County
this nme. Eruption happened during a storm.

\
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No.
Erupoon,

1
Auchoriey.

' Date.

|
|

Time.

Durarion.

Intensity and Remarks,

175

191

193

195

198

192000

196.. ...
| 197,

F.Oicy

| £.0.
e B

I Iors
; May 30

5% 8" pm.

Sh3mam. !

930 a.m.

10430= p.m.

Duning
nighe,

3*  pm.

230M pm. ]

™ am.

9430 a.m.
5hiSmp m.

8430™ 2.m.
7h25= a.m.

o
9.

am.
o odam.

|

9530= a.m. ‘
go45m am. ‘

2 5= nm,

Minuges

40 minutes,

20 msnures.
20 iminutes.

20 mindes.
ore.

Qf long duration.
20 imnutes.

20 minutes.
1 hour,

Several hours.
Connnued unnl
mudnighe,

All day.
2 hours.

F—350 minutes.
1 hour,

30 minutes.

20 minures.
6 hours.

35 minutes.
35 minutes.

F—43 minutes.

F—"Ordinary volume. Steam issued from
north slope of peak quite heavily laden with
ash.  Main crater full of boullers. Floor of
crater appears shoved upwards.”

O—="Medism mzed erupnion ac 5.10 p.m.”

Medium sized eruption 3t 3,15 am.

, Medium. Emussion from crater an anurth slope.

(1]

Main crarer quiet.

Heavy eruprion at 1030 p.m,

Unknown., Mounrain unusually acrive follow-
g mothing. eavy volmines steam from
crater Jow down on west slope.

Frupnion ac 3 pan. Light connnued unml dark.

Note.—I am not cerrain that anvthing was
seen from Chescer berween June 12 and Auvg.
25, 1915, On the mghe of July 13, 1915,
ashes fell at Drakesbad so that we could
write our names un porch raling o the morn-
ing. A small pu7f of steam seen in fore
noon of Aug. 8, when J. M. Howells and 1
went up Lassen Peak. Steam drifted north-
cast.  J.S.Diller.

Medium.

Medium.

Was an eruprion.  Two distince shors of fire
ascended with black smoke. [ was jusr rev
turning from a dance.  [r was witnessed by
G. D Cronemiller and my cousin, Qcro Dasly.

Medium. Epurely from cracer on norch slope.

Mediun. Witnessed and reporeed by lookoues.

Very heavy. Ash clouds uf unusual densicy,
iiche.

Medium.

Heavy. Eruption from north crater. Bumpass
Hell and other hot springs unusually acnve.
Increased volumes of stenm from crater on
rop.

Heavy. Eruption from north crater. Rume
blings distinetly heard ar Big Springs,

Quake fele 3t summuc of Drokeo ac I1 2.m.

. Direcrion N. and 5. Heavy erupuon.

Very heavy eruprion.

F—"Heavy. umblings heard by Brokeoi
Mountain  lookour.  Alnitude 12,870 feer.
Huge jacped boulders cover location of fore
mer crater.”

O—"Heavy crupnion ar 3.25
hours, Altitude 10.000 feer.

F="Medum."

O—" Medum eruprion ar $.30 a.n.
aboue 1 hour.

F—"Mediwm, Alurude 3.630 feer.”

O—" Mudinm eruprion at 7.30 a.m.  Durarion
30 munutes.”

Slight .

F—="Heavy. Unusualls acuve unril 3.30 p.m.
Rumblings  heard by Brokeod loukour.
Steam and sulphur fumes consrantly being
emittesd from many hssures.”

O—"Heavy, lasting unul 6 p.m.
noon: light the remamder of rime,

F""""HCJV_\‘-"

O—"Heavy eruption. Durarion 30 minutes,”

F—"Medium.”

O="Medin. Duration 35 minutes.”

F—"5liehe. Nearby observers stare boulders
8 inches in diameter burled aboue 10 feet.

p.m. lasting 2
"

Duration

Heavy unnl

"

M L
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No.

l".rupr;lm Authonty.

Date.

Time.

Duranion. .

Intensity and Remarks.

200......| F.O

Ay

I
zm..._..!
-

04 |
2080020001

mo 0o

206 oy { 7o T

L

208. .. E s

L

no......| 0
2} B EEets

FiQuaaid

101§

Sept.

Qez

26

I-ls

-
- h

| Musstes

|
2% 5» pm. | O—30 minures.

|

i
2"50"";! m. 20 minures,
58
1
12830™ p.m. | About 20 minures

f0R43™m a.m F—30 minuces,
O—All day.

p.m.
p.m.

2845 p.m. ' 1 hour, 30 minures.

'1 hdnr

2 m.
730" pm.

D—20 minutes.

F—Unknown.

0™ o.m.
O—=30 minutes,

20 minutes.
Short.
Short.

[ 1h40m a:m: Abuut 40 minutes

Early
morning.

Mouptaen in erup-
ton all day.

am, |...

6

Lassen has developed 3 discinet new craters on
northwest porrion of mountain,  These are
located on summit of mouncain directly west
of ald crarer: are cireular in shape, and are
ar present the outlee of most marenal thrown
our.

: o—-* L!yht eruption, Duration aboue 30 min-

ites.

F="Medion. Very deep rumblings heard by
Benkeof fookout,”

O—"Medion. Duration abour 20 minutes.”

[ight eruption at 5§ p.m.

Eurthquake felr ar i1 p.m. two shocks, light,
no sounds.

Mediam eruprion ae 12.30 p.m.

F—"Medium, Shahr fall of snow on Lassen
Octuber 13, Prospect Peak Inokout repors
the erupnion sswed from new fssure on north
slope

Q—"L.ghr eruprion lasung all day.”

F—="Medium. Rumblings heard by Prospect
I'vak lookous. Erupoun from above-men-
toned Aesuere.”

O—"Stearming all day quite heawily ar imes.”

Steamirg all dav quire heavy at times.

F—"Medinm. Rumblings heard by Prospect
Peak loukour. Also heard bv Harvey
Mountain lookout, Fruption from above
menrened  fasure.’* .

Q—"Steaming quite heavy from dayvhight unnul
10.50 a.m. when there was ?mte 1 heavy
erupticn.  All the eruprions from the 14th
ta the 17th (inclusive) teemed to come from
a pew fissure on the north siope.”

Visiced che sumimie of Me. Lassen. Found but
ew caanges since July 25, dare of last visie.
Visited the new fissure and found it steam-
g qnee heavy, The steam was quite full
of dust and sand; it had zollected around the
epening,

Light rruption at 2 p.m.

O="Medium eruption at 730 p.m. Lighe
Hashes and bombs seen shooting from the
crates.'”

D—" Mocnlight.
Smoke—north.’

F—"Heavy, Glow over crater and luminous
badie; reported seen by vanous parties.”

“*Heavy cruption 7.30 p.m. Large fAashes
of ligar and bombs shoe high abuve rop of
mountain lasting + or 5 minutes, the erup-
ton lasring abour 30 minutes.”

Heavy.

Slighe.

Medium.

Heavy eruption. The claud from this erupnion
went ahour 11,000 feer high.

" Nete.—This was the lasc eruprion sesn from
this place up to Dec. 3, 1915.7 ;
Reertl:d by Manron and Shingletown resi-

enes.  No particulars. 5

Mountain smoked 3t 5 pm. Smoake drifted ro
souch.

Eruprion about 6 3.m, Smoke west to sourh.
Smoked all dav. Mounram hid by large
volume of smoke sexthing down on 1.

, Very pretry in moonlighe.

Nate.—No record of eruprions betzeeen Dee, 20, 1905 and Sept. 23, 1016,

e o el T
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| |
I Em’:‘:}‘“m Authority,  Date. | Time. ! Duration. [ Intensity and Remarks.
| |
1016 ’ Minutes |
720, :.es) Divacias | Sepe. 24 | 7 am. All day. Steam at intervals.
3 WS [» QOct. 4 ' Between 6 | H Black ke, heavy, asc g into clouds.
| and Tam. | .
i e SRS 2 o JE— - 5. 35" pm. ..., cevive-r. Small eruption of white steam.
| = el i ¢ ISR “ 16 I 9% am. Entire day. Largese erupnion of the summer. Smoke settled
| ! around mountan.
i £ TR i p IEFRERE “« 24 & pm 1 hour. Very larpese rles year.  Whare and black smoke
i i dnfred south aver Brokeoff Mountain. Sul-
| | 1 hur fumes reached Manton at 9 pm.
i mell very strong like sulphur and somerhing
| : roteen.  Smoke went thousands of feet in
| f the e, .
235 e Rz es i * 28] am. Mennn Steaming quire heavy this morning.
5L AN D,O..... Nov. 1 # opm. 15 hour. Verv large sruption, Smake rolled our but
l went down n strong wind to north.
e R (4 L 4 9] B .. Steam nsing at mtervals sl day.
28...... 0] 2 B9 am. ... eavy.
229 Diievmnss] % 9] ™0™ pen.l..vivs o Heavy. .
230.. | D,0.....| Dee. 17| 4830mp.em. : ; % Medium (0): white steam came straighe up (D)
3. ! D,0... ‘20 Alday. Al day. Steam, heawily all day and dnft south.
3T, cans P D | * B P am| 515 hours. White stcain came in grese volumes.
I | |
3 D. f Jan.” A . All day. White steam. )
! D. Y R § e All day. | White steam, small quancity.
1 O, “ 15 $# pm. | 11 hours  Medium.
416 330 pm. | 1 hopat, | White steam.
“ 17 SM5mam. Alf day. “Large eruption of biack smoke. Ashes
i . fel} on Brokeotf. Rumblings heard 15 miles
| ! . at Crookes. Nene heard at Manton.”
| O—=Medium heavy growing lighter to hetle
i | steaming at dar )
238. .. e« g a.m. s o ..| Screng sulphur at Crookes™ place, 15 miles.
239...... “ 0 Mmpm. 124 hours. | Smoke dnfning south. .
240......} ¢ W™ am{-. L f “Greatr quantities of white steam.”
| | | O="New snow covered with disc on N,
| | Y of east nide of mounrain,”
L) PR | (MR Feb. 1 o, . | Another night eruption, covering entire east
| | i _ side of mountain.
z.- s JO— o,D * 3| " am! All day. | O—"Steamed shghely.”
| ; D="Whire tream, great quanticy unul noon.”
243,.....00.......0 0% 187 9 am. 1 hour ‘ .\l;:-d:m: :eavy cioud wene several thousand
i | feet high.
(8 Vv mty Mar. 8| ¢ am. i ..., Two light earthquake shocks. No eruption.
... Q. D. o [ .| S . .| O=="Steaming quite heawily whenever visible.”
Bas My B Nerriiscmesis o .| D="Mountain more acuve. Eruption dur-
| i 1 ing might of 21st, :nvennt snow with Juse.”
b L TR 3 b Vi o [N “ 22 ' 11h30m am. | 315 hour | D—"Eruptien large. Jer black smoke dnfes
| outh.”
i 0—"Smoke rose 3,000 feer.”
M46...... D, 0. Apr. 5| 2225 pm. 14 hour. | D—"Largest of this year. Must have gone up
. 1,000 feex before black smoke dnfted south.
| I Ashes fell to south.”
O—"Clouds po severzl thousand feet high.
’ This is the heaviest eruption [ have seen
| | since big one May 22, 1915,
247. D,0 . 6 | Bi5mam, 3 hours, D—*Black smoke dnfted souch. Ashes.”
| O—"Continues medium about 30 minures,”
3 e o 8 | 11530™ a,m. One shight sarthquake shoel
=L L Do) % 15| 8 s 1 hour. | D—"Smoke nses thousands of fect in air.”
i | O—="Medwm. Small column nsing several
9 0, T O | « 8 1 am.| ¥ hour. thousand feet.
5000 Do) % 19| MMompm. N ... Smoke went up into clouds.
oL (- [ Deceee . May 4 - Pl02am. § X Vcrﬁ' large. Smoke went rhousands of feet in
\ the air.
3% vines] Diizaie ! = 4 1 pm! 2 hours. Very large. Smoke went thousands of feet
i 1 E 1 i the air.
Pt r R Tty
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Eﬂﬁ:;un. Authorry.| Date, Tune. I Duration. Incensity and Remarks,
e ———
wpe7 l Minuter
|
253.. | » PR May 4 , 10230 p.m. Black sgmke drifts aourh._dEruption large, half-
i way down mountain side as bi
| igg . 8 it lg | ﬁg"‘ p.m. | J‘}g minutes. ;\viledium. o : " K Rt
FPTRR, i o [ pone s | " a.m. minutes. cavy. rre volume dust an
256, DI O * 18 12M5mpm.| 6 hours. O—"Very heavy. Clouds rising '*u’;f,',’::",,,
I z | | 12,000 feer, accompanied hy Joud rumblingy
I | i lasung uneil darkness ohseired view.”
25745 o SR L O R All day. | 0—"Sreaming heavily 2l day—quite large
l :ft;r sundown. Rumblings heard from 3
] | («] .M.
258 oeis i D,O « 20! & am. i All day. | O--"Steaming all day quite heavy. Rumbling,
1 \ ‘ heard dumng aftcrmoon.”
259. Doy 4 21 10 am. 30 minutes. ¢ Medium.
260 | D, O... ‘22 70=p.m. 15 hour.  D—"TNlack smoke lasting 14 heur."
3 ‘ 0—="A sready glow of light scen s sumnur
! * at 9 to 10 p.m,
261... 0 i . i) (S b | Eruprion during might.  Ashes fell ac Feather
| ‘ River Meadows.
262 o Il “ 30 6M5am. 45 minutes. Heavv.
263......} D, O S 3N am 1 hour. i D—"Large. Smoke to south.”
I | O—"Heavy."
264 . 0... . 31| SMO=pm 30 minutes. .
W3, 0 ( June 1 B pm. 30 minutes. i\ Medium.
266, ... .. (0 T “2 1 am. | 30 minutes, Heavy.
267 ccpini] D | pal- 1 B L[ 7, o CHR O ... Large. Smoke went high in the air.
268 .. Oacitega-] M7 3L 8" . am 30 minutes. Mediuin,
269 . | Dicviaaad ¢ 31 2030 pm. | eviireiiovei.. Black smoke went high in the air.
270, .. Dicer:soa] 2 o3 dminm [, Small wruption—white steam,
27 D;0... ol 31 PS5 pm, | 15 minutes. Small crupuion—==white steam.
271, | Dicos “ 3, Phmpm,) 15 minutes. Small ~olumn high in air.
273 L0 “ 3 $20mpm 13 munutes. Senall.
1274 i | Ve o FolE= [ 4+ ™0™ am. 40 minutes. D—"’I:arge. Rlack smoke thousands of feet in
arr.
278 :D,0.... « 31 am 20 minutes. N—*“Lighe.”
276...0.:) DLl “ 4, 1NO=p.m 30 punutes. | Smoke high in air.
| 27700} D0, “ 4 6MUmpm 30 munutes. | O—"Heavy."
278... 5 S “ 6 T0™am 1 hour. | Heavy umoke rising abour 10,000 feer.
3 by BN | b e “ 61 am 1 huur, Black :moke large.
i /oS aw] D o } 4 8, I* pm: 20 minures.
el R Do i Sy 8 2M30mp.m 2 hours, D—"Terrible eruption. Smoke wene north.”
; Q—"Heavy. Four hours.”
737 ek i b o o 4 8 M0pm. 13 minures. ' Small, white erupnion.
283 . 0.... A0 IS i, All afterncon. | Medium.
284 D.O..... sl | l 2030™ p.m. 1 hour. Light. Smioke went north.
285,.,. 0... “ 27| oM5Smam. L . Medium, "
286 . D, O ¥ » pm| 1 hour. D—"Large. Black smoke dnifted north | howr
| Q=" Mecdium.”
1918 i . No erupricns reported for 1918.
|
| 1910 ‘ '
vy p SERIAL e TYE Jan. *  pm. I hour. Small smoke—evaporared shore distance above
| mountain, ]
1L DPUURRK [ IR 2 BNl A AT 1 hour. Small smoke—evaporated short distance abuve
mountain.
r, L | Apr. 8| 5%30=am Black smoke dnifted south untl 7 a.m.
295..... l D.. ' 9 2.m Small quantity of white smake drfung south.
1920
| TR | D JQet. 24| 8 am 10 hours, Quantity of black smoke rising rapudly and
’ [ | dnfting south. h
b 7 O, Dicsnas 1 Qct, 30, * am 12 hours. Small smoke anising slowly disappeased at sum-
! j mie of peak
| 102r | ‘ :
298... b ! {Febo 7| ® am.| 3 hours. Great cluuds of white steam issuing from
| L gascer] res.
| ' tern Hasu

Note.—The newspapers of Red Bluf and Redding in the Sacramento Valley have reported a number of eruptunt
during the years since 1917 that appear o have been cloud banners abour Lassen Peak rather than erupuuns uf steam
The latest eruprion seen by G, W. Olsen, the observer at Chester, was Aug. 23, 1917.
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In incrustarions, 117 (table 4).
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Aluntte, deposits in hot spring areas, 141.
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Sketch-map, 114.
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161.
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Dines, Alice, Postmistress Manton, 13, 17, 13, 34
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Drakeshad—see Drake's Springs.
Drake's Springs:
Absence of salt incrustacions, 113,
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Prevalence of algae, go.
Sifford’s camp, 91.
Spring water, 112,
Temperatures, 106.
Use of water for bathing, 91.
Dumas, J. B., 140.

Earthquakes. Effect of, 82.
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Character of, 31.
Evidence of Fluid, 16, 17, 18.
Temperature of, 8, 12, 13.
Voleanic bombs and breccia, 68, 69, 70, 71.
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Discussion of, 39, 61, 62, 75.
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Reperes of, 12, 16, 17.
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Fumaroles, 7, 72.
Action on lavas, 142-147.
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Oceurrence, 88, 93, 94.
Salts fram fumarole action, 143 et seq.
Seasonal vanarion in volume of steam, 133.
Significance at temperacure of beiling water,
b73
Sulphur dioxide along eastern rim of crater,
143-
Upper limit to magmatic water, 173.
Fumes, 11, 12, 16, 74.

Gas content of conduit lava, 46, 47, 51, 32.
Gases, volcanic:
Analyses of, 124 et seq.
Collection of, 123, 124
Coimnposition of, 130-136.
Companson with other localities, 134,
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Gases volcanic—Cont.
Former distribution, Bumpass Hell, 94, 142,
Hydrochloric acid within cracer, 146, 147.
Hydrogen sulphide, method of derermina-
tion, 124, 128,
Hydrogen sulphide, oxidation to free sul-
phur, 139, 140.
Hvdropen sulphide, oxidation to sulphuric
acid, 130
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134.
Occurrence in hot springs, 130.
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Soluble gases from Lassen crater, 143.
Source of, 1350.
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Sulphur dioxide, relation to volcanic ac-
nviey, 146.
Geologtcal Relacions, 1
Geological Survey, 36.
Geyser, 3.
Elevarion, 88.
Temperaeures, 1035.
Variable activity, 88, 153.
Gevser ar Morgan's Springs, 09. 1o1.
Glass:
Glass contenc of conduic lava, 43, 352.
Glass in bread-crust surfaces, 43.

Hague, Amold, 1, 36, 39, 44, 118, 134, 160, 163,
167.
Halotrichite in soft incrustacions, 118.
Hampton, E. N, 14
Harker, A, 36, 37.
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Chemical processes as source of heat, 151~
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Conduction through rock, 171.
From change of state in surface warter, 1712.
Heac denved from mapma, 133.
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Radioactivity as source of heat, 130.
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Holway, R. S, 12, 18, 19, 20, 62.
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Cause of mud flow, 34.
Effects, 19, 21, 23, 66.
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Temperature, 36, 38.
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Har springs—see Springs.

Hydrochloric acid—sce Gases volcanic.
Hydropen-—sce Gases volcanic.
Hydrogen sulphide—see Gases volcanic.
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et seq.
Lava Flow—see Flow, lava.
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Crystallizacion of, 77, 79.
Gas pressure in, 8o, B1.
Relation to, 76, 83.
Magmatic water—see Water.
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Merwin, H. E,, 49, 71, 113, 118, 119, 120, 144
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Origin, 20, 21.
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Formation, 103.
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Opal in hoc spring sediments, 119,
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Phillips, F. C., 135.
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Plug, upheaval of, 33, 42, 57, 62, 64, G6.

Posniak, E., 144.

Precipitation (ram and snow) n hot spring dis-
tricts, 154, 153,

Pressure, gas in magma, 3o, 81.

Prestwich, Joseph, 6.

Pumiceous andesite, 42, 43, 44, 47, 32, 68.
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Recent occurrence, 93, 121, 122,
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Radioactivity as saurce of heat in hoc springs,
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Salt incrustations, 113-113.
Chemical analyses, 117.
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Sediments in hot springs, 119,
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Qccurrence, 93, 94, 97, 99, 120.

Oxidavion to Ha80,, 140,

With pentathionate, 117 (footnore).
Sulphuric acid:

Action on kaolin, 144.

Action on lavas, 140.
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Horizontal blasts, 54.
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