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PREFACE 

The Geophysical Laboratory was first attracted co 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 earl>.- eruptions of 19q and on his return to Washington 
expressed a wish that the Geophysi, al Laboratory should cooperate in the study of 
the outbreak because of the physical and chemical relations involved. It was 
agreed, tentatively, that the Geological Survey would undertake the necessary 
geological studies1 and the Geophysical Labo'racory the physical and chemical 
phenomena. Accordingly the authors made their first visit to the mountain in 
June, 1915, some four weeks after rhe culminating volcanic outbreak of that year. 
Except insofar as conclusions could be drawn from the visible consequences of the 
eruptive activity of the fir.st year (191+) and the great carastrophic outbreak of 
May 19-zz, 1915, we were therefore dependent upon orhers for many C\f 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 191.h 1915 and 192 I, a:td cooper­
ated with us throughout, rhen to the Supervisors and Rangers of rhe For.:st Service 
who, although inexperienced in volcanic matters, were nevertheless men practiced. 
in field observation, of excellent judgment and keen discrimination, and contributed 
very greatly to the record contained in the fqllowing 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 <luring both 19[4 and 1915, not only provided all facilities and much 
camp comfort, but were able to contribute important details of personal observa­
tion and photographs, as did al'io the brothers George \V. 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. 13. 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
righred, were unreservedly placed at our disposal, together with his diary. The 
frontispiece and many of the finesr illustrations in this book are the work of Mr. 
Loomis. 

Miss Alice Dines, Postmistress at Manton (I 5 miles west of Lassen Peak) kept 
an unceasing\\ atch upon the mountain from rhe beginning to rhe 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 C.ilifornia, 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. \V. H. Spaulding, Presi­
dent of the Great Wesrern Power Company, and a group of fric:nds, in 19q and 1915, 

1 Not yet published. 
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and the photographs of Mr. Jack Robenson of S:in Francisco were kindly placed at 
our disposal. The phorographers Mr. R. E. Stinson of Red Bluff, N'Ir. Chester 
Mullen of Redding, nnd Mr. E. N. Hnmpton of Mineral. al:;o kindly permitted the 
use of excellent phorograp~s. some of which are copyrighred. 

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

For the laboratory studies of volcano material collected during rhe eruptions 
the authors ;ue most grateful for the indispensible cooperation of rheir colleagues 
Messrs. Aurousseau, Merwin, Morey and Shepherd, whose accurate work has 
thrown a flood of light on rhe whole problem of volcanic activity. 

The study of the hot springs ( Part II) is entirely rhe work of the authors, with 
rhe help on the ground of Charley Yori and Allen Rc.ker, guides, who aided in every 
practical way during the years 1915, 1916, 1922 and 1923. 
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INTRODUCTION.1 

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 t>arlier lavas are intercalated with 
deposits of the lone epoch. The earliest extrusions were of hornblende andesite, 
and the general course of eruption produced, in turn, pyroxene andesite, rhyoli re, 
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 Rows have succeeded flows of dacice, but for tht­
most part the former precede the latter.: The· absence of au~ite andesite from 
the whole magmatic region to which Lassen Peak and the asi.ociated volcanoes 
belong is noteworthy.J Whatever may have been the course of differentiation, that 
of eruption has been frc.m the production of intermediate lavas to that of extreme 
types, ending with a basic type; a sequence t hat was pointed out first by von 
Richtofcn as that of Californian and

1 
other lavas,' and later by Iddings,' as the 

general law of succession of lavas. The activity of t he whole comagmatic region of 
northern California, Oregon, Washington, and Idaho, has been so low within recent 
times that . the fidd may be regarded as almost extinct. Lassen Peak and Cinder 
Cone, however, have shown activity within historic times,• C:nder Cone having 
extruded a flow of quartz basalt, perhaps no more than zoo ye:-.rs ago, and Mount 
St. Helens and Mount Hood are believed to have been the scenes of ash eruptions 
within historic times.' 

The tcrrane through which the lavas of Lassen Peak have been erupted is 
worthy of comment. The extrusions rest upon the Chico formation (Cretaceous) of 
the upper part of the Sacramento Valley. Beneath the Chico arc the Jura-Trias 
rocks, which in turn rest unconformably upon contorted Pal:rozoic formations. 
The Pal:rozoic 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 arc uninvestig:ued. The thicknesses of 
the various members of this Pal:rozoic and Mesozoic terrane are unknown, and 

• Hv M. Aurouueau. 
• }.°S. Diller, Lauen Peak. U. S. Geol. Surve)', f olio No. 13. 1895. / 

• Haiuc and lcldin111. Notti on the \'olcanoca of:\orthem Cahfomia.Orccon, and Wasl11n1:ton Territories. • .\mer. Joum. 
Sci., (3), : 3. :::•:J;, 1883. • 

• F von Rich111fen. l'nnciplcs of the Nat ural Sr srem uf Vokanic Rod:i. ;\ltm. Cahfurn1a Acau. Sci., 1, ; 9, 1868. 
• J. P IJ ,hni:s, T he Oni:1n uf ft:ncvut Rod a. Rull. l'hil Soc Washini:ton. 1:. 1;~. 1Sq:; l~ncout Rocks, 1, : ;;, 1909. 
• .-\ . L. UJ y. l'os11hle Ca111" o f rhc \"uk~nrc .-\crivrty ar l.2ucn l'cJk. !lull . Sc11rnul. Soc .. .\mcric1. 1: , 35- .. 6. 191:; 

Juum. F'r~nklin Inst .• 19,._ 31'..9-58:. 19::. J. S. Dilld . l.allcn l'c2L:-011r nmsr 1ct1vc vokJno. !lull. Scumul. Sa<:. Amerio , 
ri. 1-7, 1916; A l2te vuk2nic crnpr111n 1n :":on hcrn Cahfo rn11, U. S. Gcul. Survc)·, Hull. 7?• 1891. 

' W. R. J1llsun, Gco1o1r. Rev .• J, _.s 1- .. 83, 1917; 11, ; 98-,.05, 19: 1. 
1 
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though, for the most part, they consist of shales and sandstones, limestones :tppe:ir 
to be :ibundant, especially in the C:ilaveras formation (Carbonifc:rous) and in the 
Cedar formation U ura-Trias) .1 Thc:re :ire abundant limestones in the C<trboni­
ferous of the Klamath Mountain section, one horizon :?,ooo feet in thickness 
outcropping for 50 milt:s aJong rht: McCloud River, 50 miles to the northwest of 
Lassen Peak. The Trias of this district emerges from beneath the Lassen volcanic 
field along Cedar Creek, and contains.one horizon of limestone 200 feet in thickness. 
The dip and strike of the Pal~ozoic rocks of the Klamath Mountains render it not 
improbable that they extend beneath the Ylesozoic formations underlying part, 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 a stream bed near the Great 
Bend of the Pit River on the extreme northwest of rhe Lassen sheet. The relatiuns 
of this rock :ire quite unknown, and it can hardly be considered to belong to tht: 
Lassen suite of lavas. Nothing of its kind, chemically or mineralogicalty, is known 
from the field.~ . 

The position of the Lassen group of vents with rebrion to the orography of the 
surrounding regions is significant. Thi:y lie at the northern t'.nremity of the 
geosynclinal deprC'ssion of the Sacramento Valley, which separates the m;iss of tht: 
Sierra Nevada from that of rhe CoaJt Range. Tht: d~pression is partly filled with 
the Rae-lying Mesozoic and Neocene sediments. The abundance of volcanic vents 
between the northern end of the Sierra Nevada and the Kl::imath Mountains is in 
accord with the tectonic weakness of such a regional structure. 

Lassen Peak itself was the center of fairly extensive glaciation, which reacht:d 
its maximum after the period of major volc:mic activity. Some of the later lavas 
have flowed for long distance's down valleys cut and glaciated into lavas of earlier 
age. Solfataric action has continued down to the present rime, however, and 
in a consideration of the eruptions since 19q, which set:m to be exceptional volcanic 
manifestation-; in many ways,' it is well to bear in mind that Lassen Peak itself 
has been relieved of its ice load in recent times. Ir is by no means impossible that 
some isostatic adjustment, consequent upon the relief of ice load, may have assisted 
the mechanism of the more recent outbursts. -

'U. S. Gool. Surv. Gcul Arlos. Louen Pule Folio. 11!c)5. 
'J. s. Dill.r. Klomorh :">lnunr~m IC'CrlOft, c~hforni•. Arn. Jo~rn. Sci. !~ ). 1;. J+!•J6!, ll)OJ. 
• J. 5. Doll~r. HomblcnJc b•s•lt in :-forthem Colifurnia, Am. Gi:ol.. I'). :;;-!;;, 1S.J7. 
'A. !.. Oa~·. POlsiblc couKt of rhc volnnic ocriviry or I.assen l'ul:. Bull. Scismol. Soc. Am. 1 ~. 35-~6, 19::; Juurn. 

f'r:anklin !nu., 19~, ;6')-;~:. 11)::. J- S. Doller. l.osacn 1'c2l:-our most oc11ve volcono , Dull. S..ismoL Soc. :\m., G. 1-7, 
1916. 
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CHAPTER 1. 

SEQUENCE OF EVENTS. 

BEGINNING OF EXPtOSIVE ACTIVITY. 

On June 1, 19t4, the following telegram was sent by the loc~1l observer uf the 
Forest Servict> :lt Mineral, California, to the central station in Sacramc.-nto. · 

STATE FoRESTER, Sacramento, California. 
M1NERAL, CALIFORNIA, ]11ne r, 1914. 

Volcanic eruption of Mount Lassen occurred 5 p. m. ~fay 30th. Crater 25 X .. o ft. 
with laceral fissures formed. :i. Iud, boulders, and sand l to ::?. feet deep rhrown over an 
area 200 feet in diameter. Ranger Abbey examined eruption yesterday. Heavy volumes 
of steam rising this morning. Crater H mile from summit. No damage yet. 

(Signed) \V. J. RusHtNG. 

This bric.-f message contains the first trustworthy record of the outbreak of an 
active volcano within the boundaries of the United Scates in the memory of men 
now living. 

Lassen Peak (fig. I ), or Mount Lassen, as it is frequently called, lies in north­
eastern California near the southern bounpary of Shasta County, something over 
zoo miles northeast of .San hancisco and about 75 miles south by e;ist from Mount 
Shasta. le forms the southern exrremity of the Casc.ide Range, although from 
neighboring cities (Redding. Red Bluff), where views of Lassen Peak arc obtained, 
it appears isolated and sta'1ds out quite conspicuously as the highest point in a 
small mountain group forrr•ing a portion of an older and much grt'atcr center of 
volcanic activity of which little now remains. Its height as giveu by the U. S. 
Coast and Geodetic Survey (1913) is ro,+66 feet above the sea, but it is no more 
than +,500 feet above the surrounding tenane. Its nearest neighbor, Brokeoff 
Mountain, is a part of the rim of the ancient crater of Lassen Peak, but its activity 
has long since ceasC'd. Only a few feeble sulphur springs remain to indicate where 
the northern border of rhe active basin may have been. 

Diller1 calls <mention to the fact that Lassen Peak is included within the great 
outpouring of basalc to the north, which forms one of the greatest lava fic:lds in the 
world, including northern California, Oregon, Washington, Idaho, and a part of 
Wyoming, covering alcogether some z50,ooo square miles. ).ieverthdess, most o.f 
the exposed lava sheet immediately about Lassen Peak is andesite raclu:r than 
basalt and suggests that 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 rather 
dense dacite, not unlike the dacite of Mont Pelee (Martinique), and presumably 

I J. s. Diller, \'ok~n·~ liinury or L~u·n l'cak. SQen~·· N. s . .. J. 7:7, 1916. 
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of high viscosity at the time of its eruption. The lnva accordingly piled up about 
the opening and is insignificnnt in volume as compared with the great basalt out­
pourings to the northward, which were for the most part re[:uively Ruid.1 

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 tht> peak, and that this eruption occum:d 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 Cont>) em12rges somewhat abruptly from the plain and 
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Fig. 1.- June 9, 1914. One of the earliest eruptions of Luten Peak. Photo Loomiii. 
' . .; . 

reaches a height of about 620 fe-et, with an open summit crater rather more than 
zoo feet deep. From the side of this cone, at an elt"vation not much above the level 
of the surrounding plain, there emerged a Row of rough lava of aa type, covering 
more than 3 square miles and from 100 feet to 125 feet in thickne-ss. 

From Indian tradition the age of this flow has been assumc>d to be between 
75 and 100 years, but an investigation of the age of adjacent trees• indicates that a 
somewhat greater period has elapsed since this flow occurred. So far as we have 

I er. H. s. Wuhin~ron, Deccan Tr3pt 3nJ orhcr plaroau hu~hs. llull. Gcol. Soc. America. 33· 77;-;so. II)!:. 
1 Diller, lo<. t it. 
•Ar 1hc su~srion of rhe wmtr. Supervisor ~1.rnll of rht Furcst S•rticc cur do..-n nnc vf rhc trees :ru..-in:: :ibour ; feet 

from rhc llow 3n.J tOOtcd in rhc :sh !le cuuntcd more rn3n :go nni:s un rhc stump. Sei: ~lso J. S. Diller, .\!.:arc Volc:anic 
Erupcivn 1rr i\'orrhcm c~hfurnr~ and "' l'eculo:r l.a•3. l". 5. <Jcol. :iun-. llull. 79, ::.. 1:!91. 
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record. therefore, the only local volcanic activity during tht" past century, and 
1>erhaps the last cwo. has ca ken the form of steam fumaroles and hot springs in the 
ancient basin to the southwest of Lassen Pc:ak (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, ere.}. 
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Fir. 2.-1891. Inside old c:rater lookifg southeD.St. 
snO':'f' in foreground. 

Note deposit of 
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 notc:h (left). Photo. Yori. 

The outbreak of May 30, 19q, referred to in the Forest Service telegram 
quoted :ibove, came without premonitory symptoms of any kind h:iving been 
observed. No change was noticed either in the tc:~perature or in the activity of 
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the neighborin~ hot springs, and no local earthquakes attrncred especial attention. 
A lowerin~ of rhe ground water so often observed at Vt:suvius1 as a conspicuous 
premonitory indication of impending eruprions 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 cartlemt:n and lumbermen. Tht: 
nearest point of observation during the winter season is probably the hamlet 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 rhe 
summit of Lassen Peak itself was not regulnrly occupied before the lorest-lire 
season (July). 
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Fig. 4.-The western no\ch in the crater rim before the upheaval in May, 1915. Photo Olsen. 

In the summer season Lassen crater was reasonably well known and was 
acce'ssible to and occasionally visited by tourists before aay sign of activity appeared. 
In appearance the crater was a smooch bowl with a Aoor of volc.inic sand and lapilli. 
the lowest point of which was about 360 feet below the highest point of the rim 
upon which the Forest Service had built its shelter. A small pool of drainage water 
was usually to be found in the bottom of the bowl and the portion of rhe inclosing 
parapet which faced north, was never free from snow (figs. : and 3). The shape uf 
the bowl itself was roughly oval, with the long axis nearly ease and west, but it was 
not entirely symmetric;il. The north and south sections of the inclosing' rim 
retained approximately the original conical form but the t:ast and west sections were 
broken by V-shaped openings (fig. +) , pointing to earlier explosive action and per­
haps indicative of structural weakness in this nzimuth. It is interesting ro note in 
this connection that the general faulting of the region (see Diller) is in a nearly 

I Juscph Prrttwu:h, On the Ai:cnC)" uf W uer in V uk~n1c hu p11un1. !'me:. Ruy. Soc. Nu. : •6. 117, 11186. 
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east-and-west direction, and the earliest cracks reported from the present eruption 
were in chis azimuth. No fumaroles or other signi; of latent :tccivity are known co 
have existed on the summit within the mrmory of those living near. Snow is 
reported to accumulate wichin tht> summit basin co a depth of 40 feet or more each 
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Fig. ; .- June 28, 1914. Explosion crater showing the ''lateral fis:iures. ·• 
Photo Holway. 
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Fig. 6.-The first explosion crater showing the snow with uh and debris 
lying upon it. Photo Yori. 

winter, and it may or may not be noteworthy chat the time of the initfr1l eruption 
corresponded approximately with the period of rapid spring melting of this accu­
mulated snow, and that strt>ams of water from this melting snow were reported to be 
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s 
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, : 1 miles away) . On the 
next day Mr. H:irvey Abbey, of the Forest Ranger Service, made his way to the 
summit over snow and found an opening about :5 by +o feet, obviously a small 
explosion vent on the inside of the crater bowl, between the small pool at the bottom 
of the bowl and the northwestern rim, rather less than half way up. 

The- e:irly photographs of the explosion crater show plainly in section the snow­
bank through which the explosion occurred ( figs. 5 and 6) and the accumulated 
debris of the explosion scatten:d 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 muse havt> melted tht:ir way into the snow upon which 
they reseed. Steam and hot warer within the t>xplosion crater are reported by 
Ranger Abbey, but the solid material ejected was not hnt. 

Following the telegram ::ibove reported, the records of the Forest Service con­
tain the following mrmorandum under date of] une :, which contains some further 
details: 

At+ a.m., May 31, Ranger Abbe~· left Mineral for the mountain, arriving on top at 
9 a.m., traveling q miles over snow from 11 to 6 ft. deep. He found· a new crater 25 X +o 
ft . in extent and about 300 ft. from the top on the north side of the small la ke. There 
were z lateral fissures about JOO ft. long extendini; from the c:racer. Hot mud, stones 18 
inches in diameter, and sand had been thrown over :m area zoo ft . in diameter co a depth 
of one to two feec [See fig. 6]. Ashes and fine sand were scattered over an area of about 
one mile across. A l:irge qu:mtity of hot water had run down the slope into the lake, 
cutting 3 channel in the snow. Large volumes of steam were being blown out, and there 
was a continual loud hissing. Large quantities 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 c:aving bank ic was unsafe co approach c:loser. The 
entire disturbance acts more like a geyser than a volcano. 

(Signed} W. J. RUSHING. 

The following extract is taken from a letter addres~eod by the local supervisor 
to the discrict forester at San Francisco under dace of June 9, 191+. 

Such wild stories are being circul:aed c:oncerning Mount Lassen that I am sending you 
the results of our observacions to date. ~ 

Saturday, May jO, an outbreak occurred at 5 p.m. This was witnessed by Ike :VkKen­
zie of Chester, who was looking directly at it when it occurred. Abbey investigated it 
Sunday, May 3 I ... • (see telegram above) .... The sand thrown out was granitic in 
char3cter, sharp, and contained mica. No molten material was thrown out at all. At 
8~5• a.m., June I, .a sec:ond outburst occurred, throwing OUt large qu:mticies of the same 
material. Some boulders weighing all of a con were thrown out. The vent was enlarged 
to 6o X z75 ft. The fumes escaping were said by Boecker and Macomber to be arsenic [?], 
hydrochloric acid, and sulphur. Boerker, Abbey, and Macomber went up June ~. re­
mained ac rhe top in che lookout house over night, and came back June 5 . ... 

We have watched it carefulk and at no time have we been able to see anv Ila.me or in-
dication of fire. . . . • • 

(Signed) \V. j. RUSHING. 
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For the next few days eruptions continued at the r:m: of about one every two 
days and· were of increasing violence and duration. Thi: fourth recorded outbreak, 
which occurred at -!- "30• p.m. on J unt.> 8, continued for .i.o minutes and was heavier 
than any which preceded it. On Friday, June 12, the ash cloud was very denst> 
and poured out for 50 minutes or more. [twas after this eruption that a visit to 
the summit showt:d that the explosion crater had increast:<l to oJ.OO ft:et in length 
and 1co feet across, the inner walls and bottom being formed of infallt:n talus. 

Sunday, June q, brought three c:ruptions, during one of which the ash cloud 
reached an elevation of z,500 feet above the.summit, and explosions of great power 
were reported. After the eruption of Friday, June 19, the explosion crater had grown 
to 6oo feet in lc:ngth and 100 feet across (fig. 7), evidently extending eastward along 
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Fig. 7.-June 20, 1914. Looking north. Explosion vent now 600 ft .. long and 100 ft. wide. 

· Photo Loomis. 

:i preexisting summit fault . During this period of development a considerable 
number of people visited the mount:iin :ind made photographs and observations of 
various kinds. One party was so unfortuna·re as to be caught in the midst of a 
severe outbreak (June 1+, 9 1•+3 •n a.m.), during ·which a member of the: party suffered 
a broken shoulder from a falling stone, and all were obliged· to bury their heads in 
the snow to avoid breathing the dust-lade11 air. The darkness within the cloud was 
reported to be intense for a period of 10 minutes or more, but suffocating gases 
were not encountered. (Plate !.) 

In general during the summer of 1914 the eruptions co11tinued to increase in 
violence. On July 15, for example. a very heavy er1;1ption at 6h5 • a.m. was reported 
which lasted + hours and was followed at I z h5"' on rhe same day by the greatest 
disturbance thus far recorded. It la~ted durinR the entire afternoon and vast 
quantities of dust were dischargt><l. This period of activity ( r914) probably 
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culminated in the outbreak of Saturday, July IS, beginning at 5 •zs • in the- morning. 
Of this, the record kept by the Forest Service states. "By far the most violent 
eruption to date. Ash, steam, etc., arose to height of J 1,000 feet practically entire 
morning." This eruption is No. Z4- of the Forest Service record (No. 30 of the 
combined record hereto :tppen<l~d , p. r76) . 

Following this outbreak the mountain was quiet until August ro, when a 
moderate quantity of ash was thrown 9ut in the late afternoon and early evening. 
Under date of August 15, Forest Supervisor Allen reported to Mr. Dil!er 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 zr, when the entire crater appeared to be active and the smoke cl oud 
reached a mensured elevation of ro,56o feet above the summit. Fallowing is an 
abstract from a letter from Supervisor Rushing dated August :7, 19q, describing 
the activity of rhis period: 

The eruprions of latt week were considerably heavier than any formerly seen, :ind the 
er.ipcion of Augusr 19 w:is plainly heard by p:irties entering the Manz:inita Chute [distant 
about 5 miles nc.rthwest of the mountain). From the west end seven vibrations were felt 
by Ranger Bramhall at Jessen and Stuart's place in section jO, T. j I N., R. 5E. [dist:int 
5 miles northeau; reference is to Forest Sen·ice m:ip of Lassen N:icion:il Forest, 191jj. 
Rumblings and noises similar to rocks sli~ing have been he:ird by the lookout on Brokeoff 
Mountain [.J. miles southwest! during all recent eruptions. There is only one cr:iter so far 
as we c:m determine. . . . Rumors of new craters arc causc:d by parties seeing the :ishes 
or dust being blown by whirlwinds from different parts of the Mountain .. . 

From this time on eruptions were of greater duration and heavily ash-laden, 
but apparently of more moderare violence. The total number of outbreaks re­
corded at the Forest Service observation stations during the year 19q is 6<) (from 
all sources uo). Of these, the first r7 (up to July 13) were sharp and short, none 
lasting more th::in an hour. The eighteenth eruption (July 15) lasted + 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+ hours. From 
the fiftieth outbreak (October I) to the end of the year but one eruption (the 
fifty-third October 7) exceeded an hour in length, (see p. 176, et seq.). 

CHARACTER OF EXPLOSIONS OF 191-1. 

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, ,µnd 
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 cJe:ocribed as a volcano or a geyser, the 
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fatter apparently being sugg~ted by one of the earliest Forest Service dispatches 
(p. 8), by the steam clou<ls, and by the ,.eport 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 presrnt eruption, is 
a true volcano. 

The precise character of the explosions which occurred during l9I+ can not be 
determined from information available on thr ground. ~o 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 twici! reported on the mountain, once by 
the Forest Service and once by Mr. Diller of the Grological Survey, but neither of 
these reports was connected with the more violent phases of activity. Neither have 
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Fig. 8.-0ctober 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 e.'<plosions. 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 summit, confirm this. It would almost seem as though the 
explosions of the first summer were altogether of the ste:im-boiler type without the 
participation of fresh lava or more rhan insignificant quantities of the more acrive 
chemical ingredients common to the explosive volcanoes of the West Indies or the · 
i\Iediterranean. 

The absence of :111y evidence of continued high temperaturr- on the mount<lin 
appe:.irs to confirm this conclusion, for all of the phenomena observed during the 
summer of 19q. could have been product!d by expioding steam without attaining 
high temperntures loc~lly. The further faL:t 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 tht' crater by the successive ex­
plosions continuing through several months, that for a few momem:s red-hot rocks 
should have become exposed and a few· f&agments 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 191+ or 
red-hot rocks were thrown out, has been somewhat difficult to answer conclusively. 
The newspapers reported such occurrences very early, and isolated observers re­
ported having seen such displays at night durin~ the summer months. It is hardly 
possible to give full credence to such observntions so long as they remain entirely 
isolated and lack all pn:cision of derail. With the mount::iin under constant ob­
servation from all directions in a time like th is, a real display of glowing lava or 
bombs would cem1inly 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 rock!> and othl"rs brilliant white 
flashes. No one with whom the writer has talked has ever described a full flight 
of any hot object (in 191+), including it; fall and boding, although the mountainside 
was in plain view to many observers (cf. observations of 1915, pp. lS,19). 

A glow in rhc he:ivens at night was rrported on one or two occasions from 
Chester, but this observation also is subject to a certain amount of reservation in 
view of the fact that the sunset during the summer months is behind the mountain. 
From Chester illuminated clouds are ofren seen in the west in the evenin~ hours 
without any unusual significance being attached to them. Such a glow w:is not 
reported from C·ther places, nor was it reported from Chester during the darkest 
hours of the nii:;hc in 19q.. The only authentic statement of reasonably positive 
character bearing upon this subject during this ye:u is f0und in the Forest Service 
records. 

Mr. R. B. Hotw.w, 
SEPTEMBER 30, 19q. 

Mr. Wade, the lookout on Turner Mountain [15 miles to the south], distinctly saw 
luminous bodies which appeared to him co be red-hoc scones thrown out. He counted 
17 distinct luminous bodies. The same phenomenon was seen by several pan:ies :it Chester. 
This is the first time th:ic :inv forest officer has seen indications of fire or molten material 
although on :it least cwo och~r occasions priv:ice pan:ies asserted chat they saw what ap­
peared co chem to be fire. The crater h:is opened up on the west side of the mountain for 
a considerable dist:ince and considi:r:ible qu:inticies of steam issue from its entire lengd1. 

(Signed) w. J. RUSHING. 

No other incident of the kind appears in the records of t he Forest Service. In 
rrply to an inquiry from the Geological Survey upon this subject the following 
positive" statement was received: 

DECEMB'llR q, 191~. 
Mr. J. S. DtLl.F.R, 

We have no record of anyone having visited rhe cr:aer lately, so c:in not q uote any 
proof of heat except :is given by our Turner Mounc:iin lookout as described in my letter 
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()f November 7. (Rc:pe:its information contained in lc:tter addressed co Professor Holway 
on September 30, quoted above.] 

The c:rupcion upon November r8 was seen by me from near Re:icling, and I feel posi­
ti\'c that there is a vent somewhere ne:ir the base of the rnouncain on the north side, al­
though no one has verified chis by finding a crater thc:re. The crater on the west side ne:ar 
the cop is much enl:irged and the entire west slope of che mouncain is discolored by volcanic 
dust. 

(Signed) W. ]. RusHJNC. 

In endeavoring to reach a ·propt'r conclusion regarding these occurrences, we 
should noc overlook the fact tliac all these eyewicnesses were.' viewing volcanic 
phl·nomena for the first time. This is not primarily to question the av<'!ilable 
c.'vidence, but rather to emphasize tht" need of bringing expe-rience to bear on the 
interpretation of this evidence, for which purpose the introduction of trustworthy 
observations elsewhere may be- profitably invoked. The- observers reporud bright 
objects in flight above the crater. It is a natural inference, but not a necessary 
consequence-, that these moving objects \Vere blocks of hot Java. Such witnesses as 
I had tht" good fortune to talk with afterward were uncertain .1bouc important 
details which wer~ necessary ro esrablish chis conclusion. They \\ere not sure, for 
~xample, whether the Aying objects were red or white, nor did they observe that 
they fell to the ground. The record of the eyewitnesses during the year 191.f. is 
confined to the observation of moving objects appearing to emerge with the explo­
sion cloud from the crater, but which were noc 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 :o miles may easily have suggested more tangible obj~cts. 

To this we may perhaps add chat during the year 1914 no volcanic ejecta show­
ing evidence 1f recent heat were found, either on th~ summit or flanks of the 
mountain, despite a 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. Neither were any fires started in che surrounding forest after 
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 avail:tble which has not 
been cited hitherto. Charley Yori, who frequently served as a [.)cal 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 
accumulation of snow on the summit was uncommonly heavy during the following 
winter (191+-15) is therefore entitled to full confidence and has been confirmed by 
uther visitors. This observation be:us directly upon the question of high crater 
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temperatures during 19q.. If red-hot lava had been exposed on the summit durin~ 
the summer and autumn of that year, heavy snow accumulations upon it during the 
following winter would have been impossibll.". Indeed, in the winter of 1915-16, 
when moderately hot material did fill the c1ater, no snow accumulated within the 
area of activity. · 

During the winter opportunitit:s for observation arc rare and usually poor. 
The summit is surrounded by clouds and covered with snow. Except for explosions 
of sufficient power ro penetrate above local clouds and so be observed at considerable 
distances, the reports of the winter of 191+-15 must be regarded as incomplett:. 
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 throui:h 
the autumn and winter of 19q., scattering ash and small fragments for miles to the 
eastward under th•! 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 che intensity of such explosions. T11e 
Forest Service, in default of otht'r standards, based its estimates on rhe height of the 
dust cloud above rhe summit, but this is hardly a measure even of rhe volume of the: 
blast, for the puffs vary, not only in intensity but in direction and in duration, and, 
furthermore, several new openings are believed to have participated in the winter 
activity. Within a period of 4 or S months during the winter season, probably no 
acrivity was obsen'ed from a point nearer than the Forest Service St:ition near 
Miner:il, 15 miles co 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 chis elevation. All 
obst'rvers agree that the qu:intity of snow on the mountain in the winter I91..f.-15 
w:is uncommonly large. 1 The drifts in the bays, high up on the flanks of the 
mountain co the south ~nd northC'ast, immediately adjacent to the peak, were 
probably not less than 50 feet deep. The crater conditions characteristic of the 
first stage of activity (first year) wt>re last observed by E. X Hamptoll on March ZJ, 
1915, when an ascent to the summit was made and several photographs of the: 
explosion crater were taken. From these photographs it appears chat the new 
explosion crater had grown almost to the full size of the old crater bowl. It is 
dcscribc-d as nearlv circular and about 1,000 feet in diameter. 

Between this -:_,isit and the more violent activity of May following, certain other 
physical changes at the summirwere indicated to observers at a distance, though just 
what these changes \Vere and how they occurred, whether by continuous slow upheaval 
or as the result of successive explosions, ic is impossible co say. Mr. B. F. ·Loo~is. 

I Records ~I nnrhy sruion1 or rhc u. s. w.nh•r Ouruu :ire as follows: Sno"·(;ll 21 Chenet' (tJevacoon 4,;;o r .. 1) 1r.11• 
1:. 91.; on.; 11}1:-13, 1;;.: in .. 11}13-1_.. :10.1 in.; 19q-1;, 183.: in. Snowfall ar ln1~1p (devmon 4.9r; r • ..,11 1•111-o:. 
1;1.6 in.: 191:-1;. :;:.G on.: 1913-1~ :33.; in.; 1914-1;, :;c.4 1n. O iinaroloi:1cal Data for L'notcd Sines, ;-; .. n huurin 
C2hfom1a, pp. 31, jj, t:. S. Weather Duruu, 1916. 
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observing from Anderson, which lies to the west of the mountain, about 45 
miles distant, was the first to detect a small b1ack mass pushing up into the cleft 
in the: rim on the western summit. Miss Alice: Dines, postmistress at Manton (20 

miJc:s west), in a private letter Junt" S, 1916, writes uf similar changes: . . . " the 
dark formntion began to rise above: the level of the mountain about the 16th or 
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Fi1. 9.-May 22. 1915. The iireat eruption 5eCl\ 

from the cast. Photo Yori. 

1Sth of May, black during a dear day." This change appears not to have been 
noticed else\\ here and no observer hazarded rhe winter ascent in pursuit of further 
information. It would appear front these two bits of evidence, made by two inde­
pendent and most faithful observers of occurrences at Lassen Peak throughout the 
eruptive period, rhat the crater had been partially filled from below bi:fore rhe great 
eruption of May 19 took place.1 

'See 2lso -\ppenJix under :Vby 111 .. D", p. 1S: . 
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F1aST Arl'EAkANCE or C1.ow1Nc LAVA. 

On May 19 an eruption occurred which for volume and intensity proh.ihh 
overshndowed :inything which had preceded, but which was but imperfcctlv 111;. 
served because it occurred during rhe night. Mr. Olsen, from the leeward i;ftli: 1 ,1 
the mount:iin (Chester), says : "Lassen seen this afternoon the first time fur !>i\ 

days. Was in eruption :ill the time it was visible. After dark ;:i steady glow of li~lu 
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 all day. Fir\· 
lava seen on top at 9 p.m." 

The first report from tht.> Forest Service came in a telegram at 1oh30•• p. 111• 

from ranger Seaborn :tt Jessen and Stewart's place to the northward of the mn1111• 

min: "First indication of eruption was tremendous flood of mud, ere., down l l.ir 
Creek. Meadows covered." 

G. R. i\lilford telegraphed on May 20 to Mr. Diller of the Geological Sum:y, 
Washington, as follows: "Lassen Peak in violent eruption 9b30"' to 1ob30"' b:-t 
night. Fire observed coming from crater. Incandescent ejecta roll down tlu· 
mountainside. I observed the spectacle from Volta, 10 r.tiles 1 from Lassen Pt"ak. 
Many in S:Jcramento Valley saw the same." 

This graphic telegram was later supplemented by a letter (November c7, 191(1) 

to Mr. Diller, which we are per111itted to quote practically entire: 
EYer since ~lay of 19q, when Lassen Peak first showed indications of springing inro 

life, and t:iking its 1>lace among the more or less :icti\'e vok:inoes of the world, reports h:t\·c 
been circulated from time to time as to the observance of fire within :ind coming from rhc 
crater. These reports when thoroughly in\·estig:ired, lacked substantiation and corrohor:i· 
tion, boch as ro the hour the fire was visible and :ilso :is to itS duration and m:ignituJt'. 
However, it was not until the night of May_ 19, 1915, that the observance of :in eruption 
accompanied by fire of sufficient magnitude and duration was so generally noted and cor· 
roborated. On th:it date the writer w:is at the Volta plant of the Northern California Power 
Company Cons., chis plant being located about :! 1 miles due west of Lassen Pe:ik. 

About 9\ 15"' p.m. word w:is sent in by telephone that Lassen Peak was in eruption 
and fire could be seen coming from the crater. In company with Mr. and Mrs. Chas. R. 
~'lilford, ~liss Catl1erin Milford, Mr. C. E. Johnson, '.\lr. and Mrs. F. A. Dooley, Mr. anJ 
Mrs. Geo. Risley, the writer went co a point of Yantage about 100 y:irds southeast of tl11: 
power house, where an unobstructed view of the peak could be had, and there found that 
reports were true and that the mountain was in eruption and fire could be observed coming 
from the cr:icer. 

Our attention was first drawn co che deep-red glow which appeared over che cr:itcr ~nJ 
was of sufficient intensity to illumine rhe entire outline of the mounc:iin cop. There was no 
moon, the heavens were dear, yet this glow was bright enough to be reflected in the dt.:nsc: 
clouds of sce:im and smoke arising from the crater. From time to time the glow scenll'J 
to change in brilliancy, now brighter, now dimmer-this v:iriation due, no doubt, to rhc: 
varying density of the clouds of ste:im and smoke issuing from the crater. . 

As we conrinued ro gaze :it the wonderful specc:icle, the glow commenced to incrc:isc: 
in brilliancy, now brighter, now still brighter, until. behold, the whole rim of the cratl·r 
facing us was marked by a bright-red fiery line which wavered for :in instant and cl1l·n, 
----~--------~------------~----------------------~·~~-1 Obvious!>• 2n error; \'olra 11 :1 miles ,.·esr of bucn l'c2k. See ~lilford's letter fullowinc. 
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in :1 Jtep-reJ sheet, broke over che lowest part of the lip and was lost to sight for a moment, 
onh· ro reappear again in the form of councless r::d globules of fire about 500 feet below the 
crater's lip. These globules, or balls of fire, were of varying size, the largest appeared at 
rhac Jiscance (z 1 miles) about 3 fc:et in diameter, the smallest appeared as tiny red spar Its. 
All maintained their brilliancy :is they rolled down the mountainside until lost to sight be­
hind the intervening r:mge 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 sl:ig in some smelter. The ~low over the rim gradually increased 
in intensity until the pot's rim was brilliantly marked by the appe:i.rance of slag im:lf. 
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 .:ind appears against the badc­
ground as splashes of deep-red molten material. 

As stated earliest in this article we w:uched this re~ccurring boiling-over, as it were, 
of che crater for a period of two hours, at the end of which the activicr seemed to decrease. 
Concluding that the display for that evening was nearly at an end, we returned to the 
power house and made prep:.racions for a trip on the morrow to Manzanit:i Lake, which 
lies almost at the foot of the mountain. 

Next day proved a disappointment, as the sky was overcast and the peak was shrouded 
in dense Storm clouds. Nev~rtheless we started, and arrived at the l:ikc about 10 in rhe 
morning. At brief intervals the clouds would bre:ik sufficiently to pennit us to sec the 
peak, which w:is steaming and smoking in great volumes, indicating that the :ictivicy had 
immensely increased. \Ve a l~o observed chat there w:is on the western slope a dark mass 
of matter appearing almost black. This mass appeared :ibout r ,ooo feet across and ex­
tended down rhe slope for p•>Ssibly a distante of z,ooo or z,500 feet. From our location 
this mass appeared like volcanic mud and must have been of a consistency greater than 
ordinary mud, as the surface still m:iintained 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 :Vliss Dines. Mr. Milford's record, considering the distance 
away, is clear and positive. Sufficient incandescent matter was visible at the 
summit to illuminate the iummit oucline ::md the smoke column above it at a dis­
tance of 2 I miles, and some appe.irance of movement there was plainly visible. 
The incandescent mass "hich he describes to resemble a slag-pot overflowing at 
intervals of S or 10 minutes does not, upon close examination afterward, appear to 
have been a fio,.,,·, There is no evidence of recent fiuidity in the ejected material; 
it appears rather to be a shattered portion of the solid volcanic plug uplifted through 
rhe western cleft in the crater rim along wich the general upheaval of the crater 
bottom. The bright spots which Milford describes as splashes of "deep-red,. 
molten material were probably due co the breaking off of hot fragments revealing 
fresh red-hot surfaces which flashed out and then gradually cooled, ,~ ·hile 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 
t:dges are noc rounded nor side walls sagged. The coca! surface of the criangular 
mass which Mr. l\·Iilford saw was abouc r ,ooo feet long from the crater rim to the 
terminating point (fig. 10) and about 300 feet wide at the rim. 
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It also appears from Milford's letter that he <loes not believe the: rumors of 
glow on the mountain and red-hot fragments thrown out before this elate, that 
is, during the year 191+, to be true. Supervisor Merrill, of the Forest Sc:rvice, who 
was stationed within vic:w 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 tangi_ble evidence: of the appearance of incandescent matter 
in the crater until the night of May a9, 1915, nearly a year after the beginning of 
the f)Utbreak. 
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Fir. 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 
chat he is one of the very few experienced geologists who have studied this erup­
tion on the ground. He says: 

There were also m:iny reports that the volcano had ejected red-hot boulders and molten 
lava. The wnter examined the rocks in se,•eral ef che localities credited with having 
received such deposits, but so far h:is found none differing from the characteristic rocks 
of the old crater. Nor were there found an~· rocks, eld or fresh, bearing evidence of recent 
fusion. It $eems ,·err probable: that molten lav:i has been near the surface, and it is quite 
possible that small quantities have been ejected. There are many reports from trustworthy 
people that " Rames " have been seen. The writer, with a good fidd glass, watched until 
after dark the diminishing puffs of ste:im and dust of che eruption of June 16. Shortly 
after sunset he saw apparently most perfect fbmes shoot up from the crater's rim. 
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J 
Plate 2-Viewa of the mud flow, May 19, 1915, in Lost Creek 11.nd Hat Creek Vallcy1. 

I. June 4, 1915, West Fork of Hat Creek. 

.. 
Photo Sc11born. 

2. May 27, 1915. Lost Cump. The buildings atood in tbe foreground prior to tl1c mud flow. 
3. June 4. 191 S, Jer.sen Meadow from the lower end. 
4. June 4, l91'i. Jenen Meadow from die nortl1cllst eorn!!r wl1cre the mud flow crossed Lo11 Creek Divide. 
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I Iowever, as che sun sank lower chose app:irent Rames bec:ime entirely d:irk, except for the 
highest part of the column. A minute or two later the entire jec became wholly dark. 
There remain, however, reports of luminous objects and glows1 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 conce:iled by darkness and remained unsuspected until some · 
time afterward. No one kne\v, for exarpple, that thc;re 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 results of 
this blast escaped obscrv:ition for the m<nnent, but the great ava lanche of mud and 
water, boulders, :ind forest debris which resulted from it pouretl down the moun­
tainside along the valley of Lost Creek, in part over the divide ii:to Hat Creek, and 
thence around a sharp bend to the northward in an overwhdmi11g flood which was 
reported by Ranger Seaborn (p. 16), 7 or 8 miles below. These parallel valleys, 
Hat Creek and Lost Creek, conrnined fertile meadO\vs 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 debris of this destructive Rood, which 
the newspapers forthwith described as a flow from the crater itself. This erroneous 
conclusion was corrected by Prof essotl Holway a week later, and by Loomis, who 
visited it z days after its occurrence. His resume in the Anderson Ya/lry News of 
March 17, 19zz, is as follows: 

It was on May :o, 1915, that the first great eruption of Lassen Peak occurred. An 
immense amount of hot water1 steam, and hot rocks were thrown out on the east side. 
There were deep snowdrifts on· che e:ist side, and chis mass of hoc staff melted the snow 
and the whole mass r:m down the mountainside, caking e\·eryching before it. There was 
:i heavy growth of timber there before the Rood, but chis was all swepc away. A great 
part of this mud and water ran down Lost Creek, " '1ile the other part crossed over the 
dividi: and wenc into Hat Creek. · 

Four ranches were w:ished away by the Rood. Nelson Stewart's place on Hat Creek, 
:\dams's pl:ice on Lost Creek, and Lost Camp, anJ yet farther down the Perkiss place. 
The flood not only washed the land away, but left the places covered with logs and rocks 
everywhere. The Perki~s place was formerly a Rat meadow, but now there are a hundred 
rocks or more from 5 to 10 feet in diameter where formerly there were no rocks at all. 
[Plate z.J 

1 For u amplc: "~clson Olson of Chester. who l:epc 2 nucobook of hap11en1ni:s on che monnuin, nod he h•d moved hi1 
bcJ so 21 rn Stt rhc m11unc•1n cunsrandy fro m his w1nJo .. - H nui.111. bur h•J onh- onto (:• 30'" a.on • :\1.r 1 ;. l?I ;J sttn 
.,.,Jenee nf tire He Jc,cribod chc rohcnomeno n JS• scnrs of ~>Shes rominc frum 1hc <r>tcr 2nJ shoonng uf'W>rd hke Rnman• 
candle balls. Sc,•cnl in nmnbcr. Short Bi~hu. L:i1tcd 5 mm111cs. In roroly ru a ~uosrion whcthtr they • ppcucd whirr or 
r<~I, ho said white. and 2JJeJ rh•r he thnui:ht at the lime thot thcr mii:ht be eloccric tb ;1h..s. 21 rhoy upircd h1i:.1 in the :Ur 
without r•turnini: co rho srounJ." 102~·. Fidd nocu of :\lay 13, 1916.) , 

••Charle,· \'on, tho bssen Pc:ik 1:111Je, 211<1 .,f Chnrer. said he h•J he.rd frnm Olsen o f the •bov• c bscrv•rion and later, 
in the month of October, 191;, had seen Au hcs himself. A•kcJ wh2t they luokcJ like. he said "Li11htn1ntt '.'" (D•r. Field 
notes or !\lay 13. 1916.) • 

":\1 "s Kdh·, schoolm111rou •t Chester. s• iJ thu she. in c<1rnp2n,- \\1th rhe driver uf t ho Chester-Red Bluff srai;o (who was 
flt.Sent 2nd confirmed rhe ob1cn·2no11) had soon unmist:ahblo b rii:hc•rcd ~uh,., un rite n1cht uf Ocrobcr :9 or JO. wl11ch went 
out suddonl)' and wore nor 1ccn ro Jo:sccnd. I suiz~l!11td th•t n:J·hnr rucks wuulJ h:avc rn bc -<cry farce co he secn ~t a disrance 
"~ :; mol.s 2nd chat 1f very lari;o, could hudl>• • i:o uut 111Jdcnly ", She rhuu~hc they n111:ht be cl.ctrinl hshes.' ' (Dar, Field 
l"otcs of June I, 1915.) 
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\Vid Hall lived at Old St:ition on Hat Creek, ::io miles from Lassen. . . . 11~ lh. 
folks . . . left the door open on leavini:; and the mud tilled the house up to the w11111 
sills. This lo:ided the house down :ind kept it from floating aw:iy. "" • 

Professor R. S. Holway, writing in· the Sun.ut Maga:in~ for August 1(11 • 

describes the occurrences in a similar way after a study of the situation un 1 1~ 
ground. He says: 

In this gorge the winds drift the winrer's snows, making a huge snow ncltl which ti"' 
through the summer. During the period in which Lassen has bt:en erupting ashc~ tht< w111 ,J 
has drifted chem also inco chis same gorge, making the conditions ideal for :i ffuocl of lllu.I 
and water. ' 

Naturally this hot volcanic dust has mdted the ~now and caused mud flow~ . Thr 
writer has followed actually flowing mud on the side of the cone to the edge of chc cr~trr 
and found at the head·of the flow dry dust wherever the rim was bare rock, an<I mu1scmril 
dust where it rested on snow, thus disproving the current reports that mud Rows n·:ilh 
issued from wirhin the crater itself. On the crater rim no mud seemed to h:ivc: hn·n 
ejected from the cracer. The most reasonable tht:ory for the big flood down the cwo cr~,- l,, 
the swiftness and power of which can scarcelr be exaggerated, seems co be the followi 11i:, 

viz., that on the accumulated m:iss of snow and volcanic dust in Lose Creek ~ori:c thl·rc fdl 
a mass of steam and dust from the eruption of Mar ::io, a mixture which probably came in ;a 

blast directed downw:ird by a sudden explosion. 

0Rr<:tN OF rnE Muo Ft.ow. 

A second difficulty in establishing the mu<l flow as a direct outflow from rhc 
crater occurs when the attempt is made to follow the mud stream to its sourrr. 
Instead of fixing by this means a connection between the mud flow and the cr.ucr, 
all tr:tce of the mud flow is lost on the mountainside r,500 feet or more below thC' 
crater rim (fig. 1 r). Although no eyewitness of its actual formation and pro~rl"~' 
has been found, a most careful search fails to reveal any tangible connection on the 
surface of the grnund between the mud Bow, now hard~baked and standing in ir~ 
tracks, as it were, and the explosion cr:lter. It has proved quite impossible to find 
support for the view that th'l:·cr:m:r sent forth this or any other mud Row, as sud1, 
during the eruption of May 19. \V. H. Spaulding, who visited the summit 011 

May 30, says: "The: first reports were that the mountain had belched mud whirh 
had flooded Hat Creek Valley to the north and Lost Creek and Manz:rnita L1kr 
to the south and west of the mountain. Our examinations showed no mud ffm, 
out of the mountain." Neither has the more or less obvious suggestion that thr 
mud may have issued through a secondary opening near rhe foot of the mounc;-iin 
found any supporting evidence on the ground. 

To an observer of this scene + weeks after the explosion occurred, wht!n pr.1r· 
tically nothing was chan~ed and yet the storm had cleared away, so that all part~ 
of the field were accessible, the true course of events appeared obvious, even \\ ith· 
out tht! evidence of an eyewitness. Lost Creek has its source in a mass of snow :11111 
ice (fig. 11 1 left) which tills a great shallow bay on th:: outer (eastern) flank, r~·;ah· 
ing nearly to the summit of the mountain. Within this bay the snow accumul.itl"• 
co such depth in the winter season that all of the l\ummer heat is normally in .111~·· 
quate to mdt it away. (Compare snow deposit of 1916, Plate 5.) This ye;1r 111 
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parrinilar we know that the volume of snow was very great, and even ;;r the time 
of these observations (July 1) a small body of ice remained on the upper slope, sud­
plying the head-waters 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 
uf ir 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 ro the Aow except the melted snow and the hot, ash-laden rain condensing 
from the steam explosions. Condensed volcal'lic steam, foiling as hot rain charged 
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Fig. 11.-July 14. 1915. The northeast ffllnk of the mountain where the horizontal blast$ 
and the Rood originated. Upper left, snow left after pas5ing of horizontal 
blast, Upper center (dark). eastern end ot the upheaved lid, fumaroles indicat­
inii continuation of fault. Lower right, beginning of mud flow. Photo Day. 

~ .I: 

with ash, bathed the summit an<l mdced the adjacent snow, forming rivers of 
mud, not only in the valleys 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 Rood, though it caused no serious damage to the large forest trees 
in its track and so remained practically unnoticed. 

It was, however, not the mud flow but a volcanic blast of terrific power (nuee 
;i rdt:nte) and moderately high temperature, heavily charged with dust and rock 
fragments, ddivered at a low angle in an east-northeast direction down Lost 
Creek Valley, which cleared the valley of its immense trees and indeed of every 
moveable object for more than + 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 net"d to base this deduction upon grounds of prohabil­
icy, for many direct observations of the effects of t he horizontal blast are available. 
Before May 19 the valley of Lost Creek is reported by the Forest Service to h:l\'e 
contained 5,000,000 f<'et of standing timber (original forest ), mu ch of which reached 
the diameter of 3 to 5 feet. After that date rhe bottom of the valley was swept 
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Timber and boulders swept down Lost Creek by the mud ffow of May 19. 1915. 

Fig. 12.-June 4, ;91;. Logs piled on the divide betw~n Lost Creek and H11t Creek. 
Photo Seaborn. 

Fig. 13.-July 18. 1915. 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 )C$Sen Meadow. Photo Seaborn. 

like a floor, and was left without stumps or roots to indicate its previous fi 1n:~r 
cover. Ir was hard to find even a pebble in that area greater than a few inrhcs 
in diameter. In the lower reaches of the valley this floor still carries its covering 
of baked mud flow, sometimes: or 3, sometimes 5 or 6 foet deep, and it is only when 
one arrives at the far end of the devast:ited region that the disposition of the boul· 
ders from the summit and the timber which once covered che v41Jley begins ro he: 
evident. Here are giant tree'> broken and twisted into fantastic groups. \\ith 
here and there a boulder wei~hing up to .15 tons or more (figs. 1z. 13, q., 15). ,.\, 
stated above, this cleaning-out of the timber cover of the valley was not an:um-
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plished in the first instance by the mud Row, because the valley walls are clean 
far above any point reached by the mud. It rt'quires hardly more than a gl:mce, 
however, to show what the agent must have hc:cn, 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 but not removed, and in particular we find them lying in parallel rows 
for nearly z 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 
tying 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. · • 
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Fig. 16.-July 14. 1915. View across Lost Creek Valley S to N showing the timber lyinii 
awa)' from the blast and ilcross the hillside. In the foreiround the center 
of the path of the blast now .swept dean. Photo Day. 

One must not fail to note :ilso char these p:iralld rows of trunks, as they line 
the indosing walls of the valley. are not in the position of rest to which a tree trunk 
falling on a steep hillside would normally attain. nnmdy, pointing down the slope. 
On the contrary, without exception, they lie along the contour linc:s in the position 
least stable of all (fig. 16). Even the force of gravity :iiding rhe fall of the trees was 
quite powerless to dict:ite their position in competition with the force of the blast 
which laid them low. · 

Another inuresting observ:ition 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 :i few foet above the ground instead . The standing stumps of such 
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bear unmistakable, direct evidence of the bombardment which they rccciveil. 
Without exception, their bark is gone on the side toward the mountain, while fully 
retained on the protected side. Similarly, thC' exposed wood on the side toward the 
mountain is completely peppered with fine sand, oftentimes driven in for ;a 

considerable fraction of ;in inch. Indeed, as one nears the source of the outburst 
the intensity of this bombardment was thar 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 vegeliation in Lost Creek Valley and chose covering 
the divide between Losr Creek and Hat Creek ro the eastward. It also con-
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Fig. 17.-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 dev:istated are:i in a 
straight line from the point of outbre:ik on the mountain eastward to its greatc:st 
extent is more than + miles. The area is in general fan-shaped (fig. z9) following 
the contour of Lost Creek Valley and widening out below to an extreme width of 
perhaps a mile and a quarter. On the boun<laries adjacent to this :irea the trrcs 
are down, but were not carried away, and all the transition stages, dowrt co com· 
pamtively insi~nificant damage, may be observed. Branches broken by falling rocks 
are fo und in all directions for z miles or more about the devastated area. 
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SECOND HORIZONTAL BLAST, MAY 22, 1915. 

T!1::re is trustworthy evidence that not all of the domage 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 phocograph of the mountain from Hat Creek 
Valley made by B. F. Loomis in the early afternoon of May 22, just before the 
greatest eruption occurred. In chis photograph the effects of the first explosion 
and of the resulting flood are plainly sh-own, but a ~roup of forest trees on the north 
side of Lost Creek V:11ley (on the right, Place 3) is still standing in chis picture, while 
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Fig. 18.-May 24, 191;. Minor mud Rows on the north and west Ranks of the mountain 
due to falling ash and condensed steam melting the snow. Photo Loomjs. 

in subsequent views they are down (Place +) . No other essential change has 
been noted between this and the later views. There was a second flood accom­
panying the eruption of May ::.::., but the snow had been carried out by the earlier 
blast, so that the water causing the second flood must have been furnished almost 
entirely by the condensing steam from the explosions t hemsdves. 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 of rhe mountain 
respectively, as shown in another photograph by Loomis, taken 01\ May 2+ (fig. 18) . 
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Of these minor mud streams of May 22, which wen.~ witnessed by Loomi, 1
1 
.. 

. . ' ~ . , ' 
(private letter April .20, 1922): 

I have a photo~raph taken in the morning of May :?:? which shows whit ... ~"""-
1 1 

summ!t and only ~me black streak on the west side, where ~ small mud Ruw pruli.ilih ·:: ,:: 
down m rhc eruption of May 19. In fact, the snow was wl11te to the summit wlwn i lir i:r 
eruption of May :z began, and directly afterward we s:iw the streams start ilown rhr .,:,:: 
of the Peak . _ _ These mud streams did not start bt:fore the great eruption, nur ~ti., _ 
ward, but while the greac eruption was on . . . It is unchinkable that war.:r, t·irlu·r \ .. 1.1 
or hot, would Row over the crater rim in gentle ripples, while hot rocks :rnJ mutl i,11, 111 •• 
were being hurled inco the air a mile. Bue I know that hot waccr fell in du: form 11( 1 ,,.11 
which started the mud Row, because nothing else could have done it. 

Of the second great blast and accomp;mying mud flow down the ea~r ''"Pl"' .. r 
the mountain following Lost Creek Valley, Loomis says (A11dasori l'all1·y .\"r:: '• 
Anderson, California, March 171 1922): 

On this second big eruption (May :!.Z) a second Rood went down Lost Crc.:k, hut 11111 ,,, 

large as the first one. Very little snow was left to be melce1I, so th:it the water fr11111 rl1r 
crater (rain) was the greater part of the column of water that went down. t\r.mlwr f11,:h1. 
ful thing happened there to add to the damage caused by the Rood. Hot srl·:im llt·w '"'' 
through that slit in the ease side of Lassen, which blew down across the heat!s uf l.oM .m.J 
Hat Creeks and hlew down every tree for a space of a mile wide, and on the ourcr t·1la,:1· 111 
chis area the crees were burned to a crisp wich the hoc steam. 

P~RIOD OF SUBSIDENCE. 

Following the great eruption of May 22, the volcano entered upon a peri111l of 
gradual subsidenc~, interrupted at intervals by sporadic activity, but none: 111' .1 
magnitude comparable with the great eruption or even ·:if the heavier eruprions 11f 
the previous year. 

During June eight eruptions were recorded, all of short duration; durin~ .f uly, 
six, the lasr of which was fairly heavy and accompanieci by rumblings which \\t"fC' 

heard several miles away. In September and October nineteen were recorded. tw1111f 
which arc reported to have been accompanied by bright flashes as though homh' 
were being shot high in the air, but which were probably dectrical effects (p.1i.:r 
19). During November and December there was but one= eruption of coni;eq11l"t1n~ 
(November r3), and in the winter following no signs of activity were nowl. 

In view of the fact that the first outbreak occurred late in the month of }.l.1y. 
during the period of most rapid melting of the accumulated snow of winter, and rhc 
maximum intensitv of action was rt:ached in cht: same month of the following F·•r 
(1915) under like ~un<litions, it was deeme<l of importance t o make a trip tu d1t· 
mountain in !\fay of 1916 in order tu ascertain whether the snow conditions of thi~ 
season could be definitely associated with the intensity of volcanic activity. .\~·­
cordingly, the month of May and part of June following was spent on ·or near rhc: 
mountain. 

Ir may be said at once that so far aifthis primary purpose is concerned, norhini: 
conclusive could be ascertained, for the reason that the major portion of the cxpu~l"tl 
plug on the summit remained warm c:nough to prevenc any accumulation of sno\\ 
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on ir during the winter of 1915- 16. At the time of our visit on May 22, the anni­
versary of the J?reat eruption, there was no snow to be:: seen in the crater, c:xcept on 
the surroundini; rim, and in consequence chert" was no surface w:u:c::r to be disposed of. 
Whether it is a 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 bl:tsts of 1915. 
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Fig. 19.-July 26. 1915. The bottom of the Jummit crater after the great eruption of May 22. 1915. 
Photo Loomis. 

Fig. 20.- July IS, 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 (191 6) only two eruptions of noteworthy 
magnitude appear to have been no ticed (October 16 and 24). The year 1917 began 
with a serious show of activity on January 17, and in the month of May ·some 
powerful eruptions of sevt>ral 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 ::o activity was nearly continuous. It is of considerable interest: to note 
that t his brief rr.sumption of sustaint'd activity nor only falls at the same period of 
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the ye;:ir as the initial outbreak in 19q and the period of maximum activity in 
IC) 15, but also that considerable quantities of snow, :iccumulated during the 
previous winter, were again available (Plate 5). Eruptions followed this resumption 
of violent activity almost daily until the middle of June, when the extinction 
became practically complete. Smoke clo uds were reported sporadically thereafter 
by the newspapers and by various observers, but it is not likdy that any of these 
represented true eruptions. Indeed, many of them we:-re 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 material at the top of 
the mounta in, and materially ro 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. 
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Fis- 21.-July 7, 1922. Summit of Lusen Peak. Shal-
low 1917 crater. Photo Day. 

At the close of the activity of 19 l 5 there were two major centers of eruption­
one withi11 the old crater at the northeast corner of the crater bowl (fig. 19), de­
veloped by the activity of 19 q and 1915, the other outside the cone on the north, 
where :i radial crack (fig. 20) several hund red feet in length opened some time dur­
ing the period _of maximum activiry (M ay 19-22, 191;), from which most of che 
subsequent eruptions took their origin. In 1915 this crack was no more than a few 
feet wide, but during the activity of 19 17 it increased in magnitude to a crater about 
500 feer in diameter and possibly 300 f e:-et deep, separated now by only a. thin wall, 
probably less than 50 fl'et thick at any point, from the older inside crater above 
referred to. Indeed at the top +o co 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 \vhich developed in 1917 within the 
periphery of the old crater rim, immediately to the west of the- inside crater above 
ref erred to, and possibly zoo feet distant from it. This crater is both larger and 
shallower than the others, but a round "the margin of it :ire to be found the only 
fumaroles which persist :i t the top of the mountain. These are not seriously active 
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and the highest temperature notc:d among them during our vb;it of this year (] uly 
1922) was 79°. This third crater is probably not more than 75 feet in depth below 
the general level of the uphe:ived plug, ::incl lies immedi;udy t• the east of that 
portion of the western rim which is still sranding (fig. 21 ) . 11ireugh the ceurtesy 
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Fig. 22.-Lassen Peak from the air (northwest) showing all three summit 
craters. 

Beginning at the arrow left: 
(I) The outside rift (Fiii 20) 01fter its enlargement in 1917. This crater 

was the center of most of the nctivity subaequent to the 
great erupnon of May 191;. 

(2) The main crater in 1914 and 1915 (Fig. 19). Origin of the catutro• 
phic eruptions of May 19 and 22. 191;. 

(3) A shallow summit crater (Fig. 21) developed in 1917. Photograph hy 
U. S. Army Air Service. From National Geographic Map­
zine, Copyright 1924. 

of rhe Army Air Service and the :'.'ration.ii Geogrnphic Society it is possible to show 
rhe 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 rhe northwest of tht: ~ummit . 
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So far as may be ascertained frorn the present appearance of the summit, this 
entire period of activity is now closed. There are no signs to indicate its 1:arly 
return. 

SUMMARY OF FIELD OBSERVATIONS. 

Gathering together for purposes of discussion the various threads of evidence 
that have been followed thus far in their chrono~ogical sequence, we may divide the 
present activity into three periods: (1) the activity of i9q and the early months 
of 191,;, during which the culmination was approaching; (1) the devastating erup­
tions of May 19 and 12, 191 ,;, 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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23 
Figs. 23. 24.- June, 1914. 

party. 

24 
Explosions enc:ountered on the summit by Robertson's 

Photo Robertson. 

Considering these periods in this order, the first comprehends the long serie~ 
of explosive eruptions that occurred at intervals of :? 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 (1915). At the time of the first outbreak the crater bowl was 
filled \Vith snow to a depth varying from 1,; to ~o fc~t, and the rapid melting undr-r 
the hot May sun was at its height. The initial eruption , .. as explosive in character, 
sending up a cloud of " smoke" to a height of several hundred fef't and scattering 
small fragments and miscellaneous debris from the bottom of the old crater to a 
distance of :oo feet or more in all directions. The succeeding explosions were 
characterized by violent outbursts of steam, some white and some black with their 
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luad of ash (figs. :3, Z4-), ascending to different heights from a few hundred to 
I 1,000 feet above the summit and continuing from I to + hours. Scones from a 
f cw inches to : feet in diameter were scattered in all directions, reaching a11 extreme 
distance of+ miles on the leew:ird (east) side: of the mountain. The fine :ish flo:ited 
eastward under the prevailing wind for a much greater distance. The ejected rock 
fragmentnvere cold and rc:m:iined on the top of the snow without melting their way 
in. During this period the dust exerted no mdting action upon the snow which it 
covered. After the first eruption the forest rangers noticed rwo cracks e:ctending 
in general direction east and west from the explosive opening, and out of these 
cracks clouds of stenm were exhaled .. The snow adjacent to the cracks and to the 
explosion opening was melting and considerable quantiries of water flowed into 
rhe cracks and so into the bottom of the explosion crater, where it disappeared in 
the talus without forming a pool. 

Other eruptions, following the first at intervals varying from a few hours to z 
or 3 days, showed increasin~ intensity and duration, the explosion crater becoming 
rapidly enlargt'd ns the explosions succeeded one another. The general direction 
of growth of the explosion crnter was enst and west, apparentl y following the initial 
cracks, which also correspond in general direction to the rift in the cone and to the 
faulting in the Lassen Peak region, since studied by Diller. 

The period from July I 3 to October I included all of the more powerful exp lo· 
sions of 1914., :ind the average duration of the activity was 3 to + hours. From 
October I to May of the following 1ear explosions were less frequent and of only 
moderate violence. It is altogether likely that many of the explosions of this 
period escaped observation by reason of the short days and the winter cl~uds 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 part, 
appears to be established. Evidence of heat on the summit and in the ejecta is almost 
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 
e:c:imple. This conclusion is equally true, 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 contact 
with it or from ics effects on veget:ition. 

Similarly, the ejecta thrown out during this year 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 melt che snow so long as there was snow where they fell. Later in 
the season wht-n rhe forest carpet in the vicinity consisted of dry leaves o( highly 
inftamm:ible character no fires were set by ejected material. 

This C' Videnct>, when brought together, plainly indicates that during-the-first 
year of activity (19q. and the winter of 1915) there were no evidences of chemical 
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action, of high temper.tture, or of the.- development of great volcanic power. Nei ther 
was there during this period any dislodgment of any portion of the rnounrain struc. 
ture beyond the original east-and-west rift, or of heavy boulders. 

It is pertinent, and pc:rhaps significant, to note that a consi<lc.-rablc: body uf 
snow within the crater basin melted and disappea red 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 :tssimi­
lated cerc.ainly participated in the steam explosions, but whl.'ther or nor :ts a con~ 
rriburory cause will perhaps better bl.' lc:ft to a later chapter 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 . 15), with generally increa~ing 
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violence throughout the summer m.onths 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 inco a hot cavern and witnessing the immediate 
explosion of it as steam. Indeed, if the aper.it ion of the volc:ino 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 rhc: snow was melted, followed by a 
cessation of activity unril the following spring. The fact that no such simple 
mechanism was discovered in no wise disposes of the parriciparion of water in the 
activity at Lassen Pe:::1k. Grear quantities of water acrually flowed into the 
explosion crater and its tributary cracks, as observed by the forest rangers and 
many others, and great quantities reappc:arcd in the explosions. There is no 
evidence that the activity was damped thereby; on the contrary it increased 
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Fig. 26.-Au;fust 10. 191;. Summit. looking west along the south-
em edge of the •1pheaved. plug. Photo Diller. 

r:lpidly during this period, both in intensity ;md duration. The participation of 
the: water in this activity therefore constituri:s one of the chief problems offered by 
Lassen Peak during chis eruption. Ir requires bbor:uory srudy for its elucidarion, 
however, and will therefore be discussed more in detail on a later page. 

SECOND PERIOD OF ACTI\'lTY, MAY, 1915. 

As has been indicated in the preceding description, the first sign of the change 
in the character of the :iccivicy at the close of the first period was indicated by the 
observations of Loomis and Miss Dines a day or two previous to the great eruption 
of May 19 and zz. These observers noted lp. 15) the appearance of a bl01ck mass 
thrust up into the western notch on the summit, which suggested co them, ·and may 
well have been, an upheaval of the whole bottom of the old crater bowl (fig. 26), 
completdy filling the explosion crater, which had grown during the previous year 
to occupy nearly the: whole of this bO\\ I. . The l:ist estimate of the size of the explo­
sion crater reported it to be nearly round and about 1,000 feet in di:imeter (March 
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1915). Its depth was never measured, nor did any observer from June 191-1- to 
March 1915 take note of any exposure of the solid bottom, other than the point of 
meeting of rhe talus from the surrounding walls. In other words, the explosion 
crater during the: first period \Vas always approximatdy •Ill inverted cone, at first 
n:urow and afterward broadening out as the explosions continued and removed the: 
loose material out to the inclosing rim of the bowl. These explosions of rhe first 
period, then, apparently failed to reach solid rock, still less molten magma. The 
observations of Loomis and Miss Dines therefore offer the first due to the appc:ar­
:.i nce in action of the greater forces through which the volcano plug wns lifted :ar 
least jOO feet, and perh'!ps much more than this, 1 and which found release afrc:r­
ward in the two mighty explosion$•of May 19 and zz, 1915. 

These explosions were of very considerable int!"nsiry. The first (May 19) 
came in the night and so brought to view the only incandescent lava cerrainly 
observt"d on the mountain during its activity. I3y virtue of this observation we 
have a clue co the crater temperature while the activity was at its m:.iximum. The 
second of the great explosions occurred during daylight and so enabled the Forest 
Service observers ro estimate by rrian~ulation the height of the dust cloud :iccom­
panying the blast (:5,000 feet above the summit). Associated with each of tlu:se 
great explosions was one or more horizontal blasts of tremendous dc:strucrive power, 
suggesting the nuees 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 ro 
cause destructive ffoods which subrperged the valleys of Lost Creek and Hat Creek 
to a depth of from z to 10 feet for some zo miles. Ir will also be recalled that these 
blasts carried away or laid down in a single direction, pointing away from rhe 
mountain, standing timber up to 5 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 rhe 
evergreens, and that the flood material when allowed to setde yielded something like 
90 per cent of solid matter (including pore-space). We shall consider rhese facts 
in some detail in the subsequent discussion. -

Following this culminating outbreak a normal subsidence period ensued, 
covering altogether :1. period of about z years, in which the activity only once (May 
1917) attained co any considerable intensity. The only poteworchy feature of this 
period for purposes of a discussion of causes is the datt" of the rt'newal of the violent 
explosions (May 18. 1917), which corresponds very closely to the date of the first 
outbre::ik (May jO, 19q) and to the height of the activity (May zz, 1915). 

In type the present outbreak wJs a mild and but incipiently developed counter­
part of rite eruption of Mont Pdee (Martinique) in 190:. A great number of ex· 
plosions occurred, causing violent displacements of old material within rhe crater 
and an eventual upheaval (May 19r5) of the entire crater floor, but these disturb· 
ances did noc lead to a lava flow, nor wen: they sufficit"nt, as in the case of ijanda_i· 

I 300 feet re11mcnn mcrd)· the J11f.rcnce in level h<:tween the bottom of rhe olJ crater bo"·l (b<:farc lf)q) anil rhr 
elevation u( the top of the plu~ afrer rhe u11hcaval (:\br 191;>. The Jcpth of the: Jc!bns uvcrl~ini; rhe sul1J 111111: b.forc •h< 
u1•heaval is of course unknown. 1 he amount uf this J<)bns scartcreJ over the countr) 11Je J1111ni; rho hunJrcJ •nJ mur< 
expla11on1 of the first yeu, before the uphc2\·al, would inJ1C2re that 11 was considerable. 

L- . ·-- -·· 
• - S9 """'Jca:;::a;JJJJ&# 4 

----· 



) . 

35 

san, to destroy or blow off the top of the mount:iin. There is also this further 
difference, that the violenct" of the explosions of Bandai·san was sufficient to relieve 
the pressure within tht> 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 ht>iog sufficiently violent to 
airer radically the shapt' of the mountnin or to remove any considerable volume of 
m:mer from the crater basin (like the great Katmai eruption of 19 12 for example, 
\\hen about a cubic mile of the mountain top and crater basin was blown away). 
In point of violence, therefore, compared with the great explosions of history, 
Lassen Peak showed only moderate activity 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 (likt' St. Pierre, Martinique) in cast" 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 pent'trated through the rim, both 
east and west, for a t otal length of about z,ooo feet, and rising at its highest point 
some 300 feet above the original ffoor·levd, but only random fragments, and these 
practic;illy all at the eastern notch, were projected beyond the mountain top. A 
few of these boulders weighed several tons. 
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CHAPTER II. 

CHEMICAL AND PHYSICAL RELATIONS (Laboratory Study). 

CHEMICAL COMPOSITION.1 

Perhaps no North American volcano h::Js bet>n so extensively studied chemicnlly 
as Lassen Peak. Derailed field investigations, 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 dr.-rniled description of the volcanic products, 
and, although the matt>rials are available nnd await use, an adequate petrolo~ ic;il 
interpretation of the field has yet to appear. Several andesites and dacites and a 
number of pyrocla:;tic products have been described,: and Diller has made a 
detailed study of the qu:mz basalt of Cinder Cont", 1 while Hague and ltldin~s 
provide some generalized descriptions of the lavas.' Desirable detail on the order of 
succ~ssion and the tninera logical and textural variety of the rock types, however, is 
Jacking. Of the mineral phases produced we know practically nothing, the only 
mineral analysis being that of a plagiodase which contains glassy inclusions. 

We possess now somt' 35 analyses of rocks from the Lassen field, of which 7 :ire 
cuffs and 5 arc "secretions" in laya Rows. The remainder consists of 6 rhyolitc:s, 
8 dacites, q. andesitcs, S quartz basalts. and 5 basalts from the regional suite.', 
together with I hornblende." basalt, mentioned above, and l pumice, which arc so 
exceptional in character and occurrence chat in all probability they do not beloni: 
to the Lassen mag:natic series at all. Nearly all of the analyses are of excellent 
quality, and most Jf them have bet'n published by the United States Geological 
Survey.J They enable certain conclusions to be drawn. 

It che analyses of the lavas be arranged and examined critically they are fount! 
to represent five well-defint'd groups, corresponding to the five types: rhyolitc.", 
dacite, andesite, quartz basalt, and basalt. The "secretions'' demand separate 
treatment. The lavas, as Harker has shown/ form a graded series, but where:is he 
considered that the quartz basalts do not fit well into the serial arrangement, we 
find that in gener<il they show tl_ivcrgcncc of serious magnitude only in beinJ! low in 
alumina and high in magnesia '(the oxides chosen by Harkt'r to dcmonscr:ire the 
exception). The only other notable difference is in dwir low wacer content. They 
fie the scheme, indeed, quite as well as the so-called "secretions," which are high in 
alumina and low in lime. Thi" fact chat the silic<i range of the "secretions" embrarc:s 
that of the quartz basalts is suggestive of some relationship between chem. Arran~-

' With the co-u11en1iun of Mr. Aurouue>.u. 
: U. S. Geol. Surv. Dull. 150, 1!198. 
'J. S. D1llcr, :\ lue volc~n 1c ~ruption in Northern C>.hforni>.. U. S. G. S. Dull. 79, 1891. . 
• ;\. H~~ue >-nd J. P. IJJ1n~ :-iotct on the vulc .. nud of Nanhem C2hfornia, Oreiun, >.nJ W .. hin~1on Tcmtunrs. \rn 

Journ. Sci. (3), :;. :::-:;;. 1883. 
1 • H. S. w._shm"1on. Chrin1c2l 2n>.lys.,. oficncous rocb._ U.S. Geol. Surv., l'ruf. P>.per 99' 1917; U.S. Gtul. Surv. llul 

s,iS, 191-:00. 1897: Bull. ;91. 169-17), 191;. 
1 A. H2rl:er, The nuur2l hi1tury ufi~neous rocks, 1909, 111" 1:51 ;;5, 6~s. :8, 110. 
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ing the l:i vas in tht> order of their silica percenrage~. the five types are found to be 
charncterized by a well-defined silica range, and ar.: generally separated by signifi­
cant gaps. The rhyolite range is well separated from that of dacite and is un­
bridged. That of dacire is wdl separated from andesite. The andesite r.inge is 
comparatively wide and overlaps that of quartz basalt, but it and rhat of quartz 
basalt are well marked off from true basalt. The "secretions" embrace the quartz 
basalt range and overlap that of andesite, but noc that of basalt. The analyses for 
each type group of rocks were accordingl_y averaged and the results recakul:ned to 
roo per cent, <ls shown in table t. 

TABLE r.-AVERACE coMrOSITION OF THE DOMINANT ROCK 
TYPES, LASSEN PEAK. 

I 1112 1 J 4 1 5 6 

I SiO, ... ... .. . . .... I iJ .iJ I 68 41 I 00 89 ~ 55 J4 51 24 
I Al,01. . . ... .... . . 14 05 16 .02 16 90 ~~ :1; I 18 .SO 18.li 

F.,O, .... . ... . ... . 1· 0 9'l I.ill 2 .ii 1 iO l J 92 -4 . 19 
ftO.. ... . .. .. . ... 0 59 1 14 2 .iS 4 M J 18 -LSI 
M1.-0 . . ..... . . ..... ~ o 29 1 28 J JJ 6 soi 5 13 6 .29 
Cao . .. .. ... .. . ... . ; I 0.\ 3 20 6 .4S 7.90 i H 9 .90 
~~.o .. .. ... ....... ' J JO 4 08 J .i9 J .26 J .20 2 .80 
h'.,O....... . ... .. ' 4 .?J 2 60 I 65 1.JI 1 22 0 iJ 
H,O .. ..... .. .... . . : 1 J6 1.00 o 81 0 .52 u 90 o .99 

I 
TiO, ..... . ....... , 0 .18 o 2+ I 0 53 o 54 0 .51 0 55 
P,O,.... . • .. .. . . . o G4 0 .10 • 0 .15 o 11 o 10 o 17 
MnO . ..... .. ... . .. · 0 .08 0 .09 0 l1 0 JJ 0 .12 0 .15 

i RaO .. ..... ....... ' 0 1l I 0 06 0 .0-4 0 OJ Tr•cc 0 .01 
s.o...... .. . .. .. . .. 0 .01 0 .02 ow o.m o 04 I rme 

1

1.i:O...... . .... . .. . Tr.ace Tr.ice Tr•ce Tr.ace Tr.ace I :'-lune 

' Sum. .. ... . . . • 100 00 I 100 .00 100.00 j 100 00 100 00 • 100 00 

1. 6 rhynlires. Silica r:>nR•· 74.65 ro 72.+0 rocr cent. 
2. 8 dacites (incluJ•'S 2 Mandc111cs"). Silica r•n~e, 69 SI 10 67.89 rocr cent. 
J . U •ndesires (indudcs I MJacuc" }. Sdic• r:ani:c, 6J..'ll 10 55.ZO per cent. W•tcr rani:c of 12 >n•h•1es, 1..!-4 1110.51 per 

cent. 
+. 8 qu•m: huahs. Silic• r~ns:e. 57..39 10 5-4.S6 per cent. Woier r•n~e or S •n~lrscs. 0.+2 10 0.l i per cent. 
5. S · secretions" in d•circ.s •nd >nJc111es. S1hu r•ni:c, 58.IJi ro 53.35 per ~nr. All nur•bly mh on alu1nin•. 
6. S baulrs. Silica uni;c. 52.95 to 47.93 per cent. 

The serial relations are admirably shown by the average type values and have 
been plotted as a variation diagram (fig. z7). It is noteworthy, in comparing this 
diagram with the "smoothed" curves of Harker (:inother method of averaging, 
which should lead to identical diagrammatic results), ' that the forms of the individ­
ual curves differ some\vhat at the basic end. This is doubtless due to the fact that 
he has included in his di<lgrams the hornblende basalt, which we regard as e:c­
craneous. The figures for this rock and the pumice differ so gre<lcly from those of 
the undoubted products of the Lassen field, that they must of necessity displace the 
average figures of basalt considerably. The mineral charncter and single occur­
rence of the hornblende basalt throw suspicion upon it. and the pumice is not only 
exceptionally silicic, but shows low alumina, :md, contrary co expectation, high lime 
and reversed alkali values. Its water content i:; low (perhaps not a significanr 

1 A. Harker, The nacural hmory of 1~11cou1 rod:i, 1')09. l'P· 1:;, H.i• ni:s. :8, 110. 
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point) and it contilins no manganese. In every way it is exceptional, and we ex· 
elude it from membership in the Lassen suite. 

The Lassen rocks on the whole show some interesting individual features for 
the fidd, which link it with such arens as Shasta, Crater Like (Oregon), and 
inferentially, with Mount Hood and Mount Rainier. It can hardly be doubted that 
these great volcanoes have all had a similar magmatic history and express similar 
processes in the production of their Javils. 1 The Lassen rocks are normally alkali· 
calcic, and only in the range of rheir minor constituents do they differ from similar 
::indesites, dacites, etc., from other paµs of the world. Their TiO, content is a 
little lower than usual. They contain notable ;imouncs of BaO, especially cowards 
the silicic pole, which preponderates as a rule over an ever-present but small 
amounr of SrO. All contain traces of LioO, but ZrO: is present, where it has been 
sought, only in the smallest amounts, and P:Os throughout th<" suite is in smallt"r 
amount than is usual. MnO is present in normal quantity. Cl, F, and S, if present, 
exist in quantities barely determinable by gravimetric merhods. The values for 
H:O dest"rve close inspection in relation to chi: last products of eruption ( 1915). 
Only in the quam: basa Its du they fall below 0.50 per cent. In all the other rocks 
water is present, usuallJ in amounts well above this value. These minor characters 
are also to be seen in tlie 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 cryHallization in the rocks in which they occur.' They are 
notably high in alumina, a little low in lime, and exhibit small but notable amounts of 
strontia. Their alkali i:ontent is close to that of the types 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 complc:tion. Hague ;:ind Iddings have published two inre-resting 
tables of analyses which suggest how crystallization affects the composition of the 
remaining magma. In a pumice from Shasta they give" analyses of the rock, its 
hypersthene, feldspar, and glass; in a dacite from Lassen, the rock, the fddspar, 
and chi: glass are givt!n . 1 In both examples the glass is highly silicic and the 
greater part of the pot.tsh is concentrated in it. We have calcuiated the analysis of 
the feldspar (which contains glassy inclusions) from the Lassen daciu. It is as 
shown herewith : 

Quun:..... . . . . . . . . 16 .o8 
Al11mi1u .... .. .... 0 .50 
Otthncl:ue .... , . • . . ; .co 
.\lbicc .. . . ...... . ~9 ·78} ;\b A 
Anotthnc. . • • . . • . . :8 . j6 =-. u n,. 
\\'ncr .. . . ... • • . .. O.H 

ICO .c6 

1.\ . H2CllC 2nd j. r. lddinJS, ;./01c• Dn 1he vnlunoc:s of :-.:nr1hcm C'2hfomi•, Ore;on onJ \\'uhin~COll Tcrnrnrics, An1. 
J1111m. Sei (3), :;. :::-:Ji, 1883 . 

: li. S. Ueol. Surv. Rull. 150, 189R. 
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These inreresting results suggest that towards the silicic pole the process has 
procec.-ded from the basic side to the production of silicic types. The "glass" uf 
the d:icires m:iy well correspond ro the composition uf 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 h:ls been characterized by the eruption of :ish, 
thr evolution of ste:im, and on May 19 to 22, 1915, by the filling of the crater with 
lava from below (chi: uplifted plug). We propose to examine critically the m:tterial 
extruded in this latest upheaval on external, internal, and experimental grounds, in 
order to ascertain if it presents any evidence on the mechanism of thr recent activity. 

From the general considerations of the preceding sections, Lassen Penk mny 
be interpreted as an old and dying volcano. It has extruded the products charac­
teristic of a very well-differenti:ited 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 comminutel; ash due to attrition in the 
choked vent, with a modc.-rate discharge of steam and rising gases. If magmatic 
material in sufficient quantity to produce a lava flow still exists beneath th(' cone, 
the recent history of Cinder Cone, and the: stage of differentiation attained, would 
lead one to expect the eruption of a lava resemblin1: the products of the later 
stagt's of activity, a rock of more extreme ty pe than the: extrusions of the opening 
or most active phases (andesite)-a quartz basalt or l'Ven a normal basalt would 
not be astonishing. The bel~avior of the Cinder Cone suggests that it is not im­
probable. Lassen Peak itself consists of dacite on the: northeast, which embraces 
the crater, of pyroxene andesitc on che southwest, with norm:il basalt on the lower 
flanks all :iround, and an area of rhyolite on the low we;>tern flank. A mile north of 
the crater is a Vt'ry small area of quartz basalt. 

The real products of the recent eruption, however, differ consi<lerably from 
what might have been expected. The ash is andesitic, or dacicic, in composition, 
while the upl:fted ;ind :11:1ttered plug is an andesite of somewhat v:iriable com­
position, exhibiting three signific:int physical modifications, having in the main the 
chemical composition of some of the old andesitic or <laciric 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 che 
crater, together with an analysis of the youngest dacite of the region (acC'ording 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 Sht'phcrd w:is collt'cted from the Hat 
Creek" mud flow" in June 19r5. It was air-dried, that is, it remained in a screw­
capped glass jar until analysed in 1923. The analysis (No. z of table z) shows no 
peculiarities except a slightly higher amount of silica than would be expected from 
the composition of the lava. Physically this mud flow consists of fine ash, mi.'(ed 
with fragments of two modifications of the andesite of tht" new lava. These coarser 
fr;1gments were removed by passing the m:icerial through a 28-mesh sieve. Of the 
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TABLE l. 

. I . 2 I J I 4 I 5 

I I I I I ,-
' SiO.. . . . . . . .. . .. 63 86 66 45 63 .21 M ;6 68 .72 

Al.O.... . . ... .... 16 07 I 16 19 l 17 . 15 16.87 I IS IS 
F~, . .. .. ....•.. . , 1.56 2 .66 I .JO 1 46 1.16 

I F...O.. ... . . .... ... 2 .Jl I l 12 J 00 I 2 .i7 1.76 
! MK<) •.. . . ..... . "I 2 . 11 I 86 2 96 2 .60 I 28 

C20... .. . . . . •.. .. 4 94 • 4 .SS I s 23 4 .96 I 3 .30 

!Na,O ... .. ........ 359 ! 406 4 .12 409 4 .26 
K.O.. .. .. ... ... 191 2 OJ 2 10 I 2 .29 2.78 

H,0- . . .. . .. ..... 1.47 039 004 OOS 
H,O+ . .. .. . · · ·••. 0 81 0 611 I 0 ll 0 13 I} 0.74 

l CO, ...... .......... . ..... ·1 .. '·.. . . . nune none . .. . .. ... . 
T.O. . . . ... ....... , o .is o J9 I o..is 

1

. o ss I o.Jt 
7..Q, . . . . . . .. . . .. • 0 04 0 01 0 02 tra« . . . . . .. . . . 

I J>,O...... .. . . . .. .. o 12 I 0 .16 0 .16 o 12 . 0 .09 
Cl ..... . ... . ..... ' .... . . .. ......... I 0 .02 I n.d. , . .. ... . .. . 
F . . .. .. .. . .. ... . 1 • • • • .. • .. .. i p.n.d_I p n.d.1 

I
' S . .. .... .. ....... ! OM . 009 OOJ . 002 •... ..... 

Cr,01•.• • ••• . , , • • • • . . . • ,. • . • . • • • none I none ...• • . . . • ·1 
:\1n0 . . ... ....... ·1 0 OS 0 10 I 0 Oi 0 08 I 0 .ll 

I ~~·::: : : ::: ::::: -· ~:~ . :.::::: : ... --~ -~7 . ..o ~1 .. g :~ 
1.1,0.. . .. . . . .. . . tncc I ...... .'I . ....... 1 ......... I trace I 
I . i 

Sum . . • . .. . I 100 16 100 JJ ' 100 27 100 .22 99. 76 

• l~O . .... !'"''"" ! 0 .. 0 DI 1 ........ , .. .... I I Sum... .. .... 100.16 : 100 .29 I 100 26 I 100.22 I 99 .76 I 
I 

Nou1s oF 3 AND +· 

I J I * 
Quarn .. . ... .. . . . .. . . ... 15 .18 17 .28 
Orthocbse . . .... . . . . . .. . 12 .23 tJ .34 

I Albi1e •. •. .. • . . . ....•• . . 34.SS 34 58 I A northite ... .•.. .... . . . 22 .24 21 . 13 
Diopside . . . .... . . . . .. . . 2 .26 1.63 
Hypcrsthene ..• . . , . . .. .. 10.00 8 51 
Ilmenite . . . .. ..• .. • , . . 1.06 I 06 j Ma;netite . . .... ..... ... I 86 2 09 
Apatite •. . . . . .• ..•• .• .. 0 34 0 .34 
Water . . .. . . . . . . ... . . .. 0 J5 0 .28 

I 
Sum . . . ... .. .. . . .. 100 .!0 I !OD .JO ' 
S~·mbols . ... ...... . . I l fll ). 4 '.J.4. 1 1(11).4.l.-l. 
Name . • • • • . . . . . . j Y ellow11ono1e Y ello"nonose 

I. Andosiric uh. Lamn Pnl;, Sepmnbcr 1914. U.S. Gcol. Surv .• Prof. Pap. 99, p. 259. \\', C. Wheeler, analyst. 
'?. :\nJcsmc uh. Hat Creek n111J ffo,.·, emption o( 1913. L"ucn Peak. E. S. Shepherd, analyst. 
J. Pyrn~ene andesne (Jacinc). Dense. ~lauy vanety. The crater, Lanen Puk. Eruption of 1915. Collceted by 

t:. T. All<n. June 1922. i\t . :\uro11ue211, analyst. · 
~- Pyro~cne ando:sstc (dacit ic). Pumiccous \'anco·. The enter, L"uen Puk. Erup1iun of 19\5. Collected by E. T. 

:\ll<n. 1922. ~I. . .\11n>11uu11. analyst. 
S Daatc. East end of Chaos, nunhwest bale of t.uen Pnk. The )'Cunccst daatc of the recicn. J. S. Dillrr, U. S. 

t ;cul. Surv., llull. ISO, p. ~ 18, 1:198. W. F. Hillebr.ind, analyst. 
1 Present-Nat determined. 
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remaining portion about half, by volume, passes through the 125-mesh bohin~ 
cloth wirhout further grinding. Microscopically this powder is distinguishable froll\ 
the powdered andesite (vesicular variety) only in the obvious presence of slii.:htlv 
more qu;irrz. It is a mixture of glassy material containing small crystals off el<lsp,;r 
and pyroxene, broken grains of feldspar phenocrysts, and occasional gr:iins 11f 
magnetite and shreds of biotite. Apparently this material is merely comminutcJ 
andesite (vesicular variety) from tht" lava in rhe conduit. In passing, it may he 
noted that the grains of magnetite and shreds of biotite appear identical with the 
biotite-magnetite relations in the andesite. The main mass of the "mud flow," 
as well as the great quantitit"s of ash and pumice which covered the country to the 
northe:ist, seem to have been of this material. The ash of 1914- agrees more close Iv 
with the andesite of the volcano plug (1915} in composition, the differences in th~ 
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 v;ilues are interesting. Wheeler's sample is practicallv 
;i comminutc-d form of the andesite. The Hot Creek sample suggests a prepondc;-
ance of magnetite. _ 

The andesite of the lava of 1915, which partly filled th~ crater and inrersecrs 
the rim on the western side, 1 is a dacitic rock, an andesite containing insignificant 
amounts of free quartz, a little biotitc.-, and a little pyroxene. It is very variable 
in composition .ind shows thrcie distincr physical modifications-a dense andesice, 
a pumiceous, and a bread-crust variety. The crater was rifred east and west' and 
the t ,coo-foot ~ongue of lava, w~ich transg1 esses the rim, occupies the western 
notch of the rift. from the general nature, disposition, and appe:irance of the lava 
it is the top of a mass of material (the "plug") which has risen in the vent to rhe 
level of the old crater rim, convex in general form, crust.:d and solidified above, and 
capable of viscous movement below. In expanding to fill the 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 b:is a 
smooth fracture. The color is the neutral-gray M of Ridgway. With the white 
plagiocl:ise phenocrysts, \\ hich range up to S by 15 mm. in size, a little free quartz, 
a rare flake of biotite, and an occasional phenocryst of pyroxene, perhaps 7 mm. long, 
may be set.'n. Apparently rolled into it are occasional inclusions from which rhe lava 
has more or less pulled away. One specimen shows a wrinkled surface and an 
abortive, laminated mass-structure which suggests its h:wing been rubbed along a 
colder or more rigid mass, or that the nearly rigid material hus been fractured; other­
wise it resembles all the specimens of the dense material in showing fio.w ,.,.·hile in an 
a lmost rigid condition, which came little short of fracture. All of the dense, 

I J. s_ 01llor. L~Htn Pul:--our mu1t 3ttive volc;no. !lull. Semnul. Soc:. Am. 6. 1-7. 1916. 
: A. L. 03~'. l'cn11ble c3uu1 o( rht volnnu: 3tllVIQ' :at l.anen Pul:, Uull. Se11moL Soc. Am., n. 3)-46, 19::, 

Journ. F nnklin Inst. l?.f• 56r)-5S:, 191:. 
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glassy material examined is sh<lttered throughout in a peculiar m:mner; a network 
of minute cracks divides the mass into cells about 0.5 cm. in di::uneter. While 
not noticeable on first inspection, a smooth or polished surface, when wetted, will 
in d rying show the cracks distinctly. The fracturing is not pronounced enough to 
prevent cutting + mm. slices of the rock, but it is quite definite. The feldspar 
phenocrysts art> 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 oric piece, apparently of this material, showing 
tht' transition from dense to vesicular structure on the top of Cinder Cone, 10 miles 
distant from Lassen Peak. In all respects it suggests Row 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 191+-17, or the fragments 
showing indications of viscous movc-ment belong to an earlier period of activity, it is 
nor possible to say with certainty on account of its shattt'red and disconnected con­
dition. As far as is known, however, all of the newly erupti:d material consists of 
one or anotht>r phase of this parent andesite, or dacitc. 

Microscopic examination shows the dense andesitc to be variabli: in composi­
tion. It may contoin from +o to 6o per cent of g lass, according to the specimen 
examined. An estimate of thC' 4lmounts of plagioclase, biorite, pyroxene, a nd 
quartz occurring as phenocrysts ga'ie the respective proportions 15 : 3 : 2 : less than 
I. Magnetite, in minutt> grains, is the only not.:worrhy acl:t>Ssory. 

The plagioclase is partly fragmentary and moscly rounded. Ir shows successive 
rC'artion surfaces and irregular zoning with it"ss and more calcic m:itrrial alternat­
ing. The more cakic material often penetrates along a fracture line through a 
zoned crystal. The narrow outer zones of the phenocrysts :ire sharply marked and 
notably more calck than the neighboring inner ones, but they show resorption. 
The range of composition, as determinl"d by refractive indices on powder, varies 
between Ab: An , and Abi An:. None of the phenocryst feldspar is as calcic as 
somt' of that of the ground-mass. 

Thi" biotiu is always surrounded by a border of reaction products 1 and for the 
most part is decomposing, as might be expected in a conduit plug which may have 
been reheated several times. This dccomposir.ion resul ts in the grains of magnetite 
noted in the ash of the Hat Creek mud Row, and explains the ferrous-ferric ratio of 
ch..- analysis of the ash. Biocite separated from the rock magnetically showed 
optical characteristics, undoubtedly due to loss of volatilt>s and partial oxidation 
(as will be expbined bC'low) . It gavi: ..,. = 1.68 to 1.7c, with zE = l0° to -4-0", and 
showed varying di:grees of reddening. The pyroxene is near diopside in composirion, 
having ex= 1.675, and Y= 1.715. Ir usually occurs in granular aggregates as though 
shattc-red. A few grains of quartz occur, their corrosion being tht: only 'point of 
inurest. 

The ground-mass is a brownish glass in which both plagioclase and pyroxene 
needles arr .ibundant, but orchoclase is absent. Most of the plagioclase needles arc 

'Cr H. S. \\' 2slun;con, The m21:mnic 2her.acion or humblencle •ncl b1um c, journ. Geul., +. : 57-:81, 191)6. 
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more calcic than any of the phenocrysts, reaching Ah:Ans in composition. The: 
~lass . is brownish by transmitted lighr and full of minute microscopic nyst.ik 
It is highly siliceous, with a refractive index varying greatly over short distaiwt's 
from r.485 to r.500, and is thus notably inhomogeneous. 

The composition of rhe rock is stated in table 2. It is the most silidc of rlH· 
andrsitic group of rocks from Lassen Peak. It has a lower water content than anv 
rock other than quartz basalt which has been analyzed from that field, with rl;c: 
e.\'.ception of its own vesicular _modification. The water was determined by rhe 
Penfield method, and was checkJd by a more elaborate method (exhausdon of the: 
wnter on heating the powder in vacuo, with subsequent absorption by 1>,0J. 
The results wen: in the closest accord. The· ferric ratio 1 is 0.281, and the g:is~ 
content is 10.6 c. c. per gram, at r200° C. (see p. -1-8). Volatile c;onstituenrs sci:m 
to be present in the Lassen rocks in amounts not determinable with cercaincy by 
gravimnric methods. CJ and S were determined in thi3 rock, on large portions, 
blank dett>rminarions bc.-ing made at the samr time. The results merely provl." rhc 
presence of these constituents but can not be accepted as an accurate measurr of 
the amounts present. Tht> results of gas analysis, given below, afford a much more 
reliable appraisal. 

The petrolop;icnl study of this rock, then, shows it to resPmble the rocks of whil-h 
the crater region of Lassen Peak is built. Chemically it resembles certain daciric 
rocks, which have bet."n analy21ed, from the northwest base of the mountain.' 
:\s a volcanic product it represents material which is in anything but a state of 
equilibrium, judging from the condition of the biotite, the nature of rhe pla~ioclase 
phenocrysts, and the variable composition of the glass. Physically also it hns 
suffered a grear :imount 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 shatterl."d and locally heated by ascending gast."s or otherwise • 

. The second modification of the new lava is a pumiceous or vesicula.r andesire, 
much lighter in color than the dense, glassy variety. It apparently forms the 
interior portions of the blocks on the cr:icked and fissured, crusted and expanded 
surface of the new lava filling rhe crater. Its vesicular rharacter, and consequent 
lighter color, and its rough, hackly fracture, distinguish it from the dense andesire. 
In plnces 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 
derailed optic.ii study. The glass is lighter and more uniform in color, and lt:ss 
variable in index than is the dense variety. The chemical composition of this rock 
is statrd in table 2. It parallels that of the dense variety closely, though it is 
slightly more silicic. It is lower in water content than any rock from the Lassc:n 
region (excluding the quartz basalts) \'lihich has been analyzed. Its ferric ratio is 
0.362, and the gas content 7.8 c. c. per gram at r200° C. Thus there is more ferric 
iron and lei:s g:is than in the dense variety. 

~~~~~~.:.......~~~~~~~~~~~~~~-

'The rcrric r:mn IS the r.mu or F •• o, in the rock to the tar•I •mount or irun in the rack reckoned lS Fc,O,. It ..-1111 .. 
11sc1l h•rc •• • rhenn•I inc!u. 

';, H•i:uc ~nd J. I'. IJJin••· :-.:01~-s on the vuk2nou ur~onhcm C2hfom12, Ore~"'"· •nJ W2sl1in~ton Tcrriruri1:1> •. \m. 
Journ. Sc;, (J), :;, : : :-;35, 1883. U. S. Geol Surv. Bull. 591, 16'}-17). 1915. 
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The third modific:nion is a dense, gray, glassy outer layer found upon some 
blocks, both dense and pumiceous. We ref er co it as the bread-crust variety. 
It is usually about 3 cm. in thickness and merges gradually into thl! normal dense or 
pumiceous form. As ic 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 brend-crust variety was decidedly biaxial, with 
.., greater than 1.67. Within the vesicular portion of the specimen, about 30 cm. 
frohl the surface, a flake showed.., = i.67. The glass of the bread-crust is decidedly 
clearer and lighter in color than tha~ of the dense variety. It is not vesiculated, 
however. The ferric ratio of this variety is 0 .480, and the gas concenc 9.5 C". c. per 
gram at 12od1 C. The bread-crust variety seems co have had the most drastic 
natural rehc-ating. Its ratio and gas content are higher than those of the pumiceous 
variety, and suggest that it has bt:en affected by rising gases under oxidizing con­
ditions. 

WATER CONTENT OF CONDUIT LAVA. 

It has been Stilted above that the conduit lava is strikingly low in water 
content. This applic-s ro all three modifications and has b~en verified in several 
ways. With the e:<cl!ption of the quartz basalts, the Lassen volcanic rocks are all 
significantly richer in water than the new lava. The various water detenninations 
are stated below. Those from the rock :rnalyses were carried out by the Penfield 
method; only one check by the P.p, method was madr (p . .µ) ; the values from 
the gas analyses, detl!rmined upon i50 grams of rock. which was broken into lumps, 
and hence free from the plus error due to ndsorption of water shown by powders, 
are produced here, calculated to weight per cent. 

On rock powdc11 .. I 
Rock. I Rodt fr:ii:mcnts-

~2S 2n2l)'sis. 
I PcnliolJ method. r,o. method. 

Den~ •ndc.itc . .. . . .•• . ... • . O JS I n.d. O.tSO 
P111niccous : nJcsirc ..... . .... . 0 .18 0 183 0 Ill 
B rc2J-crusr 2ndnirc . • •. . .• ... n.d. I n.d. 0 . lJl 

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 
th:it a similar relation holds true between bread-crust and pumice from Martinique. 
The bread-crust contains considerably more water than the correspondin~ andesicic 
pumice. This general poverty in water content: in comparison with 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 wnter 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.1 

The gas content of rocks has been investig:ned by various students, ,11111 
1

1, 
previous work well summed up by Chnmberlin in his "Gases in Rocks." L '111,, '. 

tunately none of these investigntors has given any special attention to the rrl.11 .,:,, 

between the composition of the rock and the gases obtained frum it. i'\or h.h .
111

\ 

one of them except Gautier remembered that H :0 is a regubr, and pt'rh:1p~ 1 t,r 
most importnnt, constituent to be determined. The gas content of the m:itt·ri.il .,1 
the 1915 eruption ~f Lassen Peak was examined in connection with a gencr.tl , 111,h 
of this problem of the: ~asc:s'in the rocks which is now in progress. The rl',uh·, 
are tabulated in table 3.: About 150 grams of tock, preferably obr;iined fru111 thr 
interior of a specimen, in order to avoid accidental conramin:ition, were pl:a·cd in .1 

silica rube which h:id been heated and exhausted of its own gases before the ~pl.'11 • 
men was introduced'. 

TABLE 3· 
(\'olumc 1"'rtent2i;c cumrosiriun of 1<>ul 1:31CS. ..\ndcsire. T.2u•n Pnk er .iptinn of 1915. R3sah foqn Im • .,. .• 1 

Drnse. r .. miccouJ. I BruJ-cnist. 1. .-\a. ! Pah01:hoc . 

I t 

CO, . . ..... . .. 1 1 1333311 
j l 959 l :U!i l .Oil I 6 80 .; 673 

• I I 
CO: ..... . . . II 3 3 - 01 3 3133~ 0 50J 0 310 0 623 3 83 0 601 
H1 .. .... 1 .. 0 33 :'3:•:,. i I 18i 0 210 I 0 ·H2 l 6 U! I 085 
N, ,:13330"3333 3 0 ; 03 : , 3'> 0 029 I 0 116 I 0 .57i 1 31 0 269 
A ...... .. .... .. . :.: ... 1 I 0 OU03 0 018 I 0 .003 I 0 Ill I 0 003 
so. ..... ..... : .. ,;. ; 13 n. J. n.d. 

I 
0 .009 0 26 I O • .;<» 

S. -•• 1
"'"' • • 1 · 0 • 11 • •• • 0 123 0 .215 0 882 I n.d. I I JIU 

O.:oI; 13133 .. 30": ::II 0 . 129 I OA28 0 :2'li I 0 26 I 0 "'°~ 
I ~',O: : :: ::: :: ::: . :: :::. n.d: n.d. I SU n.d. I n.d. 

96 06i 97 .519 I 93 658 
I 

80.li 90 580 I 
I • I -

I~ 
l Toul 12,ct per 11r:im of I I I I 

rock, 2t i60 min. 3nd 
1200• C ...... . .. .... I 10 6 '·'· j .8 CC: 9 s c.c. 9 8 c.c:. 

The first feature to attract attention was the obdous presence of considcrahh: 
amounts of fluorine, This showed itself by etching the gbss tubes next to thl' 
furnace. Unfortunately, in only one analysis was a reasonable :ittempc at it~ 
determination possible. In the absence of dnta on other rocks too much ,.mphal>i' 
must not be laid upon this fluorine content, which may be due in p:trt to the biotiu. 
One hns the impression, however, rh:lt the amount is much too great to be :tccoun1l·1I 
for in this way alone. 

In gener:il, the volume of gas per gram of rock is the first matter of intcrc:-t . 
If these quantities be calculated on a wc:ight per cent basis they are insignific;111tly 
small, but expressed by volume at 760 mm. nnd 1zoo° C. (the temperature at whirh 

• Wirh rhe tcH•per>esun of F.. S. Shepherd. • 
•Table 3 ~,.cs the volume perccnni:cs of i:3ses t>b13i11eJ b~· hc•un" the mc:k '" :ot1<110 to •bout 1200• C. Ir 1111ar t~ 

rcn1c1nher•J th•t urry1n~ out cump11tauon• ru rhe third or fourth Jccun•I plocc 11 not cv1<l~nce uf ~re•t pr<"1""n in 11" 
onolyncol work. hut • rt111lt uf 1ncluJ1nt 1n the com1111romm •hnut o: ~ n: H:O wh1~h 1s ""'1~h.,J n such: Si1n1b1h ih r 
h2lu1cns 3nJ sulphur (except SO,) hov" tQ Ii• Jcrerm1n•J ;12v1mcmc•llr 2nJ 1nclud•J •n rhe cu1n11utauon. In ~·m· r•1 • 
the fixctl 12scs amount tu 3buut 10 c. c., winch an: p•ssc<i o•·er into the 3pp•rotns •nJ •n•lnctl. \\'hen t <>mpntc.! to 71.0 """ 
•n<i r ;oo' C .. t he wotcr vopor usually omounu to obuuc a l11cr, so th.tr d1c other con1mucnu, 1f they arc to be "l"' , ..-I 
n •II, muse be i;iven in dccimols. 

------- ._ ·-- _ .......... 
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.ill the volatile constituents of th<" rock would exist ns gases), they mny be used. 
toJ,:ether with the rock nnalysis, in any discussion of the composition of the m:iterial. 
In tht; case of the new lava of Lassen Pc:ak it will be noted that the dense andesite 
an<l the bread-crust variety show about the same gas content, while the pumiceous 
portion has lost an appreciable amount of its gns. 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 ori~inal, dense andtsite, and1 in a general way, it might pe said th:J.t the suir 
posed reheating hns been accompanied by some slight oxidation of the volatile 
matt<.>r. A simibr relation seems to exist in the gases of the: Hawaiian lav::is. 

It was most astonishing to find fluorine ranking with CO: as a major volatile 
constituent.1 While it woul<l be unwise to infer too much from this one measure­
ment, appnrencly the fluorine content was high in the other two varieties also. 
Mr. Perret, in his volcano studies in the :vlediterranean region, has nott.'d that the 
initial stages of an eruption are usually characterized by predominnnt h:ilogens, 
whereas the dt"clining stages show sulphur compounds predominant.: This observa­
tion is in accord with what we have so for observed. At Kilauea, where the 
h:ilogens nre minimal, it was found in the 19 I 2 gas collections, which involved about 
I,ooo liters of gas, that fluorine ,..-as about twict" as abundant as chlorine, while at 
Mount Katmai, Alaska, it wns found to be only about one-fourth as nbundant. 
Of course. in ordinary field observations a distinction between fluorine and chlorine 
is not feasible, and it is possible that tiuorine has frequently been overlooked. It 
combines so readily, and its compounds are so ensily obscured or removed, that it 
may prove to have been present in many places without attracting the attention 
which it merits. 

It is within tht" bounds of probnbility that Ruorine wiU prove to be not only a 
significant fa"ctor in the mineralogical composition of the pluconic rocks, but also 
rhat its presence or absence may give some hint as to rhe nature and past history of 
petrogenic processes. For the present it '"ill suffice to note that the renewal of 
volcanic activity at Lassen Peak was :lccompanied by :in appreci.ible quantity 
of this elusive element:. The actual amount of gases present in these rocks after 
they hnve reached the surface is of course not great in wei~ht per cent; on the ocher 
hand. the "JO/um( of gns which these rocks can yield when heatt'd is significant. In 
the above analyses it appears that there is still available, for each kilo of rock, some 
10 or more liters of gas (total volatile matter, including water). Presumably this 
is only a small portion of the gas content of these lnvas when below the surface. 

I Since the ;bovc wu wnnen ; similar hi~h ftuorine contont has been obs~rved in the ~alts from the .\ hmnique lovas. 
:The obs.rvauon1 uc in s:meril accord w11h thuu of Sa1ntc-Clme Ocv1llc H Ema (18;7) anJ dsc ... ·herr, Fouque at 

Santonni (1 66;), ;nd nthcr obscrnn. f"or the hrericurc •••: f" . W. Clarke. The data of ~eochemiur;-, U. S . Gcol. Surv., 
ll11ll. 6<];, :;;-:s., 19:0: and F. , ..,n Wollf', Der \'ulhnismus, 63;. 191+ 
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~·ERRIC RATIO IN CONDUIT LAVA.I 

Determinations of FeO, Fe:Oi, and SiO: were m;1<le on the three: varic:rit·~ ,.f 
the: an<lesite, before and after treatment for the extraction of the gases. The n·, 11h, 
are shown in table 4. SiO: wus determined (to the first place of decimals) in urilt•r 
to ascc-rtain if the- fused rock made any appreciable attack upon the silil·a ruht·, 
which it evidently does not, and also as a tt'St of the uniformity of the samplt',. 
The iron values are taken from the rock analyses for the dens~ variety. Fnr lh<· 

other samples the determinations were- made on special portions by the llll"thml of 
decomposition with hydrofluoric acid. The sampks varied, as might be expc:t:tl"il, 
within narrow limits. In order that the valuc-s might be compared <.lircrrly, rhc 
figures from the :ictual determinations have been rt'calculated on the b<lsis of ;111 

average value of 4.82 per cent of tot:il iron exprt'Ssl'd ns Fe:Oi. The ferric r:uio, of 
course, is nor afft:cted by thl' rec:ilculation. 

TABLE .J.-F£RIUC RATIO IN THE CONDUIT LAVA, LASSEN PEAi., 191;. 

Trmment. I -Si~ -l F~~~ 1- F.O I Tur~I h F. ,,.,. 
:u f~/), r:.11111. 

-, ---i- .--
Densc, ~lauy andesnc. · I 1 , 

I (\) !'lone .. .. • . . . . . . . . .. . . .. . . . . .. ... ... . .. • . . •. . .. .. .. 6.3 2 I 30 ' J ,00 ~ 6.\ O !~I 
(2) ;so• C. for5 houn in 11cam and CO. . • . . . ................... . I 62 . 7 1 Si 2. 70 4 .Si 1 u .I.I I 

I 
(J) 1260" C. for J hours in "'"'o •. .. .... .•... , .•.• , .••.........•. 

1 

63 .-1 I iJ 2 90 I ·LCIS 0 .II•• 
Pum1ceuu1 andcsitc. 1 I 

H) N<1nc .. • .. .. . ..• . . .... . • . . . ....... ...... ... . .. ..... M 2 1 75 2 .i7 I 4 8.\ 11 .111! 
, (!i) 1?60" C. for 4 hour1 i11 roc11a. . . . . . ... l. .. . . . . . ........ . .... I 63 .J j t.i9 2 iS 4 115 0 .Wt 

I 
Brud~n•sr surface or pumiceous anJesire. j 

(t'i) Nunc .. .... ... . .... .. • . . .. .. .. .... . .. • .. . . . .. .. .. .••. .. . M .1 :! J~ 2 .28 I 4 Si II ~l-11 
(i ) 1260"C. for4huuninroruo .. . . .... . . .......... . ... . . .. .. .. . .. , M2 j 1 .iS j 2.7J i82 03'r'> 

Ru .. 1.cuUT!O VAl.UES, AUUllUi<C Al< AVU.AcE or 4.Sl ru. CENT fr AS Fr.O.. 

(I ) None ....... . . ...... ... . . . . .... .. .. ....... . . . .... .. . .... 1 6J 7 I lS I 3 .12 i 82 Io 2111 
(l) i80" C. (or 3 hour. rn arum and CO, . .... . ... .... .. ........... . 63 .7 I 1.65 2 85 i ~? 

(.\ ). 1260" C. for J houn i11 ~or••· ...... . ..... . ... . .............. . . , 63 .i I 68 2 . 83 
H) None . . .. . .. . .. . .. . . .... .". . . . . . . • • .. . • . .. .. . • .. . . • • . • . • • 63 .i 1· 1 iS 2 .76 

I (3) 1260" C. for i hours in ~4t11o.. . . . . . . . . . . . . . . . . . . . . . . .. . .. . . 63 .i I 78 2 il 

I 
(6) None . . . . . .. . .. . .... ... ..... . . .... . ....... . ....... . .. 

1 
63 .i l 32 2 !S 

. (i) 1260"C. forihouni1norvo. .. ... . . . . . .. ... ..... ....... .... . 63 .i I 1.i8 2 .iJ 

~ 112 
4 II? 
"112 
.. 112 
4 S2 

SUMMARY sTATEMEllT or TllE Ct1ANl.lU 111 THE Fu.ate RAtto. 

Roel: variety. Unrrc•tcd. ;go• C in srnm I l260• c. '" r~cvo. I anJ CO,. 

Gu~ontcnt in 
c.c./am.u 

1200• c. 
1-~~~~~~~-~~~~~--·~~~~~· ·:~~~~~-

Denk. .... . . . . . . . . .1 0 281 j 0 .J.iJ (5 hn.) l 0 . .H9 (J hrs.) Ii 10 .6 I 
l'um1ceou1 .• . . ...• , .. .. 

1 

0 .362 .. . • . . . . • . 0 369 (4 hn.) 1 .8 
Brcad~run ... .. .. .. .. . OABO , .......... . .... , 0 .369 (-l hn.) ' 9 ,S : 

II .1H 
(I .1111 
0 .11.1 
O.lm 

(I"~" 
I o "'" 

In rec:ilculating the average values (z) was excluded, being a sn'tall s;1111plc. 
unduly rich in phenocrysts and poor in gl:iss. The values obtained from the 
determinations on (z) were, however, raised to the average valut:, on the assumption 
that the relations of Fc:O and Fe:Os would be the same: as in rhc ocher s;1111plcs. 

1 With the co-opennion of ;\I. :\uroomeau. 
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For this p:lrticular m:neri:ll the ratio, :ts stated above, suggests the attainment 
of equilibrium after the rock has been heated for some hours in a neutral atmosphere, 
or in flacuo. The results obtained are in accord with the other evidence in showing 
rh:it, of the three v:nieties of material, thi: dense andesite has suffered least in the 
natur:il process of rehearing. Treated in the laboratory its ferric ratio approaches 
that of the pumiceous variety, which itsrlf is bur little affected by laboratory 
tre:ltment. 

THERMAL STUDY OF CONDUIT LAVA. 1 

MINERAL CHANG.ES ON HEATING. 

Biotite :Jnd glass are the constituents of the rock most sensitive to thermal 
treatment. The first studies were confined t o the stability of biotite when heated 
through a range of temperature, both in air :ind in a neutral atmosphere. Heated in 
air a biotite from granite ('Y = r.6+) began to lose weight at 500° C., even in an hour's 
time. At 650° C. it h::id become reddish and decidedly biaxial, with .., = 1.69. This 
decomposition occurs in rwo ways; one is by loss of volatile mart:er, the other by 
oxidation . The oxid:uion is the chief factor in the dcvdopment of biaxiality, red­
dening, :ind the increase of 'Y. The biorite of the dense andesite, as stared above, 
also showed decided reddening with a high value for i'j that 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 a~n:iosph~re : biotite. pe:sists fairly well at 850° C. but sho,~s 
mcreasmg decomposition with fun:her nse m temperature. Above 900° C. there 1s 
fairly rapid decomposition with the formation of magnetite. The clearing of the 
glass proceeds \Vith increased rapidity as the temper:nure rises above 850° C. Thus, 
Is minutes at 1050° C. yields a clear, nearly colorless glass. Changes in the 
biotite :ind glass are indi.:ated in the experiments detailed in the following section. 
Plagioclase and pyroxene are but l.ittle affected at these temperatures during such 
short periods of exposure, though material subjected to a higher temperature shows 
a little less pyroxene. 

In the dense, glassy andesitc the biotite always shows partial decomposition, 
with rhe formation of reaction rims, and on reheating to temperatures above 840° C. 
it decomposes with increasing r::ipidity, even in the short exposures here employed. 
Unless, therefore, the effecr of pressure upcn the stability of biotite is considerable, 
it seems reasonable to suppose that this lava could not have been heated above 
850° 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 inf er that we are here 
dealing with a relatively low-temperature eruption so far as surface phenomena are 
concerned. · 

1 With the cu-opn•uon of F S. Shc~hcrd •nil H. E. Merwin. 
'For rod:s 2nJ m1nculs rd•tlVd~· low in ferrous iron th11 •tmosphorc w•• pruv1JoJ b•· nc•m 2nJ C'O, ohuintJ by 

p2111n, 2 sluw current uf CO, 1hm1u:h bo1hn~ d1it1llcil w:a1.r 2nJ p2111n, 1hc m1xiure over red-hut copper before n umc on 
conr~ct wnh rhc minct~ls (or n>eks), which uc pl:accol 1n :a 1iltca rube. 
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BENDING (FLO\V) TEMPERATURE OF DF.NSE ANDESITE • 

For the: purposes of this study, small prisms were cut from the denlie and1:'-ir"° 
and were heated for varying lengths of time in the neutral atmosphere menri1111 ~1 1 
above:. Such prisms of dimensions of about 5 X IO X 50 mm. were supported at lir~i 
at both ends and allowed to sag in the middle; in later experiments they were sup. 
ported by one end and at an angle of about 45° in order to gc:t a somewhm sh;irpl·r 
indication of softening. 

(a) Belotu 700" C.-Very little change occurs in the time available for a laboratory exreri· 
menc:. · • . 

(b) 770° to 180° C. for 5 hour1.- No change was noted, even on a polished surface of tht­
prism. 

(r) 8-10° C. for 3 liours.-A polished surface showed minute warping and the gl:iss, which 
was originally brownish, had become much cl.carer. 

(d) 930° to 9;0" C. for 1 1-! holln.-A prism 50 mm. long, supported at one end, h:i<I hcnr 
:ibout 10°, swelled appreciably owing co che beginning of \'esiculation, and dw 
glass was perfectly dear and colorless. The biotite was unoxidized, but the rintt­
interv:i.l w:is short and the biotite was completely indosed in the glass • 

... ·-
.. ~-: ~ ... ~ . 

Fig. 28.-A prism of dense Lassen andesite. supported at two points and heated to 1040° C. 
for 1; minutes. Note the sag at ends and center. Photo Snapp. 

(e) 1040" C. for I J miiiuta.-A prism supported :it both ends sagged, swelled, and Je\·clorcJ 
:i. glazed surface (see fig. :iB). The glass was colorless in thicknesses which, in 
the original, were decidedly brownish. 

(f) Io50" to I roo° C. jor .p ltoun, doring with u~eral houri at tlu lou:er tnnptrature.-Thc: 
gl:iss formed is clear, except as st:i.ined by the dissoh•ing biotite, all of which ha~ 
decomposed, le:iving spicules of magnetite :ind brownish stre:imers of color. 
No evidence of recrYst:illiz:i.tion was observed. 

(g) 1260° C. jor + /io11rs.-Sl1ows only sulution effects. The glass is brownish, with rd:i· 
tively few cryst:ils embedded in ir. The index of refraction of the gl:iss reachc1I 
r .jjO. The feldspar phenocrysts, while reduced in size and corroded, were nor 
fused and, if ;mything, were more shattered than before. 

Such results obtained from the thermal studv of biotite will eventually be of 
general :ipplication when rhe series of minerals knO\vn as biotite has been more 
thoroughly invesrigared and the thermal behavior correlated with composition, ctl". 
It must be emphasized, however, that the behavior of the dense glassy andesire f rorn 
Lnssen Peak, as studied here, is peculiar to rhnt particular rock. No infcn.:nt:C' 
C:lll yet be made, from its behavior, COrlCerning the beh<1ViOr of ocher andesiteS, C:Vl'll 
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if chemically resembling it. For example, the andesites, dncites, and pumices of 
Mont Pelee, Martinique, are now bc-ing studied in the same way. They bear 
a general resemblance to the Lassen Peak rocks, but tht:ir behavior on thermal 
rrc:mm:nt is quire different. Whereas the dense andesite from Lassen begins 
ro soften at about 850° C., a similar rock from Mont Pelee does not do so until 
about J 200° C. A glassy basalt from Kilauea crystallizes on reheating after 
which it does not again soften at the low temperature at which it first Rowed from 
the crater (from 1100° C. down to 6oo° C .); furthermore, the gas content of the 
Lassen rock can hardly be accepted as,typical of the gas content of similar andesices 
in general. 

GENERAL EFFECTS OF HEATING TO 1:6o° C. 

All three modifications of the rock, when heated in :iacuo for j or 4- hours, in 
order to pump off the gases, yidd identical produces. The mass becomes vesi­
culated and the crystals of the ground-mass go into solution, though the phenocrysts 
da 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 it. The biotite 
disappears completely. The ferric ratio of the product tends to approach the 
value 0.36<), strongly suggestive of the attainment of a condition of equilibrium. 
The actual values for the ferric ratio after this treatment are: 

. I 
Vari , \ . aluc for Hours 

ct} · ! I fcrnc ntio. I hcatinc. 

-----· ---1 
Dense, ~l:my variety .... . 

1 
0 .349 I 3 

Pum~cou1 v2nc1y .... . . .. , 0 369 4 
Drud-cru11 nnccy . .• •• . , 0 369 I 4 

It is to be noted that the forric 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 on· 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 
dacitic 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 alternating resorption and 
growth, with concurrent shattering. The larger pyroxenes have been shattered 
and the biotite has begun to decompose. These features indicate repeated reheat-

........................... ~ ................. .._ ......... ._._. ... ~--~~~':I"' ................. ~ ... ~~~--~._,.~----~----------- ---~----------~ 
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ing nncl cooling under differential stresses without the :ittainment of therm.ii t'•iuilt. 
brium. The greater basicity of t'he fddspar of the ground-mass and che v.rni,liiu, 
quartz indicate changes in composition other than those due tu gra1lu;1ll\' r.1lli11~ 
temper::iture in a mt:lt having the composition of this rock as a whole. · ~ 

Specimens of this l:iva heated under suitable laboratory conditions gi"i: a ):t"ll· 

era! idea of the temperntures which may have operated at the surfore Jurin~ 1i,(" 
doming-up of the massive conduit lava. Under laboratory conditions s;o" (.' 
seems the lowest temperature at which the material could be deformed " -ithuut 
considerable fracturing. On the other hand, the biocite in cracks in rhe suif.1l" 
rock and the unvesiculated character and opacity of the glass indicarc :i pn:\',ailini.: 
temperature lower than this. ' 

It should be remembered also that the material tested in the hlbor:1ton· h.ul 
presumably lost the major portion of the volatile matter, which exerts a ro11.,idrr· 
able influence on the viscosity of lavas, from which it is proper to in for th.ir 111 .. 
figures obtained in the laboratory represent maximum temperatures, and thar rlu: 
acrual cemperacur~s, if they differed from these, would have been lower r;atlu:r rh. 111 

higher. 
This lava of 1915 does not seem to have been a new magma erupted rhroui.;li 

an old conduit. Ir seems rather more like an old conduit lining, whid1 hat! hn·11 
fissured and reheated by a fresh influx of juvenile gases r"rom below until fin .ill, 
it acquired sufficient mobility to allow it to be forced upward by pressure:. Th~ 
eruption of both pumiceous and dense lava together favors this hypothe,i:. ol 
irregular reheating along cracks jn part of the old conduit lining. 

Whatever the source of energy, the mass ultimately acquired a sullil'il·111 
fiuidity to permit it to reach the surface, where some of it was coo cold ro l'Xp.1wl 
into pumiceous form, while the more highly hrated porticns continued to ..-xp.111•1 
and contributed cc the enormous amount of ash which spread over the surro1111lli111: 
counrry. It seems probable chat the upward movement of the crater plui: 111.1\ 
have been an abortive attempt at spine formation, but the power heh ind ir '' .1• 

released prematurdy through a weak spot in the eastern crater wall. 
It appears therefore to be a clear conclusion from the mineral cuntcnr .111.I 

physical relations within the- conduit lava, which alone afford a proximate dur 111 

conditions within the volcano, that the- eruption was in singulilr me;isurc: .1 1 .. ,, • 
temperature phenomenon. 

":\.careful re-examination of this mass of 'dense glassy andesite' and as~ori.11 rd 
material in May 1923 shows that rock of this type is exposed over an are:1 111' nnl~ 
a few hundred square meters. It is split \.·errically inro large, often 1111111uliil1" • 

blocks with the rifts decidedly widened at the top. These rifts are smoorh fr.ll r 11"' ' 
except near rhe bottom of a few of them, where the surfaces are rough for a ' ·.l·lf•1 .ii 
distance of a meter or so upward from the lowest point accessible, '1S thou~h lc :rnu- .1 
by the pulling apart of a pasty mass. This (lowest) portion of rhe hluck •;> !>l1,.:h1 h 
vesiculated and the ~lass cleared to some extent but nor reddened. 

"In the western notch this dense rock gradually gives place to a cu.1r~c:. hrl'u 1•
1 

of red dacite, similar to the lop of Lassen Peak, in a matrix of ri:d, \'t'~h ul.uc '1 
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:rndesite. This material (the westerly nvo-thirds of the crater 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, monolithic blocks of glassy 
andesite which have obviously been push'd 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 horizontal cracks (2 to 10 cm. 
wide) between such blocks were found filled with ash, loose fragments of old 
dacite, and even thin plates of glassy andesite, the whole scarcely at all compacted. 
There were no fingers of lava between tHe fragments filling these cracks. One thin 
plate of glassy andesite was bent but was not vesiculated nor had the glass cleared. 
Certainly none could have been very hot. 

"No evjdence was found to support any interpretation of the phenomenon as a 
lava 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 fit together without difficulty." 
(Memorandum by E. S. Shepherd, 1923.) 

I er. Professor Holway, P• IR. 
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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 horizoncal 
blasts of May 19 and zz, but as there were no eyewitnesses, so :llso no thermometer 
was available to record the temperature attained. It is significant that except in one 
small :uea no fire was started by the blasts, although on all sides the foliage of the 
standing evergreens was found scorched and brown. Aroun.d the blasted area both 
standing trees and smaller undergrowth seemed completdy dead, but as the summer 
advanced it appeared that they were not so, and mos:: of these trees attained to 
complete restorntion of their foliage before the following 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 :hey appeared to be scorched or singed, as though by momentary 
exposure to heat which either was not sufficiently high or was of coo short duration 
to set the trees on fire. 

On the bc1rders 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 Q 
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 ~·f the Lost Creek basin. exactly facing the mounrain at a distance of 
about 3.5 miles and a little to the north of the axis of gr~atest intensity of the blast. 
(See Sketch i\Jap, fig. :9.) The second blast (May z:) must have struck against 
the broadside of this steep hill and have been so far che:ked in its progress chat 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 de:id 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 ste:im cloud). It is also possible thar 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+ weeks 
afterward, the fire musr have been altogether insignificant, for the depth of penetra­
tion imo the dead leaves which lined the hillside was sm:ill and dead leaves on rhe 
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pine rrees were only ch<lrred ar their outer extremities~ the fire being insufficient even 
co burn up all of the exposed dead foliage (fig. 30). 

Of course, the effect of such :i hot blast depends upon two factors, the tempcr4 

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 ex4 

posure of even 2 or 3 minutes to a much lower temperature might kindle such 

.11'f ~;1 !;!,;; !liC: 
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~, .... ~, ... ~~.... ' ' ' 
~ /~ . ·~$ !,f~ ~ ,~1'ro:",:t., I ~ /T · ~ lJ ._.Q:;, t ', ... ~,~"o;. 
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Fig. 29.-April 28, 1922. Sketch Map $howing a portion of ~en Volcanic National 
Park. Devutated area shown in black. 2 mile5 • I inch (approximately). 
(Courtesy of Mr. M. E. Dittmar. Secretary, Lassen Volcanic National Park 
~~~ . 

vegetation immediately. In a crude laboratory test it appeared chat about 160° C. 
for one minute .would blast pine foliage in the same manner as che foliage was 
blasted <llong the boundaries of Lose Creek, but a higher temperature (and a shorter 
time of exposure) mny have prevailed during the period of destruction there and 
still fall far short of the temperatures <lppropriace to red he:u in the crater (600° 
minimum). It also happened that the portion of the dev::istOJted zone nearest to 
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the source of the blast was also the most barren, so that immediately adjacent to the 
mounrnin the temper:ttun: of the blast might have been as high as 300° or ~oo° C. 
without finding material upon which such a temperature could have lcfr evidences of 
burning. ln the center of the track of the explosion no snow w;'s found by Loomis 
and his parry, who visited it before the second blast on May zz. On the adjacent 
hillside the snow was more or less protected by a cover of rocks and small stones, 
projected by the e:ulier explosions, which blanketed the regions to the north and 
south of the devast:ited zone to a depth varying from z feet down to a few inches. 
These stones nowhere rndted their \ ... ay through the snow and so could not have been 
hot at the time when - they alighted. Even on rhe summit the explosions had 
covered the snow surrounding the explosion crater to the depth of several feet with 
rocks and ash without rndting it, excepr in the case of a few very large boulders 
weighing several cons, which penetrated through Lhe snow (fig. 31) . Their mo-
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Fig. 30.-July 7. 191;. Green pines. blown down and 

charred :it base of Jessen Mt. on Lost Creek. 
May 22, 191 ; , by a hot blast from Lu.en 
Peale. Photo Diller. 

mentum must have accomplished most of this result, for they appear to have had 
no excess hc:at through which to melt any considerable body of the surrounding 
snow. The solid ejecrnmenta, therefore, contributed little of the heat which melted 
away the snow. This observation also is of some importance in considering the 
extent co 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 
dse assume that the velocity of the bl;1s~, even upon its·outskirts, was still so great as 
to prevent combustion. 
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As we approach the source of the horizontal outburst 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 cnrried away 
such an accumulation of snow as existed in the bay of the mountain itself by melting ... ~.,,--~--,~~--"'l 
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Fig. 31.-June 28. 191;. Bre11d-crusted boulder im· 
bedded in the snow on the summit showing 
that the boulder u:as cold when ii Jell. Note 
also smaller rocks and debris lyinc on the 
snow. Photo Day. 

from the top downward, for we know that under norm:il 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 hlast of extreme velocity, which conclusion finds 
support in the fact that the whole valley· was swept dear of veget:irion, root and 
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branch, as well as the snow; or near the mountain there must have been cominuecl 
or repe:m:d outpourings of hot vapors of lower inrensicy but of reasonably Joni.: 
duration. There is some little difficulty with either assumpcion 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 r:ither 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 he assumed, the Rood is accountcJ 
for, but not the destruction to the trees. 

There must have been at least one blast of sufficient intensity to ca~ry out all 
the vegetation i~ the valley for a• distance of + miles, and in addition to tliis 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. II ) . That the destructive horizon­
tal blast was of extremely high temperature or of long duration seems impossible, 
for' the reason that at its borders there is no evidence of fire (with the single excep­
tion above noced). To account for the great body of snow melted, some supple­
mentary agency muse therefore be sought. Either the great horizontal blast w:is 
followed by hoc gas exhalations of low velocity for several hours thereafter, or, as 
seems to the :rnch·>rs much more probable, the condensation of superheated steam 
from the volcano cloud, which certainly did continue for seYeral hours, falling on the 
snow to leeward of the mountain, furnished the major portion o( 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 afternoon of May 22) appeared to leeward of the 
mountain accords with this view. The further fact chat a flood occurred on May 
22 at all, after all the snow had been carried out on· the 19th, probably admits of 
no other explanation than this. 

The heavy body of ash contributed materially to the immense quantity of 
solid matter which the first flood carried down, 1 but not to the heat of melting. It 
seems most probable, therefore, chat the first violent blasc blew down most of the 
trees in Lose Creek Vallev nnd the flood of hot ash-laden rain. mingled with 
the snow, carried the trunk~ , .. ithin its reach, together with the boulders, out of the 
valley along the line of Lost Creek and Hae Creek and stranded them among the 
standing timber below. The fact that they were carried around a sharp bend to 
the northward, about 3 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 mount;iin to be distributed by the 
Rood waters, were of andesite and were readily identified as a part of the original 
summit cone, though some of chem were moved for a distance as great as + miles 
(see photograph, fig . 13). These boulders were not new lava, nor were any of them 
of a cemper:m1re higher than the probable temperature of the flood which bore 
them to their present resting-place, ;is m;iy be seen from the fact that wood in 
contact with them was not blackened. Several of these boulders weighed many 
tons each (fig. 14). 

1 Fornr R3ni:er Suborn repon~J rhu 3 b11cku nllcJ fmm the AooJ 3nd 31luwed ro st3nJ uver ni~ht showed onlr 10 p•r 
ce~r in dtrth of clc.r "'arcr an rhc mornini:. andi~11n11 • very brae content of JoiiJ 1nurer . 
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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 somewhat hypothetical structure out of the actual observations 
of individuals with little experience in such m:icters, and such studies as could be 
made on the ground and in the laboratory nfter the eruptions had ceased. 

In making such a compqsite analysis Mr. Milford's direct obS'Crvation (p. 16) 
is of importance. From the statements of his party, which included a number of 
people, it is perfectly clear that red-hoc 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 that both the Java and the glow were "deep-red" or 
"vivid-red," which probably fi."tes a temperature between 600° and 750° (sec pp. 
+9. tt itq.). The report further says that at intervals of 8 or to minutes molten 
material flowed out of t he western notch in the crater rim like sl:>g out of a crucible, 
bur observations on the ground show no evidence of recent Ruidity, and laboratory 
studies show that 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 
wirh a considerable pe!centage of water still in solution, the !nagma mighc con­
ceivably be somewhat mobile ar 750°, but immediacely the pressure is relieved at che 
surface che excess of water will escape tind rhc residual silicate become immediately 
rigid. Boulders, some of them prooably red-hor, did break off at rhe point 
observed and rollc:d down chc mountain in the direction indicated. It would there­
fore seem more likely chat the material which reached the surface was solid 
throughout all of the events observed. The Milford parry, after :ill, was 2 r miles 
away. Lassen andesirc would require to have a temperature above 900° to flow 
under its own weight in the open air, unless ejected by force in the form of an emul­
sion, and above 1250° t•> "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. :Vloreover, it would contain no biotire; 
indeed, all the crystals of the ground-mass would be converted into glass. On the 
other hand, the breaking aw:iy of boulders from a solid mas:i at a temperature 
between 600° :ind 750° ( red heat) certainly would lay bare fresh bright-red surfaces. 
Presumably one of these surfaces belonged to the rock which rollc:d down the moun· 
rain, while the pbce from which it broke away remained behind and slowly cooled 
to blackness. Flashes of this kind, some moving and some still, appear to off er a 
rational explanation of what the :\lilford party witnessed. This accords well with 
the observed red heat and with the present formation of the mass on this (west) 
side of the mountain (fig. 10). , 

After the summit crater had been filled (figs . 26, p, 33) by the eruptions of May 
19 and 22, the exposed rocks over much of the upheavcd 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 appenrs to have 
been uncomfortable enough to prevent t he Spaulding party from venturing out 
upon the debris which filled the crater, but when the writer visited the summit, 
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3 wc.:eks later, no such limitation was experienccu; it was <tu ire peo::.,ihl .. 1 "" .. ,, ' . 
without uiscomlort over nny portion of the newly upheaved mass. :-;umr: 1 1 11 • ' •Ca i 
rocks, parr1cularlv the largest boulders, on the southern margin of t hr: 1,1i1,, ,, 

... • 1'• • I t 
roo hot for the unprotected hnnd when pressed ag:unst thern and hdd tltl' IC", 1., .. 
were not otherwise uncomfortable. The northern half of the plu~ \\,is ,,,111 ,.. 
nearly so. In one crack on the south side a thermometer thrust into the .1~1i 111 11,

1 

depth of a foot showed a temperature of 150° immedintely, and no douht \\11ul.t li.n 
1 

gone somewhat higher but for the limitations of the thermometer. A wt·i:k 1.11 , 1 

a temper::irure of z50° was measured by Shepherd if'I a similar crack. No c\· i11r 11, ,. 

of combustion was found upon the summit nor w:is any smell of sulphur or od1n .,1 
the usual volcano gases found there, except for a faint trace of hydrod1l11ri, .11 1o l. 
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Fig. 32.- July 26, 191;, View in the Summit Crater of Lassen Peak after the upheaval 
(on or a.bout May 19, 1915). Photo Loomis. 

barely detectable in one or rwo places. Against this, however, it should be borne 
in mind that Spaulding's parry, one week after the great explosion, reports odors of 
sulphur :ind strongly a cid gases at the summit. But when one recalls that scroni.:ly 
ncid fumes. when judged only by the effect upon breathing, probably indicacc a 
concenrrntion no gre:iter chan 0.5 per cent by volume with nir, and this ;lt thi: 
source itself, the quantity of acid gases given off must have been in,significant, t:Vt:ll 
during the p~riod of maximum activity. 

These observations bring into the foreground a point which has been considered 
a lready (pp. 5z, 53) but which is the subject of some difference of opinion. Tiu: 
newly erupted material on the west side of the mountain extends beyon d the 
old rim of the crater about 11000 feet, ending in .t narrow point. Diller has dc:­
scribed this :is a lava stream flo,ving through tht: notch in the crater rim. He says 
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(private letter Oct. 3, 192:) : " It is my opinion that the lava erupted from Lassen 
Peak, May 19, 1915, really formed a lava srream, broken to solid fragments on the 
surface of the Aow, but stiffly viscous, slowly Rowing beneath, thus enabling it to 
move <lown the slope gently from the overflowing top of the volcanic vent over the 
bed of the old crater lakelct, whose dr::tinage it followed to the rim of the old crater, 
where it broke over the steep west em slope. form in~ the won<lerf ul spectacle seen 
by Mr. Milford." Ir is probable that he found support for this view in Milford's 
observations discussed above. He h:is not called attention to f ea cures of the Row 
itself which point to this conclusion,' beyond comp:uing 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 1;, 191;. Another view of the uphenved 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 wirh 68 per cent for the d:icire (p. Ji) . 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. Ndther do the deep, gaping crevices yield indications of fluidity near 
the surface. In appearance it suggests noching but boulders and debris. (see fig. 
jj). A highly viscous lava, such as this. if sufficiently hoc and flowing ro its present 
position en masse, would rather have advanced in great rounded lobes like heavy --- --- . -. ·-
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sin.p filling a spoon or like the acid lavas of L ipa ri. Nothing of this formation 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 ffuid enough to move through the notch 11111lcr 
the action of gravity, it is difficult ro see how a tfow could possibly have taken rh..­
present form. 

A supposition that the lava upheaval was really much hotter than the surfa ce 
evidence has indicated has beeq offered by Diller (personal communication) in 
suppon: of his belief that the spur on the western slope is a true liquid fl.ow and in­
deed is indispensable to such a conclusion. The supposition, however, encounrers a 
number of difficulties already pointed out as follows: 

r. The l:iva in the western notch was found to be cold when we visited i t,~ weeks after 
the eruption, :it the time when the e:tstem portion w:is still hot, :is noted above. It there­
fore appears not to have been one of the hocter portions of the upheaved are:i, which could 
be assumed to be more mobile because superheated. 

2 . The words of Professor R. S. Holway, of the Univer'lity of Californi:i., an expe­
rienced observer (4uoted on page J 8), who vimed che crater only 5 days after che uphe;;av:il 
occurred, arc impornnt in chis connection : " Nor were there found any rocks, old or fresh, . 
bearing evidence of recent fusion." E. S. Shepherd h:is reached the same conclusion 
(p. 53) . 

3. The single :issured case of viscous conduit lava in ; itu, offered by Diller in support 
of his contention (Pl:i.te 6, No. 2), (was not found in the western notcn, but ac the opposite 
end of chc crater. It is, in fact, located at the summit of a steeper slope (fig 35) than the 
western notch and much nearer the center of :ictivity, nevertheless it shows no tendency 
to flow from its point of emergence down the slope. 

4-· Unaltered biotite is found everywhere in Mount Lassen andesite (dacite) . In rhe 
13bor:icory this biotite becomes bi:ixi;;al and suffers partial dehydration when exposed to 
che air at 650°; when exposed in :m atmosphere of sream :ind air it begins to show oxida­
tion and cums reddish brown a few degrees above Soo0 (cf. p. ~9). At neicher of these 
tempcr:itures is dacite ffuid enough to move under its own weight. If d:icitc :ictually 
emerged into the air at a temperature above 8ooa the biotice would certainly be quickly 
altered. Nothing of this has heen found on the dacite surfaces thus far studied.• 

5. At the point where Diller has indicated chat the lava " broke over the rim" rhere 
has been a considcr:ible settling of the new l:i.va since the upheaval in 1915. The gener:il 
contour of the surface was then convex to an observer looking down upon it from either 
side (north or south). It is now distinctly concave, as may be seen from figure 3·h the con­
cavity extending entirely across the western notch. There are of course no bench marks 
through which to :ittempt a measurement of this depression, but it may be estimated at 
from 25 to 30 feet. Whether this seed ing has significance here or not may be a m:itter of 
opinion, but to us it has seemed more probable ch:i.t the solid surface of a viscous plug 
might, after upheaval, settle more easily than :i stream-Row over an old and cold bench. 

It therefore appears from field studies, no less than from the laboratory studies already 
cited, ch:ic this exposed tongue of lava was moved co its present posicion :ifter solidification 
of its surface, not before. It could not have f io:ud through che notch to its present posi­
tion under any conditions of which we have any present indication.1 

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

·~~~~~~~~~~~~~~~~~~~~~~~~~--~~~~~ 

1 Except 1n th• hr•ld"'(run bomba, P~l:l= 71. s See al10 p. st n flq. 
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tion seems to accord well with the form of the spur and wirh the east-and-west 
fa ulting of the crater, concerning which other evidence has been :idduced. 

For example, supervisor Rushing, of the Forest Service, writes to Professor 
Holway under date of September 30, 191+ (before the upheaval) as follows: "The 
cr:aer has opened up on the west side of the mountain for a considerable distance 
and considerabll." quantities of steam issue from its entire length." (p. rz) . Again 
in a letter to J. S. Diller, December q., he says: "The crnter on the west side near 
the top is much enhugcd and the entire west slope of the mountain i:s discolored by 
volcanic dust." (p. 13).' ·W. H. Spaulding in the (unpublished) memorandum of 
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Fig. 34.- August 14. 1923. looking west across the upheaved 11rea eight years later. 
Note the concave sky·line. (cf. fig. 26) Photo Day. 

his visit to the mountain on May 30 (after the upheaval) has offered a similar view; 
he says of this western spur: "It appeared that the mountain had bec:n cleft and 
that a tremendous fissure extended down into the mountain about r,ooo feet. The 
whole west half of the mountain appeared shatrered." Finally, Loomis and Miss 
Dines reported (pp. q, 15) that the western notch was already 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. 

I Sec olso occur.ire ,J.,,.cnptmR hr Ol1tn r .. 11 .... ·1ni: > p.-oun•I Vl<lt un 0Lt. 10, 191~ -~Pl":R•h:t II· 178. 
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On the eastern slope, a little to rhe south of Diller's viscous extrusion ( Pl.t1 r 
No. 2 ) , there is also to be found a great lava block from the easternmost end of ~I '• 
pl~g •. which has been t~lted outward ?0° from the position in which it ori~in.1 11

1

~ 
soltd1fied, as may be plainly seen from its structure ( Plate 6, No. 3). Out\\'.trtl rili. 
ing is rather to be expected when a shattered plug emerges at the funnel rim. But h 
the eastern and western notches g-.ive opportunity for such outwnrd til ting, ancl C'V i· 
dences of it arc abundanr. 

The total area of the upheaved portion of the summit is about 2,000 fo:r in 
length by about Soo feet in width in the widest part. The western end is sh:irplv 
poin~e~, whil.e the eastern end il\ tru~catc<l, perhaps. by breaking off over the Sl\"l"j, 

prcc1p1ce which forms the caster11 rtm, but more likely by the emergence of rlic 
horizontal blast at this point. These fragments were carried several miles by rhc 
Aood. The general form of the upheaved area is chat of the explosion cratt:r whid1 
it fills, plus the additions east and west along the fault and tapering out tow.ml 
the west end. Being generally convex upward, it is deeply cleft at several roinh 
where it was broken up during the operation of uphenval in an open funnel . In 
short, it has the usual appearanct: of a volcanic plug, without complicating feature!-, 
shoved upward 300 feet or more, after which the moti 1e power appears to have 
found release at 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 uphe:ived region is well shown by ph11to· 
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 t ht: present appearance of the upheavcd structure and uf 
the rocks freshly exposed thereby. Rock fragmt:nrs showing inclusions and 
local fiow structures in nowise establish the fact that these inclusions were acquired, 
or that :iny 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 cl~e. 
These should be clearly distinguished, however, from flow structure in sittt, of which 
Messrs. Diller and Paige were fortunate enough to find an isolated case (Plate 6, No. : ), 
just beyond the northeast end of the upheaved area. Other observers, so far 
as known, have found flow structure only in fragments now entirely disconnected 
from the parent magmn, that is to say, in material which obviously came to its 
present position after complete solidification. 

In view of the temper;icure of the upheaved material, and the fact that it w:ts 
simply elevated 300 feet o r thereabouts, while retaining undisturbed its concinuous 
connection with the magma below, it is probable that there is a continuous :tnJ 
fairly rapid increase in temperature downward in chis upheaved mass. Attention 
has already been called to a dust-filled surface crack in which, 5 w~eks after die 
great eruption, a thermo meter indicated ::50° C . Volcanic dust is a very pu_ur 
conductor of heat, so that rhis temperature, persisting very near t he surface lor 
weeks after the eruption occurred, may very well confirm the observation of red 
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hc:tt during the eruption, :ind the inference of :i steep remper:iture gr:idient dowu­
w:trd. It is of course a matter of accident :ilong this gr:idient whether 300 feet of 
d.:varion would be sufficient to expose any viscous material or not. That viscous 
material was there, immediately below the solid plug, appe:irs to be unquestioned by 
anyone. The top of the plug, however, stopped in its movement about at the level 
of the crater rim and so very little opportunity was given for the appearance, still 
less for the outpouring, of the viscous m:iterial which pushed it up. The exposure 
at the northeast end, where the steep slope, aided by the explosions, broke off the 
i::isternmost 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 dear picture with a multitude 
of details, 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 arc nor 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 SUIT mit crater~ which afforded relief to the excess pressure within 
the mountain, and perhaps prevented its demolition, (I) by "loosening" the plug, 
and (z) through the release of confined gases (m:iinly steam) in horizontal blasts 
from bene:ith the plug .it the east end. Something of this was seen at Martinique 
in 1902, but elsewhere mechanisms of this kind are relatively rare. The viscous 
extrusion in situ observed by Paige and Diller may be of value as evidence chat 
viscous lava did actually reach the surface during this eruption , bur the strength of 
the evidence is somewhat impaired bY, rhe 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 . .:!, 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 between this extrusion and rhe present 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 ol this one. 'Jn the ocher 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. 35, fori!ground). 

Ir 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 bene:ith carried away zoo feet or more of 
the thinnest portion of the rim, and the lava plug js therefore exposed in vertical 
section in this area alone. This vertical section (roughly triangular, about 200 feet 
wide and 75 feet deep, see fig. 11 ) of the east end of the plug appears not to have 
been ex:imined by earlier observers because of its inaccessibility, but during the 
summer of 192j a special effort was made to reach the bottom of ir. 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 35 (foreground) will permit one to 
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see, as well as the unforrunate afternoon light permitted, the curved l·onr1111 " _,
1 

Q 
the base of the: portion of the plu~ now exposed. 

It may be of interest to advance a further hypothesis which may .in-1111111 11 1 
part for the shattered condition of the surface of the plug. All of the cxpl1,.11111 , 

previous to May 19 were out of the main crater and generally vc:rcical, c.'\n'JH in ... 
far as they were influc:nced by the direction of the wind. On May 19 thcrl· \\,,, ·• 
horizontal blast from a different point and on the 22d another, both of '"111111 
violence, as is shown by the uprooting and laying down of all the fon:sr trl'c' 1 .. 1 .1 

distance of more than 4- miles in the direction taken by the blnst. 
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Fir. 35.-Another view look1n1J northwest across the exposed eastern end of the.- ,.of, .. oo 
plug. At the top of the picture (n1Jht) mily be seen Mr. Oiller's c.'lilmplt' ol 1!1, .. 
in situ (Cf. Pl11te 6. 2). Just to the left of it ilnd projectinc up betw~n 11 M i< I 

the crater (adjacent notc:h) is a similar outcrop of unat:formcJ l;ivtt. In thr 
foreground viscous movement is indicated in several places. Photu I),, ~ 

The upheaval above noted probably began just before May l<J. Thl' 11111 111 • 
1 

gre:trest weakness in the inclo:.ing cone was on its northe:ist si<le, where: hur ·1 ' ' '' 

rhin wall inclose<l the plug, the outside slope being extremdy steep tar tl11' 1~ ·• • • 
and probably faulted. Also, the apparent center of the most \· ioll'111 npl" ' "' 
activity preceding the upheaval at the summit is near this side of rhc rr.111·1 I• •' 
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It would therefore seem possible to infer ~hat the upheaval nf the old pluK was tanra~ 
mount ro lifting the "lid," from beneath which the two side explosions then rook 
place by tearing away some 100 f t:c:t uf the shell of the old cratt:r bowl which was 
thinnest at that point. The violence of these explosions was sufficit:nt to shake up 
:ind brt:ak up the lid without bdng quite -sufficient 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 arc not planned to be sufficiently violent to blow the 
rocks completely out of the roadway, but only to break them up so as to facilitate 
their subsequent removal. The rocks forming the present surface of the volcanic 
plug appear to have been loosened in so.111e such manner as this, while the maximum 
violc:nce of the explosion developed sidewise from underneath the lid at the point 
which proved weakest. Viewing this side of the mountain from the valley beJOw, 
a point can be clearly set'n (fig. I l) 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 downwa::-d from ir. This intersection of the lid with the rift in the 
mountainside probably indicates the locus of greatest structural weakness. Also, 
when this point was first seen by the authors, some + weeks airer the explosion, 
ste::im w:is still issuing fr.:im the rift for several yards below the lid, :ind 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 r9ch. 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 nor after that of May 12. Both groups of trees lie wirh their 
trunks pointing directly away from the same point in the mountain, namely, the 
exposed end of the lid. It would appear, therefore, th:lt both blasts emerged from 
the same point, but the second took a slighrly more northerly course than the first . 

Also, we may not overlook the fact that on both the occasions when these 
blasts were directed doh·n Lost Creek Valley there were terrific vertical explosions 
also; whether at the same moment, or shortly before or after, may not be known, 
for there w:is no wimes; of either of the two horizont::il blasts. Neither are there 
any photographs of thl! vertical blast of i\fay 19, which occurred in t he night. 
The vertical blast of N!Jy 1: 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 to a height 
of about 25,000 feet above rhe summit in volutes of the heavy cauliflower type in an 
otherwise clear sky. Although very spectacular in nppearance, the violence of 
these explosions was not sufficient to modify the form of the vok:ino 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 
scattt:ring of n cubic mile: or more of the summit crater :tnd its contents, these two 
explosions merely served to shake up rhe top of the: plu~ :md to tear away a section of 
the thin t:astern rim, scattering bouldt:rs and. smaller fragments nbout the moun-
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rain for a distance of several miles, ac;companied, of course, by :t great volume or Q 
ash, as in the case or nil tht: previous explosions. These bl.tsts, Vt:rtic;il and hori-
zonral, served to rc:lieve the ·major concentration of energy developed by Lassen 
Peak during this period of activity. 

\.ULCANIC l.lO.\-IBS AND 13RI::CCIA. 

On the saddle between Lassen Peak and Lassen Crags to the northward of Lost 
Creek Valley there were found a c:onsiderablt: number of small fragments whil']1 

have been dt:scribed as volcanic bombs because of the evidt:nce of recent heat whirh 
they carry. That these fragments were thrown uuc during the eruption or May :?.2 

there appears to be no doubt. Their total \•olume is insignificant. They were of 
. two kinds: ( I ) a sort of brecci~ of coarsely pumiceuus material containing numerous 

inclusions of fragmentary, unaltered dacite (fig. 36); (2) the "bread-crust" bomhs. 
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Fig. 36.-Pumieeoua material containing daeite inclusions. Photo Snapp. 

The pumiceous material in appearance is hard to align with any other eject::i dis­
charged during thi~ entire eruption, nevc:rthdesss it is quire common along the path 
of the horizontal blast. Ir is a vi:ry light pumice, sometimes hardly more than ::i 
foam, containing large: bubbles and showing pla in traces of superheating. No 
ocher comparable material, either ancient or recent, has been found on the mountain 
in .so far as we are a\vare. In color the pumice varies from dark purple at the center 
through many shades of gray to yellow on the outside, representing possibly the 
variable dfoct of oxidation at the time when the superhearing oc_curred. The 
~pecimens are often irregulnr\y b:mded d:irk and light, oftt:n indicating turbulent 
movement in tht: liquid state. I ndusions of pumice and scorinceous matter :ire 
nu mt:rous. 
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These brecciated masses vary in size from z fc:et in diameter down to small 
rragmenrs of a fc:w inches, and none were observed to have ha<l their form :Jltcred 
in any wny through the force of the impact, except where brcakaJ!e has occurred, 
and none appear to have been altered or to have had their surface conngurndon 
determined in :lny way by their flight through the :lir. These facts 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, local observers, even including Loomis and 
Dillt>r, are of the opinion that in the$e fragments we have direct evidence of fluidity 
during this eruption. To us it seems to be the same problem over ai,.rain 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 associaud "ith 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, hut 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 Right. ).J°eicher is there among rhcse fragments any evi· 
dencc of splash or other deforma~ion at the time of impact. Nevertheless the 
surface is a true bread-crust surface (fig. 37), and perfectly fresh as though it 
solidified but yesterday. 

Johnston-Lavis, who first defined bread-crust bombs, plainly confined his 
definition to liquid ejecta, of which the general form '"·as more or less determined 
during Right, :ind accordingly approximated to some figure of rotation, the surface 
being quickly chilled while the interior was still liquid, giving the bread-cruse 
appearance which obviously suggested the name. ~lercalli a year later adopted the 
term and applied it ro a great number of bombs which ha<l figured in the Italian 
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 h:is sou~hc to clarify the definition in an el:lborate treaunent pub­
lished ;:is an "Ergiinzungsband " in the Ze itschrift fiir Fidcanologie in 1915 (q. v). 
It remained for Lacroix in his discussion of the ejecta from i\font Pelee to recognize 
a new ~roup which belongs in this classificarion , bur which lwd not hirherto been 
included. This group includes random fragments of solid material 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 characteristic 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 rhe random form of the original fr:iJ!menr, which is of course 
unaffected by flight through the air. 

~?~ ___ ~__:_~--------------~---
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This second group of fr:igmencs found on the northeast slope of Lassen f>c:.ik 
is of rhis type ; some arc somewhnt l;irger than the brecciated fragmc:ncs abo\'t< 
described, but are scattered about promiscuously .1mong these. They ·are for thl· 
must part confined cu this area and have only occasionally been found elsewhere 1111 
the mountain. t.:nlike the pumiceous fragments such brca<l-crusrcd surfaces :ire 
found on some of the larger fragments at the summit of the mountain, showini: 
possibly the local dc:velopmeflt of considerable hear at certain points. Inasmul h 
as none of these bread-crusted surfaces at the summit appear co have been rehcatt·d 
in their present position, we are o bliged once more to admit a reasonable douht 
whether the bread-cruse surface was :lcquired during chis eruption or some earlier 
one. 

At the time when these bombs were first found Lacroix's description of rhis 
type had not come to the attention of the authors, but it was perfectly clear that 
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Fig. 37.-July 17, 1915. Brud-crust 
bomb about four feet long, r.ortheast 
slope of Lassen Peak about one-haJ.f 
mile from crater. Photo Day. 

they were dilf erent from the t ypes discussed by Reck and others as bread-cruse 
bombs on .1ccount of thdr generally ;rngular shape .ind the absc:nce of any inftuem:e 
upon their form due to flight through the air. In c.ther words, they were evidently 
solid fragments at the moment of ejection and not liquid fra,gments, so th:it although 
bread-crusted on the surface they differed fundament:illy from the hitherto recog· 
nized bread-crust bombs. Accordin~ly, some study w;is made of these in the labor­
:uory, and in particular the effort was madt" to produce the bread-crust surface on 
Lassen Peak dncite which had been senr on to \Vashington for the purpose. Upon 
these fragments there was 110 difficulty in pro<lucin~ a bread-crust surface after an 
exposure of l hours to a temperature of 1000°. Presum:ibly ;i considerably longer 
exposure to a somewhat lower temperature would have produced the same results 
on larger masses. 

These brcad-nusced surfaces by reason of their excremc:ly fresh appearance 
and the absence of contact fracture, such as might have been t'Xpected in the 
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violence of the explosion throuJ!h which they pnssc:d, may possibly b::ive been 
produced during this eruption. If this conclusion is ac..lopred, there is indication 
here of the locnl development, presumably in very small arens, of a temperature 
somewhat higher than the red heat noticed nnd reported by Milford on the west 
slope of the mountain. A red heat such as he describes would not be adequ::ite to 
produce bre::id-crust surfaces on this dacite so far as the laboratory experiment 
reveals the conditions under which the bread-crusting must h::ive occurred. Some 
zoo0 ::idditional t~mperaturc above red heat ::ire necess;iry to produce the bread­
crust effects here observed. On the other hand, the very small quantity of such 
bre:id-crusting which has appeared at the surface wilt perhaps indicate rhnt 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 frngments discharged by chis 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: 

I. Very vesicular breccia with dark andesitic matri., indosing \•:irious vesicular and 
porphyritic rhyolites :ind :indesites. Some of the fr:igm:nts, especially the denser ones, 
are very loosely held, others have blended :ind Aowed with the matrix. The appearance 
suggests that the matrix w:is formed in part by a fluxing uf the most basic fragments of an 
original, less consolidated br~cia. The glass of the matrix is more basic than the inclosed 
fragments-as determined by refractive index. 

I have not found more than traces of quart: in the matrix, but it is abundant in some of 
the inclusions. Riotitt sc::i.les :ire scattered sparsely in the matrix and inclusions, and it is 
found in some of the typical andesites of the region. 

Andesine is abund:int as phenocryscs and in the grcund·m:iss. 
:?. Bomb which is verv vesicular but onlv obscure!•: brecci:ited. This has a denser 

bread-crusted surface, cor{tains v:ry little quartz but· much feldspar, and is speckled 
sparsely with biotite. The biotite scales in the bread-crusted surface seem unaltered. One 
cr:ick was observed to ha\·e divided a biotite Rake :ilong a cleavage and the sharp ed !S of 
the biotite remain. 

3. Bomb which is dense and aphanitic, and decidedly bre:id-crusted. This is a typic:il 
dacite with considerable quartz and :mdesine as phenocrysts. ~othing in the rock powder 
e . ..:amined indicated resorption of quartz, but slides have not been studied. 

The phenocryscs from the interior of bombs are :ilmosc exclusively fr:igments of plag­
ioclase crystals. Some show two stages of growth interrupted by a period of resorption or 
fr:icrnring; most of the larger phenocrysts were fractured also during the solidification of 
the bomb. O.riginal !fakes of biotite are largely altered to dark, very 6ne·grained aggre­
gates which appear to consist of magnetite, pyroxene, feldspar, :ind glass. The cause of 
the :ilteration is not apparent. Quartz is almost lacking. 



CHAPTER IV. 

SOME INFERENCES CONCERNING THE CAUSES OF ACTIVITY. 

Now that we have brought together the facts of observation, both those whid1 
may be obtained from eyewitnc:sses of the phenomena and those which may he 
directly inferred from conditions \ .. hich are visible on the ground , we may appropri­
ately inquire about the relations below the surface which determined the mech:inism 
of the eruption, and perhups. also the particular conditions which may h;ive precipi­
tated it. 

The esscnti;:il facts thus far determined show this eruption to have been rather 
different in ch:iracter from the established types best known in the literature of 
the subject. It may therefore not prove prncticable to determine by direct analo~y 
with a well-known type the probable relations obtaining in this eruption, but over 
against this limitation we may set the fact that laboratory :ind theoretical studies of 
rock formation h:ive advanced somewhat farther in recent years, and have afford~<l 
information regarding the behnvior of the fluid magma and the crystallization of 
rock from ir, which has not been known long enough to find particular applic:uion 
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, t~e recent eruption of Las~en Peak can not be accounted 
a volcano problem offering great complications. The phenomena as observed 
followed a reasonably consistent course co a climax without serious interruption of 
continuity J.nd without the intervention of unique: <•ccurrences like the appearnnce ) 
of the spine in the crater of Mont Pelee. The climax itself lasted but 3 days and 
was withol!t catastrophic complications of a character to blind observers to the: 
normal course of events, or to inrcrferc: \Vith 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 f ea tu res 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 zoo years had elapsed since the lase 
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 acti,•ity has been visible on the mountain, 
so that the volcano may be regarded as having been completely scaled. Also, we 
may not overlook the fact that the: hoc 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 arc several groups 
extending along the south front of the mountain :'llld to the southeastward for a 
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dist:tnce of 10 miles (see Part II ). This is also the m;ijor lone: of faulting, JS h:1s 
been shown by the detailed studies of the geology of the region rc:ccntly undertaken 
by Diller (unpublished) . 

2. The lava forming the plug of Lassen Peak. as ,.,di as the: inclosing cone, is 
dacitc of somewhat variable composition. which does not differ from the neighboring 
andesitc in chemical content, but does differ from it frequently in mineral composi­
tion in that it usually cont:tins sm:lll quantities of free quartz. The composition of 
this dacite and its relation to andc:site an: in this particul:u very like the correspond-.. 

l · ~ .r .... ~ ,. ' i !:·t' .... ~ : . "!'f'..:..;r . -~ • 0 "\r ~..,.... .:'!Z:t'li 

. ~-"-' <:;;1"' '\ .... , ..,r.f . iir ·J~ · ·-·:. ~ _, ~· . ....~:r. ~ f ' ,..,, 
• -- • ~,l r .,\ - ..,,- - . 

.• ., . ,.. .t.·. '.. . ;;·~~ .. i ~~ ,._ ,_ .. ,._ . -. . -
; . /'/ ._. .. -> 

' '· -. "' ~ - --. . " ~ ' + • \ r • • .i • l · - ] , . ... ,-- "' ... ... ' ' ·~ _J.\ . ,.,-- ..,. _,..._ ..... _~ ... ~,., 
- \ ~ ' T I > -·~·,. "<,J ~1 ~~ 
' \. ... ' - . l ' v .,,, _z< .. ~, -7."·' ~ ..... ::~ : .. '\ .;.".• .:f. :£\:.• .;:.;...... ~-

'-'..,_1 rl'!'~, !:··. I'-. . 
- •• • ~-"' ~'! • . ... ' . . - ~ .... , .~ ........ ~ .. ' -. »I .~ II. •. /' 

. • 1 .. ,,.. •• ,)~ - ... -~ .i~~:.b·r; .... ": ! ~! '1 1 ~.·~ v ;- · - :! '3o-..;-.;;·- · . . • • -.<•PIT-.·· ~-.~ ,,-

~ .. 
.J'! 
• 

' ;·~~~:?:"·-~·-~:, 
~J · . .,...-:irf; . 

, ,.. ' # ~~ -~ .. ; .. , ~. , .... ,. . 
,..,· ~·- , ... - ' '·~.,;:;-7 #ts::-~ . 
"""' -~~ ... r~ .. ~.:, ~ ·.· ., ..... · -
.. r .. ~ ·~ 't __ l , • • 1 

I ~,C, • • ~ '• ,,> -' 

t:1f "J.~,_. . -. 
~-..... ~.· · . . 
lr' ... ·; ... . <: • 

.. - -..... . .. 
~-· . . ' \ ., • ol. 

. . . 
' . ..... 

.-, ~ .,...- -: 

Fig. 38.-May ! 2. 191 ; , A view of the great 
eruption from Mineral. 12 miles south 
of Lassen Peak. Photo Hampton. 

ing lavas participating in the latest eruption of .Mont Pelee (1902), whic~ have 
been studied in great det:iil by Lacroix.1 It will be worth while to recall in this 
connection that Lacroix's conclusion was that the dacite appeart:d wherever condi­
tions were favorable: for slow crystallization, whilt. the andesite may have resulted 
from more rapid cooling. 

1 ;\. bcroix, LaMonrarnt Ptllt n 1t1 Erv1111on1, 1904-
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3. The vokaniC' phc:nomc:na throughout the: recc:nt period of activity ha\·e 
yicldc:cl no evi<lcncc: of hi~h tc:mper:aures, near the surface at least, nor of the 
p;irticipation of any considerable qu:rncities of the chemically active gasc:s such a~ 
are commonly found in the volcanoes in which temperatures are high. In thc: 
abscr."e of evidence of oxidation of any of the participating components, whether 
g;iscous or ocher, it may fairly be assumed that there was no chemical activity of ,1 

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. J9, -1-0) from the. crater bowl or produced by attrition in the conduit. None: 
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Figs. 39. 40.-The great eruption of May 22. 1915 . viewed from MineraJ 12 miles 

south. Photo Hampton. 

was violent enou~h to change the form of the cone or even to dislodge any consider­
able sections of it. The highest temper01ture indicated either by indirect or by dir­
ect obscrvarion was a moderate red heat \\ hich can not have been more than iOd' or 
800°. Very locally there may have bc:en slightly higher temperncures if the brec­
ciated fragments and the little group of bre:Hl·crust bombs were formc:d during chis 
eruption, but this conclusion is open to question. There was no condusive evidence 
of glow on the mountain except 011 the night of~ fay 19 during rhe short culmina­
tion of the activity, nor were red-hot fr:tgmcncs certainly obsen·ed on any other 
occasion. Tht:rc were also no more than two or three occasions when chemically 
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active brases were certainly detected, and then only in small c1uantity and for short 
periods. No evidence was found of the destruction of foliage by gases, as is so 
frequl..ntly 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 "rolls" down the mountainside. 

4. The two great floods :rnd 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 anJ 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 eruption 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 in lifting the plug, a movement raking place 
entirely within the cone, liquid lava from below would become exposed is of course 
entirely a matter of accident. The upward movement stopped when the crater 
floor had reachc-d rhe level of the rim, so that the liquid lava could not become 
exposed unless the plug should be shartered or the cone itself yidd 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 side, where the two horizontal biases emerged, but 
this opening appears to have corne 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 n~ar this point, however, that an instance of recent flow in situ 
was found. There is also an opening (z) on the north front of the cone exrcnding 
radially down the mountain for several hundred feet from a point very near the 
summit, through \\ hich a considerable number of the later explosions were seen to 
emerge, but no evidence of heat concentration or of liquid Java has been seen there. 
The thitd openin~ is the rift in the western rim which was filled when the plug was 
lifted. All of thesi: openings arc in or about the crater rim and so gave no oppor­
tunity for the relense 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 robe the only 
volatile ingredient with which we have to dc:al seriously as a possible participating 
cause. Ground-w::iter levels were high and a number of streams of considerable size 
have their sources high up on the mountain. The ::tnnual r:iinfall at the nearest 
comparable station (lnskip) is upwards of So inches. The accumulation of snow in 
the crater bowl was melting rapidly at the beginning of the activity in Mny 191-1-
and, except for the small portions blO\vn o ut during the explosions themselves, 
contributed directly to the water content of the volcano. This supply of snow 
was exhausted during July 19q and a ne\v and uncommonly l~rge accumula tion 
replaced it during the following winter. following the two winter se;:isons (19 13-r+, 
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19q-15), then:fore. a great amount uf meteoric water unJoubtcJly re;irhc:cl th,· 
volcano hearth <as steam) ditectly through cracks in the plug (crater fioor) . 

Bringing this evidence to bear upon the problc:m of the: actuating furn:s ,, . 
have to consider the: relation between water an<l the characteristic andc:sirc 1.1, • .'1 • 1 ~ 
temperatures belo'". 1000°. Thus far we h:ive considered only facts of dirt·, 1 
observ:ition or of immedi:ite inference therefrom. It is now 11ecessary m 111 •1 ~'" 
assumptions to which :i reasonable degree of probability can be assigned. The tiN 
is that we are dealing with a cooling system. that is to say, a mass of ma~ma \\hie h 
is receiving no new he:it, as for example by chemical action during the cruptiun. 
Energy accumulated during two' centuries under a perfect seal is finding rclc:as1•, 11111 
at onct:, but gradually over a period of several years. What conditions and rd.1• 
tions are competent to accumulate and localize this energy in a slowly ..:oolin~ 
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 bas taken place, inclosed within a cone of the s;smc: 
material. We have little: information upon which to b.:ise an appraisal of its ron­
<lition at the tempc:rature now prevailing in it, c:xcept that the solidified lav.1 1111\\ 

exposed still contains some glass and also free quartz, the latter of \vhich h:ts hcc11 
shown (Lacroix, op. cit.) to indicate a very slow crystallization of the :rntlc~ir,· 
magma. 

The presumption is, further, that the movc:ment of the plug at this compara­
tively low temper.iture, thro~gh upthrust of liquid magma from below, is positin­
indication that the water content of the liquid lava is large, otherwise there is littlt." 
possibility of fluid movement in a magma of this composition. This is furtht."1 
established by t:iirect inference from the: immense quantities of water given off durin~ 
the explosions throughout all phases of activity, and is otherwise logic:il becau:;e of 
the high level of the: hot zone in a region of considerable rainfall. It is logical also 
bec:iuse n lava hi~h in silica will probably carry in solution more water than a h;1:;ir 
lu va. 1 and al5o because all vol.Hile ingredients, other conditions being equal, ten cl 
to be driven off by heat, and therc:fore the lowt:r the temper:iture the: greater rhc 
possible content of volatile matter (in this c;ise water) in the magma. 

G. \V. Morey has recently published a paper in which thc:se questions :ire 
considered i11 some detail.! Almost all of this bears •Jpon the question h1:re uiuler 
discussion, and considerable citations from it will therefore be permissible. He say:;, 
for example, of the solubility of £\!Olten lavas for water vapor the fo llowing: 

It is now a demonstrated fact that water \'apor under a pressure of one atmosplwn: 
is appreciably soluble in liquid silicates at their melting-points, and that che a.moun~ of 
water dissolved at this pressure will produce an appreciable lowering of the melting-point. 

If the initial pressure of water \·;ipor ts increased, more water will be J issoln·1I 
and freezing will begin at a correspondingly lower temperature. . 

The solubility of water in a silicate melt at a given pressure of w:iter vapor will dcpc.1111 
largely on the temperature, and it is to be expected that the solubility will increa~c w11h 

•Sec bela\\', 
: G. W. :\lorcy, Development of prnsurc in m:iwm:11 u 2 ruuh oi cry1t:iiliz:1t1un. Journ. \\":.sh . . \nJ. Sci. 1:. ! I"· 1•o:: 
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decreasing temperature, for the same reasons th:it gases :ire more soluble in cold water than 
in hoc water. If an undc:rcooled silic:ite mixture, th:it is, :i mixture which had remained 
liquid :although it had cooled below the temperature at which crystallization should have 
taken place, were to come into contact with water vapor, . . . it would probably rake 
up a much l:irger qu:intity of water than :it 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 :icrual experimentation with molten salts 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 that the highly siliceous magma 
beneath the plug almost certainly contained gre:it quantities of water in solution, 
and that its mobility at this rel::itively low temperature was directly the result of 
this water content. A high-silica magma without w:iter 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 w:iter in solution, 
it will be borne in mind th:it some obsidians and pitchstones, of whose analyses we 
have a record, are found to contain 10 per cent or more of water, 1 while avcr:igc 
andesites, according to Washington's table of analyses, contain no more than from 
1.0 to 1.5 per cent of water. Pitchstones and obsidians are really liquid magma 
which has cooled do•.vn under such extraordinary conditions tnat true freezing (crys­
tallization) did not occur. Any readjustment of relations leading to equilibrium 
between the volatile and non-volatile elements of such a magma was therefore 
prevented, and we have in these Jnusual masses a trustworthy picture of a liquid 
magma before the volatile elements are driven out by subsequent reactions . 

From the evidence of the laboratory, therefore, as well as from natural occur­
rences, the conclusion is justified that the Lassen Peak magma was fluid at such 
low temperature bei:ausc 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 ii; immaterial whether the water is 
an original coristituent 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 jOO or more explosions con­
stituting the present activity of Lassen Peak (pp. 176, tt stq). but ir 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 undoubtedly supplied from 
all the three sources mentioned. The point of chief interest here is not :i distribution 
as between av3iJ::iblc sources of supply, but the est3blishment of adequate sources 
for the tremendous quantities given off. 

'Cr. J. W. Jucld tt aJ. The Eruption nr Knlcno• •nJ Sub1c11ucnt Phcnomcn:i., p 36. ( Rcpt . of Kukatna Com. 
Roy. Soc. London 1888,) 
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Suppose we consider now the effect of the progress of crysta llization j 11 ,, 

magma of this type under the conditions above described. This is the 111;1jor suhjn t 
of discussion ·in Morey's paper, from which we may therefore apprnpri:1rely 11111111• 

further: 

At temperatures near th:ic at which cryscalliz:ition begins, a liquiJ silicate mix11111• 

containing but a sm:ill amount of volatile component may exert but a comp:irarivch· ~m.ill 
vapor pressure, but as crystallization proceeds with falling temperature the prc~sur~ of e lw 
vol:itile components will increase at a r:ipid rate, so rapid th:u a pressure m:iny rinu-s t lw 
origin:il pressure may result from the crystallization of but a small proportion of the 111111• 

volatile m:iterial. 

The logic of rhis conclusion is direct and inevitable, for as the magma n vsr .11. 
lizes the volatile ingredients are crowded out, and if they are then contlnl!il · in ,1 

closed space t heir pressure will increase rapidly until rdieved by rupture nf thl· i11-
closure or otherwise. This accounts at once for the gradual accumulat ion .,f 
energy in such a dosed volcanic hc:arth , where the only operarive cause: rcquirl'tl 
is a sufficient water content and rhe gradual cooling and crystalfo:ation of the m.1J!­
rna contained therein. Morey illustrates this by a number of laboratory stuclil'' 
be~inning with the behaviour of crystallizing potassium nitrare and water, rlt,· 
progress of which .:an be followed in detail, he says: 

As the mixture cools, cryst:illiz:uion proceeds, the water content of t he lic111i1l in· 
creases, :ind its v:ipor pressure rises. Reference to figure [+1 J A or s t, shows that at the t im1· 
cryst:illiz:icion begins t he liquid composition is 99 per cent KN<1, 1 per cent H~O. \Vh,·11 1 i.,. 
w:iter content has doubled, the pressure has increased from 1 atmosphere to o\·cr 6 :mnm­
pheres, a six-fold increase. Wht!n the water content has ag:tin· doubled, re:ichini: + r>'·r 

--........... 

0 

cent, the pressure has risen to almost 11 atmospheres. If the mixture be cont:iim:•I in ;1 Q 
li:tsk which can withstand :i pressure of only 10 atmospheres, the !task will burst :is tlw 
result of the pressu1e developed by cooling the mi."<ture. 
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A further example, illustrating, from .thl" experiment:il resulrs, the Jevdopment of a 
fairly hi~h pressure in a silit'arc system as the result of cooli n~. may be founJ in the same 
sym.•m [HiO-K,SiOa-SiO:l· The eutectic bcrween K:Si,O~ anJ SiO: lies at rhe remark­
ably low tcmpcrarure of 5::0°. [(a mixture of K:O, SiO: :m<l H~O. containing 9.1 per cent 
of H:O, with the other ingredients in the molecular ratio SiO: 'K:0•..,..::6, be cooled from 
:i high temperature, the v:ipor pressure of tht mixture will fall as the rempcr:r.ture falls. 
The mixture will noc begin co freeze until it has cooled to 500", when crystals of quatn 
and the ternary compound KHSi:O~ will separate. The vapor pressure of the solucion at 
this temperature is 16o atmospheres. On further cooling the subst:mces continue to 
crystallize and the pressure increases rapidly. When the temperature has fallen ::o0

, to 
_,.so", the water content has increased to 10.:: per cent, and the pressure to 180 atmospheres. 
\Vhen the temperature h:r.s fallen to .po0

, t'he water content has increased to rz.5 per cent 
:ind the pressure to j.tO atmospheres, more than double the pressure at 500°. 

It is of interest to consider what would happen if the mixture were t o cool wichout 
cryst:r.llizing, say to .po0

, and then begin to crystallize. . . . On the assumption that 
the drop in pressure for the So" drop in temperature from ~oo" to . .po0 in the solution is the 
s:une as the drop in pressure of water from 348° to a temperature So" lower, the vapor 
pressure of the supercooled liquid at .po0 will be 59 atmospheres. If the mixture containing 
9. 1 per cent water were to cool, without crystallizing, from 500°, its saruution temper:uure, 
to po0

, its pressure would fall from 16o atmospheres to about 50 :mnosphcres. If at chis 
lower tempe:racure it should begin to crystallize, the pressure would suddenly rise to that of 
che solution in equilibriu:n with quartz and HKSi:O• :it -f.:Z0° , or j-f.O atmospheres. 

J . 

le is evident, then, that as a. magma. conc:iining water and other ,·olat1le components 
cools, with consequent crystallization, the pressure will rapidly rise from its initial value, 
and as the cooling continues the pressure will increase until the temperature of ma.ximum 
pressure has been re::iched, or until the prtssure is relieved by esc:ipe of the volatile material. 
In the first case, which is that in which the liquid cools under a crust of sufficient weight and 
stren~rh co withstand the internal pressure, the liquid will solidify as an intrusive mass. 
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I If the vent is a fairly open one, enormous pressures probably will not be developed 

and the escape of the "acer as sceam m:r.y be comparativelr quiet; . . . It may well 
be that in both these cases the accivitv is the result of the release of volatile material conse­
quent on crystallization, and the rat~ of release of the volatile m:iterial may be regarded 
as a me:r.sure of the rate of crystallization in the parent body. 

In 'the last paragr:iph of this discussion lies a due to the chllracter and develop­
ment of the present eruptive acrivity which we may not overlook. If the r::tpidity 
of release of water fro•n the ma~ma is proportional to the rare of crystallization and 
the increasing pressure of this water vapor is the explosive agent, the appear:rnce of 
outbreaks at intervals of z or 3 days during the entire summer and autumn of 191+ 
is readily explained. If the explosions hlld been due only to water from without, 
pouring into rifts in the cr:m:r floor, and exploding as steam on reaching the hot 

· zone, no such periodicity extending into the summer and autumn would have been 
possible. Conside1 ing the explosions to be due to a more or less regular release of 
water vapor from a l" rystallizing magma, to which any outside water is merely con­
tributory, then explosions may be expected to occur as often as the accumulating 
prei>sure within overcomes the resiscence of the emrelope. Usually it may be 
assumed that the indosing crater wall will withstand the expanding force of the 
volatile ingredients released by the ma~ma, and the outbre:iks will then depend 
solely upon the fortuitous resistance of the conduit and ics contents to the accumu-
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lating p~essure from below.. Morey: in his s.ubse~uent tre~tment, rcrngni1.r .. llu­
cumularave character of this oper::mon and its direct hearing upon the rr11111 · 

. d H l\r-perio . e says: 

Conditions m:ay be such th:it a much greater press1:re must he dc:\'l:lori:<l h~f111 11 
gases :ire able to force their way to the surface. It may be assumed that c:ruruun: ".'t'r 

· then take pl:ice at less frequent intervals. 

Such accumulating pressures may find release in a single explosion, like B.1111 (.11• 

san, or explosions may come intermittently over a considerable interval uf 1;111r­

as happened at Mont Pdee or in the case now under consideration, where cxpl11,j1111 : 

continued to recur over a periop of more than+ years. Indeed, so far as the 1l11.·1or\ 
is concerned it is direct, competent, and appears to require no modific;ition hr\'1111;1 
the loc:il limitations imposed by varying composition of the m:igma. the ,~.urr 
supply, and the physical resistance of the structure. \Vhen a conduit is once upt·nC"d 
consecutive explosions :it longer or shorter intervals from the s:lme openin.: .ur 
likely, Car the probability is small that the volcano hearth will be lai,I wide Oflrll 
by a single explosion, or rhe accumulated pressure otherwise complc:tcly di:;rh:UJ.!C"cl 
in the first ou~break. Where a considerable body of magma participarcs anti 1h1· 
more fluid portions have access to the opening a lava flow may result, fulhm ini.: 
somewhat the same mechanism as a soda-water bottle when the l!nrirc co1Hl'11t ,, 

violently discharged through a too abrupt relief of the pressure. Or an open :-1.111.f 
of ffuid lava may accumulate in the conduit, discharging its g:is content hy 11ui1·1 
bubbling, with or without occ:isional ovt>rflows, as at \'esuvius before the 1111rlm:.1I.. 
of 1906 and at the present mbment, or as at Kilauea Uiually. All these cundi1 i1111 ' 
find a ready explanation through the same mechanism, with bur sli~ht mmlilit .1-

tions of local med1anical details. 
With very great volcanoes, such as Mauna Loa in Hawaii or Etna in tl1C" 

Mediterranean, the point where the structure fails under the cumulative prc:;:-urr 
is usually not the summit crater, but some other point lower down, when: wcaknt·" 
has developed through fissuring or some other mechanical defect, or becau:;e of thr 
solvent action of the magma boring from within. In these cases the hydru~t .1111 
pressure of the overlying column in the conduit is probably added to th:lt <lcwl1111,·1I 
in the crystallizing magma below. There is evidence :it i\fauna Loa that the " l111lt­
mountain b~comes distended as the pressure develops prior to a c;l[a~rmphi, 
release; also that there is some segregation due to gravity in the gre;n 111.1i.:111 .1 

chamber, for outbreaks at or near the summit release either gas alone or a liJ.!ht 
emulsion, while outbre:iks at lower levels are flows of heavy lava containing little' 
gas. The difference in level between the summit crater and tht> recent la\'.t out· 
pourings at l\fauna Loa is about 7,000 feet. 

All these are but instances of local limitarions impressed upon the prc:~l'll ft· 
reservoir, which have che effect of varying rather radically the visible phcnom~n.1 ol 
volcanic outbreaks without in any way affecting the application .of the ~1111pk 
tht:ory here offered to account for the continuing source of pressure, so loni: ·•~ rlir 
crystallization of the magma rem:iins incomplete. The limiting condition :tt L.1 .. •t'll 

Peak, and from a theoretical viewpoint its most interesting feature, w:ts rllt' 1111 • 
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r11111monly low temperature at which the more violent phases developed. It is 
altogether cuncc:ivable that, if the temperature had been but a little lower, ultra­
viswsity would have spread its inert mantle over the whole system and no move­
ment woul<l have occum:d, however remote the solution was from a condition of 
equilibrium. Perhaps the Obsidian Cliff of Y dlowstone P:uk 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 thc:oretical consideration of this subject which 
may have a bearing on conditions at Lassen Peak, though experimental evidc:nce is 
limited by the fact that no Row 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 migh t be that, if the crust were of sufficient strength, a fairly large proportion of rhe 
liquid magma would crystallize bt:fore a pressure h:id been huilt up of sufficient magnitude 
to cause :m eruption . . . In such a case, in which a considerable amount of crysralliza-

• tion has taken place, the non-crystallii:ed marerial ejected will represent the " mother 
liquor" remaining after rht: segregation of tho~e minerals which are the first to crystallize 
under the conditions prev:uling. These may be the femic minerals, in which case the 
mother liquor will be enricht'd in the more salic minerals, ciuartz :ind the feldspars, and the 
water content will be correspondingly increased.1 

The tendency for the ht:avier femic minerals co differentiate by settling will be great, 
especially since the density difference between the femic and salic minerals will be increased 
by the presence in the salic melt of the accumulated water. 

To make appropriate application or this indic:ition would !rad us out upon 
broadt:r ground than is contemplated in the direct consideration of the outbreak at 
Lassen Peak. It will be recalled, however, that Diller definitely included Lassen 
Peak, geologically, within the great region of basalric overflow exrending 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. presum.ibly, contains rhe 
last vestiges o f residual magma. Aurousseau lrns ttho characterized this lava as 
"well diffc:rentiated " (p. +o). Very probably this segregation, to which Bowen first 
c:illed attention in the paper to which reference h:is been made, is responsible for 
the depletion of basalr (the femic minerals) in the residual magma in this great 
volcanic basin, and the P..:rsistence of salic residues still fluid because of their hii~h 
w:irer content. 

:\. final and very short paragraph may properly con..:ern itself with the assign­
ment of a possible cause to chis particular outbreak. Of course, the ultimate 
cause is to be sought and found in rhe ;iccumularion of suJficient pressure to bn:ak 
down the overlying resistance of the plug which closed the: original conduit. This 
may be due c:ither m the continuity of pressure development in the mmmer indi­
cated, which finally equaled and overcame the overlying resistance; or it may 
happen that this resistanct: was broken down or weakened through the opt:ration·of 
some extraneous cause, thereby giving an opporrunity for release to the accumu­
lated vapor pressun: wirhin. There is some indi~:uion that the latter explanation 
is the true one. The fact that cracks over 100 feet long and in the: general direction 

1 ~- I.. llnwcn. l.~r•r 1u1:1:s of the evolurion nf 1hc 1 ~n•u111 rnd;s, Joum. (icul. Suppl.. vol. !j, ~u. 9, 19 15. 
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of the summit fault were noriceable immediarely :lfter the firsr ex1>lnsi1111 111 I • • • • • • \\ r r r 
repnrtetl in the very first telegram announcing the incc pt ion of anivitv • , 

I .d . f I ·b·1· · ' 1 ' a ppears rn w<Jrrnnt t H: cons1 eration u sue l a poss1 1 ny. 
Whether these two ~racks n:pn:sc1~tc<l the first outbreak of a rnrnul.at in-

1
,,, ,. 

sure, ~ran earthquake d1;rurbance winch wea~ene<l the.volc:mu plut.t. is .1 'llll"•t 
1
, .ii 

to which, probably, no direct answer can be given. It 1s a foct, howc:,·cr, th.ii 11, 
first explosion was insignificant. in point of magnitude and altogether in.111l"'I" :c: 
to account for the cracks. If ct had represented the first outbreak of cn11u 111,

1
,. 

pressure accumulated through zoo years or more of slowly crystallizini.: 111,11,,11 , 

then breaking through the crust for the first time, a catastrophic c.xplosion \\uulil '"· 
expected and the explosions follt>wing would be weaker; or a long pause mii.:111 l·n·11r· 
for the volcano hearth itself would probably be laid open. ' 

If on the ocher hand the first opening represented a weakening of the plui.: f1,.111 

without, the resisrnnce o f which then required to be broken down an<l the 11pt·nui1: 
enlarged from within, successive explosions of progressively increasing 111.1~11icu.lr 
would seem to be a natural consequence. If the latter conclusion is folluwd, tlir 
water, which entered the cracks after the fi~t and subsequent explui.ion .. , 111,,, 

have been a very dennite contributing cause, for a considerable influx of wafl·r f1, .111 

without might cause a considerable increase of tluidity locally, and so prcripl1.1t1· 
activity in a more or less inert mass. Morey says of this phase of the ~uhjt·1 r 111 

his theoretical exposition: 

If an undcrcooled magma were to come into contact with percolating w:ircrs, 111 rl1r 
vapor gcncr:iced thereby, as prcyiously explained, a similar introduction of water :u " 1 .... 
pressure might take place. Introduction of chis wacer might of itself induce cry.~1:illi1.i11u11 
in virtue of the lowered viscosity of che resulting m:igmatic: solution, anJ it is l"om·l'I\ .it.14 
chat the result would be :i sudden and violent outburst of sce:im and ash, at :i compar;wn h 
low temper:uur~. 

If the weakening of the inclosing plug came from without and water \\ ,,, 
admitted to contact with the outlying portions of a magmatic mass i11 which n:.1t 1 i1111 

had practically ceased and a condition of suspended :ictivicy in an ulrravi~11111' 
magma had supervened, then the relation indicated by Morey might be n·aliml 
The influx of water-vapor from ;,hove inro the outlying portions of an inc:omph-rrh 
crystallized magma might then have the effect of decreasing viscosity in the ~1111 
flu id portion and promoting crystallization, and might cause :in explosion '' hi1 h 
would be followed by ochers in increasing intensity as greater bodies of m.11:111.1 
were affected by the more favorable conditions. This mechanism seems to 11lfrr .1 
more logical explanation of a series of explosions of progressively greater i11M1 .. i1 y. 
and approaching a culmination after several months, than any other whid1 " ·'' 
been suggested. . . 

To those who are accustomed to draw upon experience with soluuons ol ,.,ih' 
in water for precedents of convenient application here, a word of ~ui.:~cst_ion 111·" · 

help to clear up certain misgivings which can hardly fail co come to mcnll m 1111111
" 

111 1: 

the demonstration just offered. U ndercooling in salt solutions is ran: :11111. '·'" 
hardly occur in contact with crystals of the stable soli<l phase. lkrausc "' 1 hr 
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great viscosity of silicate solutions (magmas) undercooling is t here 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 a magma considerably undercooled, to be :ipproached at 
all within a limited time: By way of illustration note the percentage of glass 
revealed by the microscopic st udy of the Lassen Peak rocks (p. 43). This glass is 
undercooled magma in continuous ;ind intimate contact with the crystalline phases 
throughout the ma.s.r. 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 iQ the study of rocks of high silica content. 
Such an andesite magma containing several per cent of water may be in intimate 
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Rg. 42.-May 22. 1915. View of the great eruption from Red Bluff, 
45 miles southwest. Photo Stin.son. 

contact with the crystalline phases at these temperatures and yet be very far re­
moved from equilibrium. Undercooling might indeed be .1ccounted to be the 
normal condition of such a system when inclosed within a competent reservoir, and 
inertness its most apparent characteristic. 

Suppose additional water vapor under appropriate pressure co be introduced 
into suc.h a system. The solubility for water of the liquid portion (magma) is 
greater at these low temperatures and increased flu idity of the magma is its im­
mediate consequence. But with increased fluid ity comes an increased reaction­
rate, a more rapid app1oach coward equilibrium through crystallization, to which 
m.iy correspond an enormous increase in the vapor tension (see curve, p. 78). In a 
volcano reservoir, with vast quantities of surcharged magma potentially ava_ilable, 
such a discharge of water vapor may precipitate an avalanche of cryst allization 
and consequences of carnsrrophic proportions. 

If this reasoning is ;idmitted, no natural agency need be invoked to explain 
this type of volcanism, which does not fi nd its place among the well-established 



' 

' 1 

84 

laws of the behavior of solutions .. Ultrnviscosity may provide a cloak beneath which 
slow-moving chan~es may proceed unobserved for long periods of time, and these 
may develop a potential of enormous proportions before conditiorts favorable to its 
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: 
\\ill give us no concern, provided only we have the courage to follow the rensoning 
through to the logical outcome. 

After establishing the validity of such reasoning we shall not overlook the: 
facts, nor set them aside as mere coincidence, thilt ( 1) streams of water from the 
meltin~ snow in the crater basin were observed to be pouring into the first explosion 
crater and adjacent cracks :it the beginning of the activity in Mny 19q.; (2) a very 
unusual winter accumulation of snow in the crater preceded the culminating 
outbreak in May 1915; (3) following the great eruption in 1915 and the upheav:JI of 
the crnter floor which formed a part of it, the roe-ks in the crater remained w:Jrm 
throughout the winter following and were found to be quite bare of snow in May 
1916-whether from lack of a new supply of water to diminish the viscosity and so 
to give fresh impulse to the crystalliz:icion, or for some ocher re11son, there were no 
eruptions in May 1916 or thereafter in th:lt se:lson; (+)after the surface rocks at the 
summit had cooled and the winter snows again accumulated there ( 19i6-17}. the 
period of spring melting (May 1917) was ::igain marked by violent explosions which 
opened ::i new explosion crater some 6oo feet wide and deep. 

Since the summer of 1917
1 

the opening has remained sealed, so far as trust­
wnrthy observations at the summit have been reported. 

When the remarkably low temperature of :ti! the observed phenomena is 
recognized ::ind -:he consequent high viscosity which characterized the only lavn 
movement observed during the entire eruptive cycle, it is hardly possible to con­
clude th:it the vo lcano hearth itself cnn have had a high temperature. If it had not, 
then un<lercoolirg and an extremely slow race of crystallization is indicated, which 
n~ay have required an influx of surface water to precipitate violent phenomena. 

~~~~--~~ ............................................. ~~--..... --~--... ~~~~ .... --~.-.~~~-.......--- ----__..~ 

---...... 

0 

0 

0 



I 

, I' I t i 
I 

11 
I 

! , , 
• 

! 
: 

i 
I 

; 
I 

I 
I 

! 
•
I
 

z 
11 

j I
, 

.1, 
1 l i 

~
 

'I 
en 

I 
' • 

en 
I 

~
 

I 
I 

I 
>-1 
~
 

i 

I 
f 

~
 

u: 

I 
I 

I 
~
 

,.J 
..I 

0 
~
 

<
 
~
 

I 
. 

~
 

~
 

en 
r..J 

~
 

0 
~
 

c z 

f-4 z 
~
 

<
 

>
 

~
 

z 
<

 
~
 
~
 

·
o 

~
 
~
 

0 
.J 

I j 1 
I 

-
0... 

"' 
0... 

~
 

;
l
 

en 
f-4 

:c 
!;e 

'
1

 
<

 
I 

f-4 
~
 

>
 

0 
z 

c:: 

I l 
l.

 
~
 

I 

~
 

' 
I 

::r:: 
I 

. I 
~
 

t ' ' 
f 

I i . 

-
--

-
·
-
-
.
-
-
-
-

. 
·-

··-
-

. "' 
--

·-·-
-
-
-
-
-
-

-
---

--···-------
--··---·-----

-··-----
-·--·-·· 

--
--

..... 
------··O

 



i 

INTRODUCTION. 

In the course of the inv~stigation of the recent eruption at Lassen Peak some 
interesting observations were made in l9I 5 on rhe hot springs of that vicinity. 
The possibility of studying certain genetic conditions for the formarion of sulphilic: 
minerals was suggested by what appeared to be the precipitation of pyrite in one uf 
the hot-spring areas. The next year observations were continued \Vi th this purpose 
in view, and collections \Vere brought home for laboratory study. As the investi~a­
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 complcrc 
evidence on a number of points became obvious. Accordingly, the fidd was 
revisited in 19..?2 and again in r923. 
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CHAPTER I. 

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 little known, because it lies remote from the main 
lines of travel and is still traversed only by rough trails, bur 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 hoc 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 small 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 rP.is reaches an estimated thickness of r ,200 

feet. Below it lies an andesite fiow of unknown thickness. The hot springs all 
occur in the dacite areas. 

A more significant relation is the associ:ltion of the springs with a system of 
faults. 1 According to Mr. ]. S. Diller, of the U. S. Geological Survey, to whom 
we are indebted 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
rcally, 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 out, suggests that 
they follow two intersecting fissures; the Geyser, Boiling Lake, Drake's Springs, 
Devil's Kitchen, and Bumpass Hell on the one; l'vlill Creek Springs, Supan's 
Springs, and Morgan's Springs on the other. Our observations included all but 
the last group, but most 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 arc the same. 

1 Bunsen ( Lirbifs .lnnttlnr. 6:. 1, 18,.7) po1nu out that practtcallr all the spnncs. ;eysen, and fumaroles of Icel:and 
lie alone a northent-southwrsr line, "irhout recarJ to moun121 n1 or valleys. 
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Gt:YSEll .. 

The Geysi:r is the rrnme applied to the principnl spring of a small group 
which occurs in a deep, narrow ravine about 10 miles southeast of Lassen Peak, 
Like each of the three following spring groups, it is situatc<l in Plumas C.)unty, 
California. Ranged in an irregular line at the head of rhe ravine are tlm~e 
connecting pools, each about z5 feet in diameter, the Geyser itself being first in 
order. The r::ivim: at this point is but little wider than the Geyser pool. The 
temperature of rhe pools varies from zo0 or 30° up ro nearly boiling temperature, 
which at rhis elevation (5,700 feet by the aneroid) is not far from 94° C. Two of 
the pools have been o~served at rimes to spout iets of water to a height of 5 to 8 .. 
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Fig. 43.-Thc: Geyser. Southernmost pool. July, 1922. Photo Day. 

feet, at other times the action is inconsiderable (fig. +J. Plate 7). A small cold 
stream flows down into the ravine in the spring of the year, but dries up in lat<' 
summer. Alon the littl 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. 

BOILING LAJ.:F. OR LA!.:E T ARTARUS. 

The Boiling Lake (elevation 5,750 feet) is an oval basin of hot water, zoo yards 
in its largest diameter, set in a bc:autiful evergreen forest, 7 or S miles southeast of 
Lassen Peak (figs. ++• +s. Plate S). Except 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 sugge~t the site of an ancient crater (Diller). 
There is a very small cold strenm flowing into the lake from the south and an outlet 
of warm water, slightly larger, at the nor;thern end. During the summer both dry 
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up completely (fig. 44). Gas bubbles rise from time to time at various poi1tts on 
the surface. fo spring and summer the temperature averages about 50° C.; our 
observations varied from +6° to 52°. The lake is pale green in color and choked 
with a fine cream-colored mud which makes ic nppear quite shallow. Cling­
ing to the muddy bottom of the outlet, and occasionally in slight amounts to the 
earth about the borders of the springs, is found a green growth which in all prob­
ability consists of alga:, to which the greenish color of the lake is perhaps due. 
Algre were not noticed in the other hot-spring areas, except in Drake's Springs; 
if present at all they must be scar:c,e. 
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Fig. 44.-July 23. 191 ;. Boiling Lake (Temp. ;o• C) surrounded by a beautiful evefireen 
forest. Outlet (then dry) in t he foreground. Py rite 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 tempera cure. They generally occur close 
to the shore. Some are found on the bank up to 30 feet above the water, some are 
spread out over a low-lying delta at the inlet, and some of the mud pots arc sub­
merged or surrounded by the lake ac high water (fig. +6, Plate 9). 
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As a re-suit of the :iction uf tht:rmal waters, the: short:s of tht: lake for a 111.1.,j 11111111 
distance of some 50 yards at the northwestern end are uf bare t:arth-a rhor11u~lth 
decomposed lava colored reddish by oxide of iron. · 
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Fig. 45.- May 19, 1916. 801lin1 Lake lookin1 northwest. Lusc:n Peak in the back· 
i:round. Photo Day. 

DRAKE'S Sr1t1NGS, 

Three-quarters of a milt: north of Boilir g Lake in th«: close vicinity of \Varner 
Creek is a small group of springs (eli:vation. 5,500 feet) which differ in :tppe;.iranrc 
from all others in the region. A.s a consequi:nce of the lower temperatures and 
probably also other com.litions prevailing here, the waters arc choked with a brii.:ht· 
green vegetable growth, contrasting strongly with the barrenness of the other sprini.: 
areas. The highest temperature we have observed at any time in these springs is 
6z° C. Besides a number of seepages, rhe1c.- arc a very few well-marked sprini.:s. 
all quite small and practically all on the slope which runs down to rhc 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 for as the sales are concerned, but they are small in quantity and chcrc 
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is no free acid and apparently no hydro~en sulphide. These qualities adapt the 
waters to bathing purposes, and chieffy for this reason a summer c;imp has been 
locm:ed 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 poincs 
of interest in the Lassen region. 
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Fig. 46.-May 26, 1916. Springs on the bank of Boiling Lake. Pyrite crystals abundant 
in the clay banks. Photo Day. 

DEVIL'S KITCHEN. 

The site of the Devil's Kitchen (elevarion about 5,800 feet) is a deep, narrow 
valley through which flows a S\vifr, cold stream about r 5 feet in width and r or 2 

feet deep, called Warner Creek. The active area, which is approximately 550 
feet by r,300 feet in extent, is about I .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. +7) and at either end of the area. On these 
steep slopes there is almost no sign o f thermal activity, but many mud pots and hot 
springs :ire scattered over the irregular floor of the Kitchen. In the immediate 
vicinity of the springs the ground is pract ically al~vays bare of vegetation, but pines, 
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cedars, etc., are distributed over the are.i wherever conditions are favorable, and 
north of the creek beyond 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-m.irked fum:i­
roles (figs. +S 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. 1915. Four steaming springs at the foot of a high bank, east end of 

· Devil's Kitchen. Warner Creek in the forerround. Photo Day. 

In outward aspects there are other differences between the two areas. A 
number of pools in t he upper end of the Devil's Kitchen are colored yellow with 
precipitated suf phur, while free sulphur is hardly noticeable: at the Boiling Lake. 
There arc also pools in the Devil's Kitchen covered by a dark scum which has 
proved to be pyrite. In the fiats near Warner Creek the ground has been reduced 
by the :iction of the hot waters to a fine, hot, sticky mud which dries out and be­
i;omes baked into a rhin crust, through which one may easily break with serious 
results ( Plate 10). 
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BUMPASS HELL: 

Bumpass Hell, z miles due south of Lassen Peak, is a crater-shaped basin 500 
by 1 ,400 feet in area, lying high up among the mounta ins (elevntion about S,ooo 
feet) and almost absolutely devoid of vegetation (figs. 49, 55, Plate I 1). Quite the: 
most picturesque of any of the hot-spring an:as, its bnrren ground, sulphur c:tul­
<lrons, boiling fountains, and disagreeable odors form a striking conrrast to the 
wooded slopes by which the traveler approaches it and the magnificent mountain 
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 clecom-
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Fig. t9.-Vicw of Bumpass Hell (looking west) taken in J891. Activity 
greater than at the present time. Photo E. R. Drew. 

position nt the surface is thorough. It not only covers the ground of the entire 
basin, but 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 a re still act ive there. T he surface of the slope which 
rises to rhe southeast of Bumpass Hell, the steepness C'f which is indicated on the 
mnp (fig. 50) , hns also been similarly transformed. A ginnce at the map shows that 
the easrern portion of the fioor of the basin is quice 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
t ively small number of the pools. Another characrerisric is the prevalence of free 
sulphur, which occurs as :i precipitate in some of the pools (figs. 5z, 61, 62), and 
which, in the form of needles, lines many small fumaroles on the western side. 
Mud pots are found in considerable number, bur not so many as il'l the Devil's 
Kirchen. One of them on the north side (No. 17, fig. 50; fig. 77) is conspicuous 
for its size, about zo feet in diameter. · 
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Temperatures at Bumpass Hdl usually approach the: temperature uf huilin~ 
water for that elevation, 91° to 92°, but one vigorous roaring fum•1role (~n. !-., 

fig. ,;.a) showed in 1916 a maximum temperature of 117.5" C., ;1n<l in 1923 '';as ~till 
considernbly :tbove the temperature of boiling water. 

Risin~ above the northeastern rim of the basin is a lava Row th~tt forms .1 r011• 

siderable ridge which can bt" followed by the eye for :>ome distance as one appm:irhl'~ 
Bumpass Hell by the usual trail along King's Creek. 
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Fig. 51.-July 10. 1915. Large shallow pool. bright.brown color. considerable gas eva. 
lution (center), pyrite scum (right). Photo Day. 

SUPMl'S SPRINGS. 

In the nearly straight line from Boilini: Lake, Devil's Kitchen, and Bumpass 
Hdl is nnother small hoc-spring area in Mill Creek Valley, known locally as Supan's 
Springs. It lies nearly 3 miles to rhe west of Bur.ipass Hell and about + miles 
southwest of Lassen Peak. The surrounding topography suggests that it may 
represent a residual trace of the grent crnrer basin which preceded Lassen Peak, 
of which Brokeoff Mount:::iin is the most conspicuous remnant. In appe:uance 
Supan's Springs resemble most closely those of the Devil's Kitchen. They include 
!imall mud pots and a number of sm:::ill springs, some turbid nnd some clear, ns in 
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the case of the Devil's Kitchen, but the drainage basin is much smaller and the 
sm:am which flows through the val!t:y is insignificant. This is perhaps partly due 
to the very steep grades, which carry away the water much more rnpidly than in 
any of the basins heretofore described. 

The temperatures are substantially identical with rhose 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. 53), the ac-
~"'r"-~ .. , 4 . , . 1:-,,,...--~· . ---- .... -~ 

... ... _ ... _ 

-~=- ?--:~--- . ~ -· . 

~ 
" . f ~ 
~..:::-, .. -.. 

·. 

-' 

..... 
~, 1,,: -:; -

._ -:· -. l . . ,,. ( . .. .:: - .,._._ ~ ~· .·~ ~
~:~f;;-~ I 

:.:.· --".':··· .. -~~ ' , ~ ..... _ . .. ....... .._: ..... -:..~ 
tr::1. ' ~ - : J .- .. ..' .:-t, .. -
-- :- ' ..... \, ... - \ ... - • -~Jrt.1~-.;· 

":oo ..... : -:. ...,.~- - ~ .. - • ~;~~- ~ ~ • ' -~ •• - ·· · · - - •. • -. -if ' -'' 

~::::. . .. ; ,· :::J~ .. .. . :!1~i;. .~ - -
~~-~... - :;-:S~- - -· . -., - - . . --~~-;.:y/f- ! . 
~~-· -.1:8~ - _;.._ ~~· -- ·:,..~~- ·-,,-.' • 
~t'.:~-,..,·.,: <.:=~ ... ~~~ --· . - ·~""$.... ~-·-.;.s:~:;:~ --~~.:: 
~- 0:.!t.:;.::~~-:",,...:.- :• --:- ' •!:-::>. Ji"'· .J."'.~~~~-r -· ·~ - -·.---=-.~ ·~ 
~:~.:..•-;._-·~( ... ~·~~~2" . .,.~.-...: ;::~~- .:;;:.'; =.::~·~s:=r ~::•'.:.;,O:.:.c~ .... ~--~'. ... :~~:;..~·-;....._;:":;. ....... -. -.. ·.·.·-. ~~--~:{;..-._;:~~ ··.:-"' - · , :::·;-;.::. _·:~: 
~:-~~.:il'-~-:.-;..r·:~~..,.,. ,,_ .. . _ -~.~-.:!-. . ~ ...... ~~: .. -_;,.>.::;: -~ - :.-~ .... .. 
.... . .. ~ :.:t; ...;,_;'4-~~---r~ ·_..;.-"' ..._ . . . - ... c~·~-.. -~:"· ·""-::-=- :. . >-·-. • - ·-!'~c:;·~ -"' ~ - : ·. 
~- "'-'!"~J.6t"'·~~r~,.. - ~ - ~ .;.,--~~=.T.':;-~~:;::-.-~!.""."·~ ~ ~~t;Sfe(•~ ' • ·~®&=tz, c::y~~ .. ·-:-4~~?;t:;it~£ki,.4~ .. - ~:. 

Fig. 52- July 10, 191 ;, 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 ocher part of rhe 
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 zoo y;irds above this group of springs is a spring somewhat larger than 
any of the others, to which is sometimes given rhc 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 che 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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watt:r in August 1923. ·n1is pool was slightly turbid, gray in color, :uul ".i. 
boilin~ quite violently over the entire surface, which wai; probably caused cmird, 
by the escape of steam through it. There was nu indication of other ~ases ,11111 11; , 

samples were taken. · 
If one follows up the vnlley from Supan's Springs dirt:ctly toward I.assen l•c.-. 1 ~ 

one may notice an ancit:nt basin in which are only z or j small springs, ~tiJ:luh 
sulphur-colored and in part surrounded by vegetation (fig. 54). These arc 1•r11I;. 
ably the highest springs in the valley which feed Mill Crec:k, and so perhaps thn 
might be called its source. The1 contours of the basin suggest one ol the l.h·I 
cenrers of ancient activ ity, of which nothing more remains than these fcchlc h111 

springs. There is little of interest to note about this group of sprin~s. sa\'c onlv 
that they are north of the line upon which all of the hot-spring rc~ions rhu~ f.;r 
described are located. It is therefore natural ro conclude that they arc 1111r t"uu· 
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Fig. 53.-·July 1923. Supan's Springs, lower group, !hawing the effects 
. of thermal action. Photo Day. 

nected with the major east=and=west fault of the region, but with a north and soud1 
fault leading to the extinct center of former volcanic activity. The volume of 
warer in the sprinJ?s themselves is negligibly small, the largest being no more than 
2 or 3 feet in diameter and a few inches deep, tht' exact dimensions being p;1rtially 
concealed by small boulders and vegetation. It should be said, however, ch.it 
the entire basin, even in August, was saturated with water, indic:iting that thl' 
drainage follows small seepages without being localized into springs. 

MoRCAN
1
S SPlll!'4ClS. 

Morgan's Springs were not visited during :my of our expeditions to La~,~11 
Peak. They lie several miles to rhe south of the major fa ult to which our st111lu· .. 
were directed, and at a much lower levd (on Mill Creck), thus indicating to us th.it 
they were perhaps not closely related to the sources of the volcilnic ac:ti\' il Y 
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which ir was our chief interest to study. The following descriprion, taken from 
Waring's1 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 25 springs and pools :ire 
scattered for a distance of 6oo yards along Mill Creek." The meadow is a part of 
Morgan's ranch. 

Most of the springs are quiet pools of small Row, less than 5 ft:et in diameter and rela­
tively shallow. A number of them contain thick algous growths and several dc:posit n:itive 
sulphur. Others rise in are:is where hard deposits of siliceous and calcareous materials • 
have formed. Three or four springs steam :ind sputter from vents on the ban~s 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 di:imeter in which water is said to come to a state of 
vigorous ebullition and then to subside about once a day. During a period of .p hours the 
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Fis. 54.-July 1923. Mill Creek Hot Springs. Probably the laat 
vestige of activity in the old Lassen Peak crater southeast 
of Brokeolf Mountain. Photo Day. 

condition of this spring 'was noted five times as follows : Ac the beginning of the period in 
active ebullition, discharge about t 5 gallons a minute, temperature above 9j° C.; two hours 
later quiet, no o,·erAow, temperature 86° C.; at 16 hours :ind at :!.5 hours later, in active 
ebullition, overflowing; at +I hours quietly overflowing, about five gallons per minute. 

Waring says that-
The siliceous deposit at .\olorg:in's springs is thought to be the largest spring deposit of 

this material in the st::ire. . •. The slopes on each side of the me::idow are covered with 
pyroxene andesite of i\liocene or Pliocene age, but a cemented conglomer;ite is exposed 
::ilong the creek in the meadow where the springs rise. The cementing m::iterial is siliceous 
and has probably been deposited by the hot water. 

Some of the above features obvio usly differ considerably from any that have 
been observed in the other spring arens. The waters a lso, so far as they have been 

'Spnni:s of C:2lifom1>. U. :i. (;col. Survo)', Wotor Supply Poper 338, p. 1;8, 191;. 
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examined, are exceptional in containing a preponderant amount of chlori•ln .rn.I 
in their high concentration (p. 110} . Waring suggest<; that th..- chlorine: 111 ,1\ . l•r 
derived from the sediments of the Chico formation, 0'1tCrops of whid1 \\l"fl' · ,i. •. 
covered by Diller zo miles to the west and southwest. The hii;hcst rl'u 11 ,1, .1 
temperature which has been observed in Morgan's Springs is 95.6° 1 Uilh-1 
This indicates that the area is lower rhan any of the other hot-spring h.1:.i1h 1lr-
scribed in this book. 
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Fig. 55.-July 10, 191;. General view of Bumpass Hell hot springs. looking we,t. 
(Cf. Fig. 49). Photo Day. 

TYPES oF SrRt!'IGS. 

The hot springs of the Lassen region are chiefly of the solfataric type and an:. 
so far as one m::iy depend on descriptions, duplicated in many parts uf thi: 

world. They resemble closely the acid springs in the Norris Basin of the Y cllnw· 
stone Park. At first sight the visitor is impn:ssed by the diversity in appc•trann: 
which the springs present. In size, amount, and color of sediment, and in physil'.11 
activity the differences are in fact very great. Individual spring pools ranl!c in 
size all the way from a diameter of 50 feet or more down to insignificant dimc11siun!i. 
Though they have never been gauged, it ·js obvious to an, observer th:tt the 1fo·­
charge, even from the largest springs, is quite small, and some have no vi~iblc 11111-

let at all. 
One of the best-defined types a~d perhaps the most striking is the spnucin~ nr 

pulsating spring. The pool may vary greatly in size, but the spring is charartcr~ 
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ized by one or more jets of w:iter which spurt spasmodically and, with considerable 
rc~ularity at inrc:rvals of a seconcl or so, co a height varying from a fc:w inches to 5 
ur 10 feet . The volume of the fountain also varies considerably. Sometimes it is 
dome-shaped, but usually it is like a jet from a nozzle. The height to which the 
s~unc fountain may play differs greatly at difforent times and it may even cease 
;iltogether (Plate 7). But such springs are not co be rega rded as geysers of irreg­
uhu period, as they are not char:lcterized by eruptions which appear and disappear 
suddenly. In fact, there are no geysers in rhc Lassen region. ' The spouting in 
these springs naturally keeps the water stirred up and they are usu:llly muddy, 
though an outlet of sufficient size helps to keep them dear of sediment. 
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Fig. 56.-July 10, 1915. Large mud pot in Bumpass Hell. Inactive since 1915. Photo Day. 

Muo PoTs AND Muo VoLc.ANo£s. 

The essential characteristics of a mud pot seem to be a very limited water 
supply, a relatively lnrge supply of hear, and the lack of any visible outl~t (figs. 
56, 57, 58 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 

' \\'i1h the pouible exception of 1he sin~lc sprinc 1n the Mor;:an aroup describ.:d above • 
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water, are found in the various springs. Some of the mud in the: 1111111 1,, , .... 
unquestionably a product of chemical action on the spot, but in some pl."~' .1 1

, 
111 

of the mud is probably transported. Thus :ill about the 13oilinr.t Lake 11n ur 
111 111

1 
pots issuing from the sediment which is probably transported to the shurl', ,If ' " i.:I• 
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Fii. 57.-June. 1922. Mud pot in the Devil's Kitchen 
{No. 10, Fir. 47). Bursting gas l1ubble in the 
foreground. Very thick mud. Photo Day. 
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Fig. ;a.-July, 1923. Boiling Lake. Mud pot nctive below the lake levd 
(foreground), others drowned. Very low water. Photo D.ly. 

water. Some of this was probably formed oy thermal action :u v:irious point~ 11 11 

the lake bottom, and some has bct:n carried into the lake through the: 11utll'f-. •·1 

ocher hor springs. 
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A mud 'OOlcano differs from a mud pot much as a spouting spring differs from a 
<1uiet hot spring. When the w;1ter of a mud pot dries out sufficiently the escaping 
steam throws out clods ,,f 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 pot in the Devil's 
Kitchen (No. ro, fig. +7; fig. 57) has m:ver within the time o f our observation built up 
walls of any considerable height becnuse, though the mud is consrnn1 ly 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. 58). · fo 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 r916 
a number of mud volcanoes were to be seen both at the Boiling Lake and the 
Devil's Kitchen; in June r922 all had disappeared and their sites were occupied by 
mud pots. In August r9z3 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 shutl find that all this manifold diversity is but the manifest· 
ation of the same process due to the sarne fundamental forces, modified here and 
there by locul influences most of which are of secondary importance. 
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CHAPTER II. 

FIELD AND LABORATORY WORK. 

WORK IN THE FIELD. 

The field work included detailed observations of the springs and rlwir rt·l.u 11111 • 

ships, the prep:m1tion of maps pf the three most important spring arc::1s, na·.i·urr· 
menrs of temperature in the springs and of ground temperatures in some .ur.•• 
approximate measurements of heat carried away fro m one of the hai1ins liv 11111 ~ 
flowing ""·;iccr, and the collection of waters, salts, sediments, and gasc:s for l.1h11~.1t u r v 
study. · 

MAPS. 

Locnl outl ine mnps { I inch to 100 feet) of Lake Tamirus (fig. 59), the I),., 11', 
Kirchen (fig. +/ }, and Bumpass Hell (fig. 50), wc:re m;ide fo r thi: purpo:.c of i11d i1.1I • 
ing the location and the relation of the springs studii:d and pro\'it.lin~ p1"'1hlr 
idc:nti fiC'ation which might permit of further study. It musr be: rw1gni1.t·tl, .. 1 

course, that these springs are situated in a region of very active and vcr\• ,·,1ri.1hlr 
surface draina~c:. pnrrly due to the heavy accumulation of winter snow: ;1 1111 •• 1 ... . 
one in which the temperature is high enough to bring about active mcr:imorph" 
changes, so t hat shifting in 1the observed locations nf springs and occa~ iu11.1ll\ 
complete loss of ideritity may be expected. · 

Our observations in 192z, six years after two of the maps were preparc1I, prun-11 
them to be of great help in carrying our the investigation. Essential ch~' "J.:''' 111 

that time had been comparatively few, but some there were which were: inrnnh·, I· 
able and of special interest. The areas mapped were roughly surveyed "i1h .1 

compass and a ll distances were measured. The maps are therefore to ~' .1 !1·. 
Letters on the maps refer to points observed by J. S. OHier in 1921, the numhl·r, to 
points studied by the authors. 

TEMrERATURE ME.uUllE~1.ENTs. 

Temperature measurements were made with a maximum mercurht l lh<'f· 

mometcr protected by a brass cage. As there was no rea!'on for high :m:urar y it 
is unnecessarv to give dt>tails. The results are recorded in Table I. 

T he higl;est tempera tures in each area are close to the temperarnre of hnilini: 
water fo r the elevat ion. T hey are usually a little lower-a fact which prc::- 11m . 1 hl~· 
means th:it the influence of escaping gases on the temperature is grc::ucr than th.11 
of di.ssolved salts. The temperature fluctuations in some sprin~s arc 01ud1 ' '"' 
great to be a ccounted for by vari:nions in the barometer. It will l!c notl·d .iJ .. ,_ 
that there are some springs :t nd pools wit h a temperature much hclnw th.11 "' 
boil ing water and rarely a cold pool. Fumarole temperatures, with a singi~·u t·p· 
don ( rrumpass Hell, No. S), were practically t he same as the maximum tcinpcr.11 1m·· 
found in the springs. 
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TABLE t.-TEMl'ERATUR.Es 1:-1 TllF. HOT S1•1usc:s oF THE LASSf.N NATIONl\J. PARK. 1 

Tu Gnua, 
(Elcvarion abnut 5,iOO feet. Aver:i~c boilin;-point uf r>urc w:ncr for thts elcvatio11 about '».tr C.) 

LQQfity. _, Temp, II Loc:ality, I Dare. ·1 Doc~ I I Temp. 

I 
Northpool,, 11 . , , .,, .. ,, ....... . ... ., , May li , 1916 II 

I Do,.,,,.,..,. ,, .. ,,,, . ,.,, .• July 11,1915 
Do , . , ,. . ,. • . ,, , .. ,. ,, ,, . ,, . ,. June 25 , 1922 
Do, (boilinc steadily J to S feet 

hi11h),,, II •• • ,, ... ,, II ...... , Au1, 9, 1923 
Middle puol ... II • • ,,,, .. ,, ..... .. ,, • .May 17 , 1916 
Souchw..sr pool, ., . ,, ......•. , . . ,, ••. . . ,Do , ••... 

Do,.,, • .,,.. ,, ... ,,,,,. .. June 25 , 1922 
Do, (spoutinc occasionally 10 feet) .

1 
Au;. 9, 1923 

~i ' ~-~ Small ~~~:~I~· ,~~~t, ~~~~ ~~ .".''.'.R.~~: :: : ~~~y JZ: ~~'.~ . 
92 I ColJ inftow from 11onh: 

At COf' of rn int, ..... II ,, , .. ., • ., June 25 , 1922 
95 5. Near bottom of ravine .. ... ,, II , • • , •• • • Do .. .... 
~n ·i· Durhdry , .•. . .. , ..... ,, .. ,, .... Aue, ., , 1.,23 

93 
93 ,7 I 

THE Oo1LING f.A!'E a• I.Ai.£ TAKTAltUS. 

---;c:-
89 3 
89 7 

8 .... 
.... 

!Elevatiun 5,750 feet. ,.\ \11trai;e boiltn1rpmnr of pure warer for this elevarion abnut 9~ o• C,) ,_________ -

1 
Locality. I Date. I Temp, 11' Lo<:aliiy, I Dare. ! Temp. 

1 ; ! · c. I · c, 011rletuflake;warerrurb1J ,, ...... . . . May 15.1916 49 ~o,S. Dill'ercnrunnccs ,, • • ,, ...... I June 16 , 1922 82 .5 ro91 
Do,. ., ..... ,, ,, • ,, ,. ... ,, ,, j ~la)' 19, 1916 -19 Do ... ,, .. ,, ,, , .. ,. . .. Jun" JO, 192:? 85 5 io 9-l 
Do. , ,,, .. ,, ...... ,, ..... ,,,,,, May26,1916

1 

508 Oo. (mudd>·) •• ,,,. ,, ,, ..... .... 1 .:\ui;, 9,1923 90 .0 
Do,,,, .,, . ,, ..... ,, ... ,, ... ,, I June 8, 1916 49 O 

1

. No, 6. MuJ volcano,, ,, .... , . . ,, May 19, 1916 82 
Do., . .. .... . ,,,, ......... ,. June 15.1922 46 0 Do .. ,, .. ... .. .. .. ,, . ,,,, .. . 

1

June16,1?22 80.S ro90 
Du ... .. ,, . .. . .. ., . .. "] July 9, 1922 52 5 Do . ..... .. , ..... . ,, , .. , . ,, , Jun" 19, 1922 87,7, ~l.S 
Do, Jr)'· lbke remper:nure near I t Do ., ... . .. . . ,. .... . .. . ,,,, July 9,1922 93,J 

oudct). ,, . ,, .. . .. .. . , Aui:;, ') , 1923 SI. 8 ., Do. {mud dads, ban•na sin , 
.\.f udJr pool butcd br spourin1 sprlnp: ' ' rlirown 10 feet) , . •• , , , . . , . . ..\uc. 9, 1923 
~o,1.byfallenrtte ,.. ,, ,, ..... , . .\.lay?6,1916 I 92 ' TwomudporswestofNu,611 .. ... 1 Junc16 ,1!>2l 

Do ... . . ,, .. .. ,, . . , . , .. ., I June 8, 1916 90.5 l Do. (•ctiv" 2 feet below I.kc lcvcli., • .\111. 9 .1923 
Do., . .. ,. ...... ,. ,, ., .. ,, .. ! June J0, 1922 I 93 5 · No. i, Mud volcano ... . ,, . . .. . Ma)' 19,1916 
Do.,, , . .. .. ,, .. ,, ,, .. . ~ une Ii, 1922 l 92 Do ... ,, , •. ,. ,, . • ,. .. .. • .. . .\.hi· 26, 1916 

. Do.,, , . ,,, ,, . ,, , ......... Jul)' 9,1922 9J 8 I Do .. ,..,, .. . ,. ,, ... . ,, . ,, .. ,, June 8,1916 

I 
Do,(muchenlaCl"J) .... .. .,.,, \uc. 9,1923 93 3 j Do •. ,,,,,. , . ,. ,, . .. ,. . .. . .. ,, June 15,1922 

No. l.southenJ .. .. ,,. ,,,.,,,,, .. j Jun" li,1922 93 ! Do,, .. .... ,, ,,. ,, . .... ,, . .. 1 June30,1922 
Do ... ,, . . . ,, ,, .. . .. ,, •• .. June J0, 1922 j 94 5 I Do., .. ,, .. ,,,, .. . .. . . .. .. I Juli· 9 , 1922 
Do .. . ,, . ,, ... ,, • ,, ,. ,. • , ' July 9, 19?2 1 9:l S Do .,, ... ........ . ,, , ,, .... , Aus. 9, 1923 

Xo. :?. Very smal .. .. , . .. ,, • .. .. .\lay lS, 1916 I 91 No, S, Lake border, .. ,, .,, .. , • .. ,, , June Ii, 1922 
Do,, ,,.,, ,'. .. 11 ...... ,,, .. • .May 19,1916 1 91.7 I Do ,, . .... ,, ,. ,, ,,,, .. "' : " " July 9,1922 
Do, , .. .. , , , . , . .. .• , , . . . . . • . . June 8, 1916 93 I Do. (many steam opcnar.i:s; hule 

No, 2 (1} .. .... ... . . ,, . .. .. ,, .. , ., ] line 19, 19?2 I 93 1 water),, ,,. ,. . . .. ,, .. .. • Aui:;, 9, 1923 
Do, , , • ,, , .... . ; .. . . , , : Julv 9, 1922 94. 2 .f No, S. On promuntory above h kc , ,, I June I i, 1922 
Do. (very low; 3 open1n1:1J, ••... Au~. 9, 1923 1 93..l I Do •. , .... ... ,, • ., , .. ,, Jul)' 9,1922 

1

:0.:o. 3. Verysmall,, ... ,, ...... ... June 8 , 1916 92 ,3 
11

No. 9. Mudpotinlab .... .. ,, .. . ,. JuneJ0, 1922 
Do ,, . .. . .. ,, ,,. ,, ...... ,, . 1 .\.lay19, 1916 1 89 7 ~ Do.,. , .. ,, .. ... ,, .. . . ,,. July 9,1922 l 

No. J (!). ,, • . ,, . . ... ,, . ,, ,. .. ,, .. I July 9, 1922 88 

1 

Do, (d~1; sream only),, , .• , ... . . . : ,.\uci, 9, 1923 
Do, banks caved in . . . , . , , • . . . .-\111:. I), 1923 I 90 I ;'<In, 10.. ... .. • ,, . ,, , . . . ., . , . June 16, 1922 

I ~"- 4. Spounnit sprina.,,.. • .. ,. .. .. \br 15, 1916 93 , 2 i Do ,, " ,. .. . .. . .. .. • .. . ,, June .10, 1922 

I 
Do .. . ,,,. ...... .. ,, . .. • ~lay Ill, 1916 Si I Do. only 2 oncb..s deep; scamrlna: I 
Do,, ,, . .. ,, . ... .. . ,, ,, ... ,,. J .. ne 16, 1922 93 .3 . bubbl.s , .. ,,.,..,, .. ,, Aui:. 9, l9?J 
Do, srcamonly; nuwacer •. 11 ...• .\w~. 9,1923 , .. ·1 :O.:o,11 .... ,, . ,,, ., ,, .. . ,,. ' June 16,1922 

No 5. Mud•pnnp., .. . ,, ,, . ,,,.,, I .\.la)· 15,1916 S8 ~ Do.Jsieam 0P.,111n11s;nowarcr,,,,I A111. 9, J92J 
Do . .... ,.,, .... . ,,,, • . ,., ... , .\.b\· 19,1916 80 . I 

I Do .. ., . ,.· ,, ... . ,. , . .. .. ,,,. .
1 
Jun~ 8, 1916 1 89 2 · ~ 

86.J 
iO ~nd 92 

92.9 
93 
90 
93,9 
!)() 

93 
92 
93.J 
93 
93 ,2 

89 9 
92 .7 co94 

9-l 
93 
93 

89to~ 
92 mu. 

90. 8 
8J 
94.8 

1 The variotoon on rhc observed baromcrnc prcss111e oc a norbv uarion uf the I,;. S. \\'c.chcr Bureau wos 12,i mm. Junni: t he prrioJ of 011r 
lint vtsic ( 1916), Th11 wuuld cause a •'ortarion of abuur 0.6" C. m the bo1lin11•point of warer. 

-----·------·--·- . - - · ------
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T ADLE 1 .-Co111in1ud. 
l>aA1a'1 Sr11111cs. 

!Elcvauun abouc 5.SOO feet. .-\vcraac boihn'9point of pure water fur this elevation abour 'll.11° C.:.I 

L«alit)'• I Om. I T•mp. ll Lonlit)" I -~~-
1 • c. I 1 I Jul)· 14,1922 Few 11ep1 NE. of bath hou ....... 

Sl<i>pc south of Wamu Crttk: 
F.ancnd ... ........... . ... . . .... 1 Jul)• 5 . 1'115 
Do .... . .... . .. ........ .. .... July 9,1915 
Do. ..... . ..... . .... .. .. .. ... . June 6,1916 
Do .. . ... . ... . . .. . , . . . . . ... .... July 14 , t922 

West end ........ . .. .... .. . . . ....... Do . . .. .. 
Middle .. ... . ... . ... . . . .. .. .. :"i' .... Oo .. . . . . 

.Sl II: Slupt! fl>11th ofWamarCrcck:-Ce• linarJ 
IJcrw""n la11 twu, but nearer bach· 

.ii S I . lwusc . . .. . .. . ._ . .. .. ·1 Jul)· 14. I'll! 
53 Soda-.pnni:. cffcrvete.,nr. 0.75 1n1lc wesr 
51 6 I uf Drake's Spnni:s 1n 1nca1luw.I ~lar 16, l'ltt> 
62 Do............ ..... ... . .. . June I>, l'llC. 
43 .S Do . ...... . .. ......... . .... . · I July U , llll! 
.50 • .5 

THr Dc•·11.'s K1TCH£N. 

ll::lcnuon about S.800 fcer. Avuaae boilin'9point of pure warcr for rhi1 clevauon about 94.lr C.I 

L«alit)'· I Om. !~ Locality. I Om. 

:-fo.t . .. . .. .... .. ... .. .. .... . ... . . . I July S,1915 1 ~C. I No.12 . ... . ... . ·: • ............. June J,l'Jlll 
Oo.... .. . . ... . . . . .. . .. . . .. I May 20, 1916 91 I Do., fttble acnviry; 1nvaJeJ by 
Do... ...... . .... . . . . • . June \ J,1916 j i8 mcam . .. ....... ....... Aue. li.l'l!.I 
Do... . .. ...... . .. . • I June 20. 192:? 

1

4i>nd565 :-lo. 13. .... ...... .. .... . •• . Mai· .?5,1'1111 
Do. two J11fcrent points . . . . . • . . f • .\u11. Ii, 1923 92.9, 93.8 Do.; white mud, J inches below I 

Hotrivulet Aowinc into l'io. 1 . .. . . . . June 20, 192:? 83 normal.. .... . .. • . . . . . June 20. I'll! 
No.2. ....... .... . .... .. . . . ...! May 20,1916 -'O Do .. .. . .... . .............. ... . 1 Aue. li, IYLI 

Do .... .. ......... .. . . .. . . . .. , .~ua. , 17,1923 1 93 ,J No.14 pool . .. . .. .. . .. ........ .. .. J Jone ~.1111 11 
No. 3 ........ ....... . ... ... . ... .. .. 1 July 5 , 1915 I 91 Do .. ... .... ... .... .. ..... " I ~hr 20. l'>lfl 

Do.... .. . ......... . .. .. .. . . May l0,1916 91 j Do.... .. .. . . . .. .. .. .. . .. . .. June 21.192l 
Do ..... .. .............. . ... 1 June 3, 1916 I 92 Do.. .... . . . .. . .. . . ..... . AuK. l,S.111!.I 
Do.... . . .. .. . . . . • . . . . . . . . • June 8, 19111 I 90 I Do.; sepantc pool. . . . . . . • . J une 21 , IY!l 
Do..... ... .. .. . .. . ..... 

1 
June 20,1922 82 i' Do.; mud•pot un 1nar11n ... . .. . ... ... Du .. . 

Do. larccr 2nd mote violent than I Do. . ... .. ... . . . . . . . . . . . . . . . .. Do .. 
formerly...... .. .. . . 1 • .\uii. ti,1923 91 I Do ... . .. .. .. . • • . . .. .. . . .. .. Aue. 15, l11ZJ 

No. 4. Hor urum depotmn& pyrite • . · j ~b\• 20, 1916 80 . .S No. IS .... .. . .. .... .. .. . . . .. . • . . . . . May 20, l'J lll 
Do.. .. ... .. . .. .. .. . . . .. . J une 20, 1922 83 I Do.. ... ..... .. • ....... .. . .. June J, l'Jlll 
Do. no pyrite visible. . . . .. . .. Aui. li,1923 88 .2 Do . . .. .. .. ..... ... .. ..... . June 8,l'Jlll 

No. 5 ..... ... ........... . . . . . .... . 
1 
~by :?5,1916 112 I Site ofl5; steam hole ,. . .. . .... .. . .. . June 21 . IYl! 

. Do.. ... . . . .. . . .. . . June 8, 1916 82 I Do.; in1i1nific2nt .. ..... .. . . .. ,,u,. 15, l'l!.I 
Do... .... .. .. . . . . I June 20.1922 84 No. 16. .. . .. .. .. • • ..... ........ June J , 111111 
Ou. (I) sltihd~· turbid; boilinc; I Aue. 17 .1923 88 -~ Do.. . . . , . , •.. . . . . •. June ll, 1916 

(2) 1ulphur-~·cllow pool . . . .

1 

Do. 92 .8 I Do.; •!team JUst a Jve tcrncc; 
Hotturbid 1prin1 justabovc No. 5 ..... J une 20, 1922 92 .5 • source undertoc:k . . . . .. .. ... Aue,. 15, 11>1.I 

...... 

U o 

1 f4 

.... ' 
·"' 

'•h . 
., 
... 
.. . .. . 
11: 

.,, ' .,, . 
;1 ... 
I• • ,, . 
;. ,,, 
''·; 
•11 

~· i,: •. . ,. , 
"•I 

•1: 
•1: 

:• I 
\'1 1 

No. 6.. .. .. • .. . . . . ..... .. ... .... 

1 

July 5 .1915 91 j No. 17 .. . • . .. .. • . .. .. .. .. . . .. .. .. . ~by ?0, 1°1111 I 

Do.(!).. .. . . . . .. . _ . . . J une :?0.1922

1 

71 I No. 18.. .. .. . .. ......... . • . .. .. .. .. . Do .. · '•• 
No. 7 ..... . .. . . . , . . . . . ..... ...... Jul)· 5 , 1915 85 Oo ... ..... .... , .. ....... .. June .S, 19111 ' '

1 

Do... .. . .. . . . . • .. . .. June 1. 1916 83 No. IS; new 1prin1t very close to old 11tc.. June 21. l'Jll '' 
Do. wcuborder .... . ... . 1 June20.1922 65 .5 I No. 19 ... ... . .. . ...... . .. . .. .. ~layl0 . 1'111• ~ 1 

Oo. slichdy rurb1J (some pyritol. . . .\u;. li,1923 82.9 1 Do .. . ...... . ..... . .. ... . . . June .:!,tl}IC. ••• 
Pool 5 feet west of No. 7. .. . . . . . . . J une 20.1922 I 80 I' Ou.; near old site. ..... .... . . . . June 20. l'I!! ••: ' 
No. 8 .. . . .....•. • . , . . • . . . . . June I, 1916 1 62 I Do. ; very active.. .. . • • . . . Auit 15, 1'1!1 Q,' 

Do (I) . .. .. • . . .. . . . . June 20, 1922 I 38 5 I No. 20 . ... . .... .... . ... ... . . .... . ~by !O, )Ql11 " / ' 

Do.; a~Y pool; water low ... . .. . . Aua. 17, 1923 i9. I I' Do., nur old site • .. ..•. ... . . June 21 . IYll "
1 

No.9.. .. ..... . .. . . .. . . . . ... June 20 , 1922 85 anJ 88 Do .. :icuvit)'in11i;n1ficant; ternci:s • 
Do.; east end .. .... . . .. . June: 28,192:? 86 dry .. . ....... ...... .. ... Ani:.13.1'123 '•.' 
Do.: activity about nonnal. • . . ... Au11:. Ii ,192.1 Si No. ll .. . . .. ... ...•. . •.. , . .• ... . . :\la~· !O. l?tl1 "

1 

No. JO. Lari:est mud po& ... .. .. . .... . Julv .S, 191.S 94" I Do .• near old sire .. . .. . . • ... . .. . June: ll. 1\1!! '
1 

Do .. •... . .. .. . .. . . .... . .. . 

1 

Ju~e 8.1916 9-' Do.; (nearly dry) ...... ... . . . . .. ,.\us:. 15, 1
1
1! .I 

Do... .... . . .. . . . .. . .. .. . June I, 1916 OJ it No. 22. . . • . .. . . .. . .. .. . • . .. . .. June 21 . l'I!! 
Oo .. ............ . . . . . .... .. June 20,1<>22 I 93 i Do.; very active . .. . ... .. . . .. ... 1 Au1.1.s . 1:>~~ 
Do.; low.. . .. • . .. . .. . . .. . . Aua. 17.1923 • 92.6 No. 2.1 .. . .. .... ...... . ........ June Zt.11 .. 

:-\11. 11. Sulphur-yellow pool. . . . . . . . . June 1. 1916 I 90 I Do.; ver)' >crive... . . • . . . • . • . . . . . ..\1111. 13 , lll.!.1 
Do .. .......... .. . . . . .. ..... 

1 
.\ui:. ti . 19l1 I SJ.8 I ! 

.... .. 

.,. I 

'" •' 

") 

--
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T ADLI! t.-Continutd. 
THI Dr.vrL' I K.1Tcnr:11-Corr1i111UJ. 

LOC11lity. D:ne. I Temp. Looliey. Dare. Temp. 
I . I . • c. • c. 

No. 2-4. . . .. . •• . . • . • • . . . • . . • . • • • . • • . . June 21 , 192:! 93 No. 28 ...•. . .. •. •... . . . •.. ...... ...• June 28.19?2 82 
Do.; very active . . ............... Au~. IS, 1923 92 S · Do.; rhiclc black scum; linle 

No. 25 .. . . .. ... .. . ............. . ... June 21, 1922 92 j bubblinc • •• .. . .• .•. ... .. .. . Au11. 17, 1923 . S6 
Do.; very active...... . ........ . .\ui:. 15,1923 93 I No. 29. Bii: fumarole .. ... . . . . ... . . ... June 20, 11122 "" Src2m hole near No. ~4 and No. 25 . •••• June 21.1922 9-4 Do.; J ry, no activiry .. .. ... . . .. . . Au1. 15 .1923 ··--

No. 26 . . . .... .. ... .. .... .... ...... . . ..... Do ..... 79, 92.S, No. Jo. Ory neam fumarole (noi1y) ... . . . . .. Do . ... .. 94.l 
93 5 I No. 31. Actin .. ,. , ..... ... ... . .... . .. .. . Do . ... .. 92 . 1 

Do . . ..... .................. . .. j Auii. l.S.1923 'U• No. 32. New pool (milky; pyrite scum; 
No. 27 . . . . . . .. . . . . • .• .. •. .• . . . .• • •• June 20 , 1922 92 .5 no ouclet) .. .. ..... .. . .. ... T .... Do . ... .. 77 
East rwo of chrce mud pou .•.. ••.. •• ' l ' ... Do .• . ... 91.5, 92.S 

Bu1o1rA11 Hu.i.. 
[Elevacion a bout 8,000 feet. Aven;c boilini:-point of pun: water for rhi1 elevation about 91.5" C.J 

{ 
Locality. I Dace. i~ Localicy. Dace. I Temp. 

. I . c. • c. 
No. l . • • • . . . • . . .. . • • . . . • •. • . • • . . . . . July 3,1922 12 ~o. 11 stream. Co,.li,.tUJ. 
No. 2, NW. comer. . . . . .... .. ........ . ..• Do..... SS .5 Do.; can of No. 6, .J f<et away. .. Aue. 10, 1923 55 . 1 
No. J , cast end. . ..... . .... . .... . ... . • •• •. Do.. . .. 39 '. No. 12 sprins on border of !l')Ol. . .. .. . J uly 3, 1922 50 
No. 4;sulphurpool;opaquc .. . ........ June S.1916 ass I Do ..... . ... .. ... . .... . . .... . .... . . . . 00 . . . ... 87 .5 

Do . ........ . .... .. .... . .... July 3,1922 M-1085 Do . . ..... ... . ... .. .. . ... . ... . .. ... . Do . .. ... 90 
Do.; no outflow; 18 inches low •... • .\u;t. 11, 1923 M . .J Do.; wacer very lr~w . .. .. .. .. ... . . .\uit. 10,1923 89 .J 

Fumarole 15 feet ~·w. or No. 4. . . . . . .. July 3, 1922 92 ~ No. 12. New fumarole; inaet"cuible; very 
No. 6 .. . .. ... .. ..... .. .... . .. . . . .... ..... Do.. .. . . ~- 6 noisy • . .. .• . . . ..•. .•. . . . . • • . .... Do. , . . . . . ... 

Do.; pool low: no ouu1ow ••...•. . ,\uc. ll , 1923 ~o. IJ. wric fumarole ...• •• .. . . ..... July 3, 1922 91 
Do.; nur hot souch bank ••.. . .••. .•.•. Do •• .. •. S6.J I Do.; very no11y; litde water ; in• 

Black mud•pot NE. of 6.... . • • .. • . . . . . . . .• Do . .. .. . 89 8 ic~1ible ..... ... .. .... . . ... , Aus. 10, 1923 ..... 
No. 7, at ouclet ..... . ..... . . . . . .. . . 1 July J , 1922 42 .s I ~o. 1-4 . . . . . ..... ._ .. .. ........ . ...... June S,1916 91 

Do.; volume small • .• , • . . • • . . . . . . Aui:. 11, 1923 41 2 ' Do.; we1ccm pool.. . ... . .. . .... "I July 3, 1922 9t.5 
, Do.; cancrn br:anch . .• • •• •• .••.• . 1 July 3, 1922 47 .5 I Do.; .crivcstc2m and wa1crspray. . ..\ua. 11, 1923 93 . 1 1 

Do.; "''cstem br:anch . .. .. . ... .. . · p ... Do . . .... Jt 3 Do.; ea•tern pool. . . . . . • . . . . . .. . . July l, 1922 90 
No. !. r,., ............ ... .. _. _ ..... . 

1 

)•~ 3, 1916 lt7.5mu..1 Do. doubled in brcadch N-S 
Do . .... . ...... .. .... .... ... . .. July 3,1922 86 since 1922 . ...... . ... . .... . . Au;. 11,1923 89 (S. side) 
Do.; (cemp. 2bove ranee of thcr- I Do. eanem pool (continuous 

momctcr)....... . ... ........ Aus. 10, 19:?.l uo.+1 nc:am and wacer spray 3 to 8 
No. 9 . .. . ......... ..... ... . . .. .... . . July J,1922 88 .5 feet) .. . . ... ... . . . .. ... .. . . . . .. .. Do ..... . 9-4 .1• 

Do. . . . . . . • . . . . • . . . . . • . . . . . • . . . Aue. 10, 1923 M .6 :-lo. 15 .. . . . • • • • • . . . . • . . . . . • . • . . . . . • . June 5, 1916 85 
! No.10 . . .. . ..... . . .. .. .... .. . . . .. .. . July 3,1922 63 Do . . . ..... .... ... . .. ... ... .. . July J,1922 S7 

89.4 Do ... . . . . .. .. .... ... ... . .. .. .. Aui;. 10, 1923 60 

I . °"'' <•- '""" •=•· ;, ' l 89 s 2 mud pon just south of No. IS ..•.... July J, 1922 91.S 
j places) ... . . • • . . • • • • • . .. . .. . Au1. 10, 1923 92 Do . .. . .. . . ...... . .. ... . ...... _,, . . Do .. ... . 92 .S' 

92 .51 I Mud b;~ ~:)'~-~~~~-t·u·r~:~ .·.~~~~~ _<~ ~ Aue. 10, 1923 90 
92 2 . . Do . .... . 35 .5 

No. 11, nrcam ... . .. .... . . . .......... July J, 1922 19 , ~o. 16. More water than in 1922 .. • .... .o\ur. 11, 1923 91 
Do.; ease of No. 6 ••• . • .. •.•. • . . . 

1 
Au1:. 10, 1923 88 5 ii ;o.;o. 17. Dlack muddy pool.. ........... .. . . . Do . ..• . . 89 .8 

~hLI. Can~ Sr11111c1. 
I l miles south of Luscn Peak jusc inside rhc oldut enter rim east of Brokeoif ~fountain. Elcv:acion 7,950 feet. Aveni:• boilinc-poinc 

of pure w2cer for this elevation about 91..5' c.1 

Looliry: I One. ~I Lonlicy. I Dace. Temp. 

• c. I Bi1 fumarole. "''2fcr in bottom : c .. ,;,..~J.' • c. 
2 bo1lin1; springs; sulphur precipinte ••. July 16, 1915 68 

I Suun~ly b1>ilin~ sprinc; dark prec1pit2fe . .. . Do •. . . 90 .2 Do ... . . ... .. . .... .. ... ... . .... .o\11;. 11, 1923 91.1 
Do.; no prc•-ipirauon. .... . . •.. • .\ur. 11, 1923 'JO 8 On· fu1narol"; sulphur deposocs and 

, Uii; fumarole, w21er in borrom: rrob2bly ferric salri ... . .. . .. . July 16, 1915 81. 6 I In steam ..•...•. .• . .•• • • •.•.. . . . July 16, 1915 89 2 ' Jn water ••• •••• .•.....••. ...•.•. . July 16, 1915 90.8 
I 

I !\i;;le flm rhcse t .. mrer2rurci°ir;;-;buvc the lKHlini-puinc uf \V2fer at this elc\•ation . 

c) I 
~ 
-"· .... .czc;a: UC . A - -
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TABLE r .-Continiud. 
SurAfj' I Sran1c1. 

I II 
--

J.ocali1y. Dare: Temp. l.o<"ali1}'· lhr~ ..... 
: . • c. 

J.owu S;llll'CI: U1•rf.ll Sn111c: 
Au;. ll , 192.l l ~ No. I. Shallow pool bubblin1 r.apiJly .... 91 6 ! Fountain S feet hii;h .......... ... . : \111!'. 11 , I 

No. l. Small turbid 1pnn1. • • . . • . . • . • . . .. Do . •.. Si -l , Pool below founnin .. . .. . ... .. .. . . 
.,!, .. 

No. J. Do.; brown sediment .. . ... .. . . .. ... Do .. .. .. 
0 I I , l>o , 

86. l I No.4. 1.ar;c mud pot • . .. .. .. ... .. .. .. . .. Do •. .. •. 63.8 

I 
No. S. MuJ volcano in nnyon; bri1ht I blue, rerraccd . ... ........... ... .. Do .. ' . . • .. 91.2 

0rn£1l FIELD TESTS. 

Tests with lead-acetate paper showed that while hydrogen sulphide was,, i1fd,· 
distribmed, only very small quantities were escaping from the springs. The p:ipt';~ 
were usually browned very slowly. These rests also indicated that the gases do 11111 

rise uniformly from the whole spring surface, but chiefly if not entirely from n~rt.1in 
points. In making this test, by the way, the paper should not be dippeJ into shl· 
water, but held just above it; otherwise, so minute is the amount of gas act11.1ll\' 
dissolved in th•! water chat the reagent may be washed away before any cffl'l't f, 

TABLE : .-HOT SPRINGS OF LASSEN PEA~ REGION. 
lUnpubhshcJ ob1ervation1 br J. S, Diller, 1921. Spnn~ ma)' be 1Jcntificd by the letters, li;s. ;9 >11J •7 I 

N~ l~~~~~~~~~~~~~~~~~~~~~~~~~~~--;~~~-Ocs~ripcion. o •••. 

1 

\\'csrem bclr: . . , . . . j l'J!l 

2 MO:~~·: . ~'.~~~-t'. .2. n'. '~~~ ~~-"h ~~ ~~~;:e ~~~- .. '. '.~0-~~-·'.~ -~·~•~It.': :: : .. : . : : : : : . : j~~: ~~ 
J Mori::an • Bii:i:t"st: olJ st••m hath in mcaJo,.· br creek: no hot waier seen . . . ... . .. June l't 

I 4 ,. ~furi:an•. Bia '.\lill Creek. SO 1·uJ1 :\W uf olJ steam buh. .. .. . .. . . .. .. . On . .. . 

I 5 Supan's Ilii: Bu1kr. I male ":'W. uf Supan' s cabin: v1~orousl)• ~01lin1 ; elevation 

I
' i,biS feet. not acccurble at that timt!. . .. . • .. . .. .. . . • . .. . .. .. . .. . .. . .. . .. J ane 21 

· 6 Supan's 11111 llu1l.,r. 21 :\u. S, but warcr low; all ueam .. .. .. .. •. . •. .•• , . . . . . . . . .~oi:. 1 i 

I i j Dum11au Hell. "'~ii s~dc . Scum onln hi111n1... .. .. . . . . . . . . . . . . . . . • . . . . . . . . . Aui:. ll 
• 8 I Durnp211 Hell," a 11Je. IJ01hn~ m11J pot by No. 7. .. .. ... . .. ... _.. ..... . . .. .. Do ... 

1 1 Eurcm belt: 
j 9 ; <ie\let. bo1hn;: vii:orously.. . • . .. . . . .. .. . .. . . . .. .. .. .. .. • . • .. .. .. • .. . .. Juh· 111 

I 10 1 Tu12ru1 Lakc, IUO \ at<ls wcst of int\ow; slow boilini:.. . .. . .•... ..... . . ... .. .. ... . June '' 
11 Tuucus l.2ke. bu1hn.: 1111111 poul by inlet (forenoon) . •.. .. ... .. . ... .. . • .•.•. . . . . . , June 111 

1 12 T2rt2rus bkc; bmlini: n1111l pool br inlet h frctnoon) . .......... . . • . . . ... . • . . .. . J un•· 11 
lJ ! T u:urus l.;ol:e; >r thJc ~O ~·arJs e;ou of inlrt; hiuina steam..... ... . . ...... . . .... June 1.l 
1-l T2r12r1111.ak.; west 1iJc nur muJ cone . ...... .. . .. .. .. . ... .. .. ..... ... .. . .. 1 June U 
15 I Tuurus l.akc: outlet ..... .. .. . • • , ...... ... . .. .. ......... .. ... ........ .. . .. ... Do .. 
16 I Du. . . . . . . . . . . . . . . . . . . . . . .. .. . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Junr !~ 

~~ j D10:c's _sp~i~~~: --~~~: ~~'. i~~~ ~'..!'.~~ -s~'.'~h-~~ ~~~~-.:::::::::: :: : : : :: ::::: : ~: :.: j;;~; :~ 
19 I Do. . . . . . . . ... , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Julr 111 
20 

1 

Drake's Sprin;s. Wrst sprini: uflinuouth of creel: . .. ... .. .. . .. . . .... .... ... ..... ; Jynr U 

i~ . ~:-- _ · ::::· · :: ·:::: ·: :·: .. · ::. :·: · · :. ·:::: : :·:: ::: :: :: :: :: ::~ ·:: :: : : ::r 1 .J~·," 
23 I Dc1·11's K11chcn, cast enJ; •111nrcri11i: sprini:. left cdi:c of crrek .. ,... .. .. . . • . . . . . . . J u,,.. 11 
2-t 
25 
26 
27 
28 

l).,,.,r. Ki1d1cn, cut encl: hiu1ni: sprini:. srcam.... .. .. . .. . .. .. .. . .. .. .. .. . . .. 1>11 
.. • • 

J).,,.,r, li: irchcn: cur cnJ: nmlJlc: vi~omusly bo1lin11. . . . . . . . . . .. . • . .. . . . . • . - · . !Ju. · 
• Dc,·11's f.:uchcn; near 1cod. 150 \'arJs northeast uf falls, nnr1 bv n111d poc... · · Do 

D.,.,r, Kirchrn: near head; h1i:: ;,,ud rut .. . .. .. • .. . . ... ·. • . . .. . • .. . Jun<· I! 
Dc,·11's Kirchen: near t.c2J; dur fll>UI ~O yards : nc~1•r falls ; vii:«ouslr bnilini: .. - J11 11• !~ 

T,ms• 

. .:. 
.,~ ,. 
~'·' h •11 ; 
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noticeable. Certilin gases issuing from fumaroles :ind ground cmcks were found by 
the same test to cont:iin 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 alkaline. 

TESTS AT CAMP. 

After the water samples had cooled in che collecting bottles they were filtered 
before scaling 1 for shipment. To avoid oxidation the filtering was done as rapidly 
as possible in large funnels coycred 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 obtained br 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 \Vat er. for the washing of bottles and other vessels at 
camp the supply of water was fortunately remarkably pure. 

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

DETEU11!-l.-\TO:-I OF FF.RROUS IRON. 

For the ferrous-iron determination a filtered portion of water was acidified with 
sulphuric ilcid and titrated with standard permang:wate. An c:\.act determination 
would of course have demanded a removal of any hydrogen sulphide before the 
titration. Fortunately for our primitive facilities, the amount cf this gas retained 
in th<' spring waters was rarely enough to impart to them the slightest odor, and a 
comparison of rhe amo11nc of ferrous iron with the total iron found later in the 
laboratory at Washington, proved char the total iron was ne:irly rilways 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 \Vas slightly greater than the total 
iron the reason is evident, and it is justifiable to regard the iron as all ferrous 
(sec page 113). 

DETER~llNATION OF FREE ACID. 

Another change in composition of the waters, which mig:it naturally occur 
after collection and before they came co be analyzed, was an increase in free acid due 
ro hydrolysis of ferric salts which might result from oxidation. The free acid was 
therefore determined at camp. For chis purpose the waters were titrated with 
dilute sodium carbonate wich 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. 

1 An excellent method ofse•lina; samples or this ch•r::tcter is to melt Khounsk~· cement uounJ the c•refully dried stopper 
of the bottle. :\n •lcohol blow•rorch 11 bc:n •d•111c:J to lield work • 
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WORK fN THE LABORATORY. 
T1t£ WATEltS. 

A few remarks will be necessary in regard to water analyses. In some case.-~ 
when the bottle was opened a prccipit:ue of ferric oxide was found clinging to the.­
walls. In chis event the total volume of the water was measured and rhe iron ;i, 
well as SO, in the precipitnte was determined, so that corrections might suh. 
sequently be applic:d. Since boric acid has been regarded by geologists in the l'N 
as of some critical importance in judging of the origin of spring waters, the <lercrmi­
nations of this constituent were .made with unusual care. Cha pin's method 1 \\·;h 

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 tr:insfcrml ,dth 
15 c. c. water in successive porrions to the disrillinJt flask and acidified with hyilm. 
chloric acid. After a small excess of acid had been added, 15 grams of anhydrou' 
calcium chloride were put in and the boric acid was distilled and titrated as Chapin 
recommends. A blank was then carefully made in a similar manner. It amount' 
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 nw1\· 
cases were so small as to make chis unce-rtain. A sample of lava from the rc:i.:i11;1 
also gave 0.03 pe-r cent B: OJ by the same analytical method. 

Litliittm w:is tested for in one sample: from each of the three principal hot· 
spring groups. Only 100 c. c. water was taken. The mixed alkali chloriclc:-1, 
separated in the usual way, werb tested spectroscopically. No lithium was obscrwtl. 

The same waters all showed traces of mangane.u when tested colorimctrk:illy 
with ammonium persulphate and silver nitrate. 

The percemages of carbon dio:nde given in the tables represent lolal carbon 
dioxide both free and combined. The: :imounr of the}ru gas, however, W:Js duuht­
less negligible in waters of this temper:Jture range.J 

Small quantities of the w:iter samples, generally 100 c. c., sometimes zoo l'. r .• 
were taken for the analytical determinations. The in~onvenience of tramporrinJ: 
large samples practically precluded the use of larger portions. Errors wen: !1111 .. 
multiplied by 5 or generally by IO. So far as we can see, however, the rc::mlcs .trl" 

:iccurate enough for all uses to which they are likely to be put. The results .trl" 

stated in milligrams per liter, not reduced to parts per million. 

PECULL.i,RITIES IN THE CO~IPOSITION OF THE WATERS. 

In composition all the hot-spring waters from rhe Lassen region (see whlc.- .t> 
which we have examined, though they vary considerably in concentrntion, n:un~·I~ · 
from o.II gram to 1.59 grams per liter, show striking similarities. They arc: \\Ith· 
out exception sulphate waters almost entirely fru from cliloridu. The sulph:tt\•" .ur_ 
those of the common rock bases, :tJith tlu exception of alumina, which, in four-fifth~ 111 
the samplc:s, varies from o to o.z mg. per 100 c. c., the: amount usc:d in analpi• 
~~~..;......~~~~~~~~~~~~;._~~~~~~~~~~~-~-· 

1 Joum. Amer. Chem. Soc., J,), 1667, 1908. 
: E.T. Allen ;ind r:. G. 7.ics. Joum. Amer. Ccnm. Soc, 1, 763. 1918. ( , 
' . .\t the ume the 2n2ly1rs were m3de 1t w21 bdie,·al thn pnct1c3lly 311 the ~rb<>n dioxide ,, .•• in fh~ ~"' 

bm1rbo11au. It 11 no.,.• known ch3t ~arlle11a1t IS prc1<:nt in at lc3n some of the 1lbhnc witcrs. 
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In other words, four-fifths of the waters e."tamined are virtually free from alumina. 
The more acid waters contain more alumina. 

In considering the condition of tlu 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. 13, table 3), the springs and similar pools contain almost 110 fan·c iron. The 
volume of gases escaping from the lake appears to be relatively small, and their 

TABL£ 3.-CoMrOSITION OF KOT•Sl'RlNC WATERS IN ~111.LICMMS rER. LlTER. 
BOILUtO !Au. 

S•m·I ~a .,"-~I I I ~ - 11 -, 
1 

, ~=. 1 ·~fo~ _:_ NH, K Na Ca . M1: Fe" _:]~Al _:_J_:_~ Si01 j CO, I B,0,

1 
W ai~r of the lake I I I 

from near the I 
• foot' · . ... ... .. I 1 l ... .. 1 7 51 none (1 ) 10 1 14 8 nnne 126 1 s 514 , mccl 84 

1
1 \\' arcr of the lake 
I from the wen 

0. 7 

11de'... ...... ... J 1 .. .. . 6.i (') 120 12 -l ~ I none l2i 9 .6 I 516 106 .......... . 
Water of the lake 

: from neu the 
I head• .... .. .. .. 1 2 t . .. I 7.1 .. ... , (') 110 9 .l 4 5 I none i27 H .D f 316 72 .......... .. 

I \'icorously boilinc 
1 prinll near hnd 

1 uf lake. \\'a ten I collected May 19, 
1916 . .. ... ... ' 1J I -l 

I The n""' sprinl(. 
1 

Wate1 coll=ed, I 
Jnne8 .... . .. l tJl j 4 

2 l 9i 6 122 ( ' '18 r 8 1nnne l l 

, ..... ' ..... ,. ,'° '·" /, " 1'- -· 

258 rr:accl 111 

l91 I tucef 123 ..• . ,none 
lllult mud 1princ 

builin1< vi1torou11y.
1 

128 I 
lllack mud srrini:.. 

1 
IS 5 

, ~lud volcano. ... .. 125 j i 
none 19 J 7 11 !54 1

1
.i.1 197 none 

I non" •19 J 1 6 26 12.l 
1 

nnnc 26 19 175 1 •ncel 

261) I tr:IC•I 
265 , •• . •• 
202 . ••• • 
63 I • • • 

O,i 
0.6 
0 .7 

1- ' 
0 .5i, none l 1 8 I S 5 14 8 llH -l 322 1 

DEVIL'S K1TCHIH. 

I ~l uJ volcano, lorfr" I 
est on the basin .. 1 362 

I ~lud volono, ea• 
tremcl)' 2ctive.. • 331 

. Db ck mnJ 1pun11. . 2J ,, 
\ i •'<lro111lr boilin1 

1princ;.. . . . .... . 21 
Small tprin1, hi1h 

level. .. ... , • . .. Ji 
\ "iolcntly boilinc 

I 
spnnG, faintly 
2lk2hne.. •• . • . JI 

\ "iolcntly bo i lon; 
2lk2lone sprin& ... 29 

1 Sinai! quiet sprins. 

,.I,_, ,. I " 11 J8 

IJ tr:l(e J 8 12 58 1 
18 nonc 130 Ci 10 ! J7 

21 I •cid• 8 s 9 I !2
1 15 I .JS 2 .8 4 12 1 

I I 
1 none none I 4 16 

J
1

none .... 5 1 2J 

~la~· 20, alkaline . 22 19 none •.... 11 i 55 
s I 

S2 me 21 22. collect- , 
ed June 8........ 221 1 19 

L2rc;e pool fed by 
sprinp... . .... . . JO 5 

none , . .... 

; 2 .6 
I 

91 :1 

29 l none ~5 6 11. 9 HS 6 222 . .. I 1 

. ' 10 / 5 13J none I 1 5 422 ·1.0 213 .. ... none 
61 I 1i I 6 I 73 •

1 

none 527 trace 212 .... , .. ... 

16 I : I : joo71 :· 2" ••~ 89 •••• . I 

J : none I none none 36 trace 45 ..•.. ; 1 

95 1.1 9 

9 

21 

74 .. . . . 

2-l I 
14 

J8 I 

9 I none nunc none 38 1.0 6J i2 0. 6 

J none i none I none 95 none 2li 97 1 2.0 

I none I nune I none i8 none 218 1 35 
1 
.. . . 

1-l I JO I none I 10 1617 1 rrm 167 .. . .. 1 

' These samples of lake water were collected by ~Ir. Sifford 1n the autumn of 191.;. 
' Sodium and po121sium not 11Cpar2tcd; ;II alkali chloride c:ikulatcd at ;i.f;O. 
1 This 11 1•rob•bly an error (seep. 113). 
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TAULE J.-Conii11111d. 
Bu1r"u Hut.. 

I 
I --, - I Ir 1 I 

Sam-1 I I I I I I I 
I pie , ~a: H NH, K I Na '1 Ca I Ma Fe" Fe'" I Al so. ,. a '"' \co. j"'°'I 
I No. I l f I 

l-v-·.,,.-y-la-r-1•-. v-iul_c_n_cly-r-1- - -- - --,--i- ,--------j--;--1 l--
boiuna: spnn1 .. 1

1 
t.11 60 I 14 i IS 13 29 I 7 4 5 17 .5 51 2s l 681 I 2 236 ••.. -& . 

lloc pool filled with I I I 
1 prccipiu1ed aul· 1 I I 

I 
phur.. . ... ...... 62 15 none 128 , -l 33 7 :? 

1

4 41 none .W> cnccl 138 ..•. ' 8-l 
I..:i ri:csr hot pool, ' I I 

filled with pr.c:ip;.j . ; 
raced sulphur •... , M 4 4 J9 6 2 I 21 5 tnce •!9 91 J2 61J tr:icc 224 I . . I 21 

Luiic pool covered I I I I I I I ' 
wuh a 1cum of • I ' 

1 

I I I 

pyri1e .... ...... , 6J I 6 
1 

8 9 II 4 ll j 42 37 1 25 51 I 23 
1
1010 I tnccl 358 1 .... l .. .. 

011.<1:E's SratHcs.1 

E:anernmos~ sprinr I ----r--r-,-~, -,,----,-, -r---II I I 
south sule of j 1 I I I 
Warner Cr"k ... 'I ~ .... 

1 
none I .... 1 10.51 J4 .6j 53 

1
: 13 I none I none nane 1 152 . .. .. 136 

I I I I ____ • ____ .... 

I 
20 I 

I'"" 
1 The 2nah·s11 of 1h1·1 slichdy 2lhline w2rcr is nor complcre: chc acul nd1cal1 2•• insulfiacnc co balance rhe bu1c cle· 

ments. The Jr1crm1nac1ons wore repeated 2nJ found cssc1m2ll)' «>rrccr. Abo. ch<: lhlin•1>' of rhe water w21 determined 
by 1 very wnk hr drochlonc-2nd solution and found ro be c<1u1v2lcnt co 1he carbon J1oude found when reckoned as all in 
rhe form of bicarbonate. Unforrun2cclr the w2rer sample wa11n1ullic1ent for further invescii:uion. 

I . 

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 9 mg. per liter, or 0.9 mg. in the volume usually taken for 
analysis. A c::ireful 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 tilled with water, stoppered as tightly .1s possible, and rhe stopper 
tied down with a cloth hood. The samples- were not opened until cold. No appre­
ciable oxidation could have taken place in chis time. In the subsequenr filtration 
the watt>rs from the mud volcanoes were exposed for a 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. 1z5, which was taken from mud volcano 
No. 7, Boiling Lake, only 4 mg. of ferric iron per liter \\as found, and in No. 362 and 
No. 331, waters from mud volcanoes ~o. 10 and No. IJ, Devil's Kitchen, 6 mg. and 
o mg. respectively were found. Still more significant is the analysis of No. 64 of 
the water from spring No. 4:. Bumpass Hell. This water contained enough hydro­
gen sulphide to impart to it a distinct o<l:>r when cold, and when the ferrous iron 
was determined at the camp the iron was doubtless all in the ferrous .condition, yet 
the mnximum amount of ferric iron, 9 mg. per liter, was found. Thus, while labor­
acory methods now in vogue are quite competent to decide a question of this sort, 
the primitive camp facilities under which some of the \\-Ork had to be done leave us 
in doubt whether the spring waters generally contain no ferric iron at all or only a 
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very litrle. The latter view is in better accord with field evidence, for, :is pre· 
viously stated, the volcanic gases contain only a small :tmount of hydrogen sul­
phide and they rise here and there from occasional points of the surface, nor uni­
formly over the whole pool, and furthermore the waters are hot, only slightly ncid at 
the best, and often more effectively exposed to the ;:iir 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 ocher conrinually 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; 75 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 minute 
pyrite crystals, some as small as 0 .01 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 rz8. Both 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 i:> probably affected 
by some crude error i11 the determination of fertous izon at the camp. 

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

R£..\Cr!ON OF THE WATERS. 

None of the wate:s of the:i;e hot springs is very far from neutrnlity. Of those 
analyzed 6 were practicnlly neutral,+ were alkaline,' and 8 were acid. The acidity 
ranged from I9 mg. to +36 mg. H:SO~ per liter, that is, from o.ooz to a tritie over 
o.o,._ weight per cent. As S04 is practicnlly the only acid radi<"al present it is per~ 
missible to state the results in this simple form. Qualitative tests in the field indi­
cated that most of the waters were slightly acid. 

SAl.T IscRUSTATIONs.2 

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; gener:illy not more chan a few 
square yards in extent and perhaps 0.5 inch in thickness. In 1916 some patches 
were found in all the areas·1 visited and the amounts increased as the season ad· 
vanced, but in June and July 192:, when the snow lingered late and the ground in 
consequence was wetter at the same period, scarcely any were to be seen. As a 

'\\"anni: (Spnnc:s ofCalifnmra, p. 1~:) cncs a s1n11le 2nalr111 of one of rhc sprini:s of the ~lor~an i:roup which was made 
by F. ~I. Eaton ( 1909-1910). He <lt:s1 cnau:s the pool from which t he water wu n h n as "about ; fc•-t tn <ltamctcrin an 
area of hard 11liceo111 de1>0sit H yard1 wur uf the crttk cJcc 2nd ; oy; rds nouh oCthe curem lo~ bath houso .• The •naly1i1 
'" puu per nullton follo\\ S: :-::i q 1G, K I!! . C:i ~ ~1~ trace. :\I + Fe :.:. so . 10:. Cl :34:. co I !j, no' pment, 
SiO , :.oa. It ma}' be putnteJ our that th11 waror 11 \ 'U )' sim1lu to one ol the shi:l11l)' 2lhhne watcn founJ in the OcV1l'1 
l\:iu:hen an<l 10 the tam pie from Dr2kc"1 Spnni:s with the •dJition uf 2n exceas o( suJrum chloride. 

: The microKopic cx•mtn>11on was m•de br H. E. ~t~rwin., 
'E~cept Dnke"s Sl"tin;s, where the i;tound is covered with •·c:ctation. 
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result of these observations the salt patches were at first iiupposed to h·l·ar ,
1 

, 
11

, 

simple re!:ttion to the dryness of the ground, but l:iter obsc:rvations {t\u~usr 
1
, , 

1 ~hawed th:n even in very dry times the salts m:iy not occur at all (sec p. 157). i'-:.,. 
ally these salts formed fibrous aggregates, varying in color from white ro yd! .. ,, 
according to tht' percentage of ferric iron they contained. All the s;1mpl1:s \\r,; 
collected in May and June 1916. 

No. +3 was found under a small rock in the Geyser ravine, on the west siilt' .,j 

the little stream and a few steps below the lowest pool. A sm:ill fumarole is'ut'il 
here. The produce was whit,e and mixed with siliceous residue. 

() 

.. 

100 0 100 F'£!.T •g"'d. 

~lt:
1

va'to,, ;;proximately s1.soreet 
Fir. 59.-Sketch Map of the Boilinr Lake (T artarus) showinr location of the 

springs in June, 1916. 

No. 150 was from the ddta at the south end of the: Boiling Lake on the: bank uf 
the stream which forms the inlet (fig. 59). This bank was riddled by fumarolic: 
action. When kicked to pieces by the foot it revealed pockets of fluffy, fibrous salr 
at various depths. The sample analyzed was scr:iped from the surface. Anorhc:r 
sample collected in 1915 from the bank ar the southeastern corner of the lake 
showed a simil::ir composition, but was yellower and contained more ferric iron. 

No. z6 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 othi:r~. 
a variation doubtless depending on the we:nher. 

No. 61 was found at Bumpass ijell, some yards up on the southern edge of the 
basin, east of No. 9 (fig. 50). This parch was comparnrively thick and extensive. 
and had a curious, disagreeable, persistent odor resembling fertilizer. Sample ~o. 
:z.6 had a similar odor . 
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Besides · the above s:imples we collected several from the summit of Lassen 

Peak which are pro<lucts of fumarolic action an<l which are inrer-:sting to compare 
with those from the hot-spring areas. 

No. 53 was scraped from the rocks in the middle of the crater, where it formed 
a thin, closely coherent co:iting. A small amount was obtained from three different 
spots, all of which appc:i.red 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 :md 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 50 feet 
east of the crater's edge. No. 51 was found in the same general vicinity. By 1922 

this fumarole had entirely disappea1ed, bur tenuous wisps of steam, which were all 
but invisible, still escapi:d from various parts of the crater and a slight odor of 
hydrochloric acid was still detectable in some places . 

. -\i'iAL YSIS OF THE SAL TS. 

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 grourd in a 
mortar, but the material so prepared was 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 material. 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 total 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. 5r an~ 52 from Lassen Peak, which are of a charncter so 
unusual that a laborious examination was necessary. As salts of similar nature 
probably occur elsewhere. in volcanic regions, the analycic:il procedure, which is not 
to be found in the textbooks, is recorded here. 

DETl::RMINATION OF PE~IATHIONATE. 

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-bath gave off sulphur dioxide. It should be stated in chis 
connection chat the salts originally showed a decidedly acid reaction. SciJJ more 
curious was rhe formarion of a yellow precipitate with silver nitrate and the predpi­
tation of "manganese dioxide" when the acidified solurion of the salt w:is treated 
cold with permnnganate. These reactions indicate thionates, but do not decide 
whether one or all four thion::ites are present, nor do they exclude sulphite, thio­
sulphate, or sulphate. As the chionates are not generally knoY. il, and as our in­
formation concerning them is thus more liable to be in error, preparations of all of 
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them .we~e made for the purpose of studying their reactions qualitati\·rl~ ,.,.
1 

quanttt:mvc:Jy. About half a dozen tests (already known) were fountl lhdul 
the investigation. ''• 

( 1) The unknown whm roaporat~d lo dryneu gave free sulphur :mJ sul1,hur .i.,,, 1 
All the thionates except dithionates respond to this test as do also the chiosulph:i1t-,. " ' 

(:) With permanganate in the cold the acidified solution of the unknown !:·"'" 
brown precipitate. This re:iction is given by the same compounds :is rc:iction 1. • 

. (3) When ~he unk~o.wn wa~ bo!lcd with a _so~ution of mtrr!iric ryanidt :i h1;1l"k p1t., 
ptt:lte was obt:uned. 1 his rcacuon 1s charactensc1c of all the th1onates except Jiiluu11 ,, 1, 

It is characteristic also of the tpiosulphatcs. ' 
(~) With mtrcurous nilrau the unknown gave at first a yellow precipitate, which i.:i .,,1

11
• 

:illy turned black. Pentathionatcs and tetrathionates beh:ivc similarly, while rritluon 41 ,, 
:ind thiosulph:itcs give bl:ick precipitates. This test therefore indic:ites pentathum.1tt ' · 
tetr:ithionates, or both, but does not exclude dichionates :ind perh:ips not rrithiona1n, 41 
least in small amounts. 

(5) With iodine 10/ution :md excess of soluble bicarbonate, one sample of rhe unl;11,.,." 
absorbed no iodine, another sample only a trace. This test excludes sulphites :11111 1111 , .. 

sulphates with certainty. 
(6) With ammoniaeal tifra nitralt' Jo/ution the unknown gave a black precipirah· l Im 

proves chc presence of pcnt:ithionate with the possible presence of dithionatc, tctrath1011.11•. 
and trithionate, tthich do not re:ict with che reagent. Small amounts of pcnt:i1h111n .. 11 

may be detected in this w:iy in the presence of large quantities of tetrathionate, rhoui.:h 1111 

solution must be cold. Thus 1 mg. of the pcntathionate radical S. 0 4 may be 11'-1r111 .I 
in about q .o c. c. of solution. Terrathionace docs not 1espond co the reagent in :i 1 .. ,, . 

centration oft gram of the r:idic:il S, O, in c.j c. c. water, even after one hour. 
(7) When the unknown was boiled for some minutes with a few drops of t ~ :• 

1u/phatt solution no precipitate was obtained. Under these conditions a soluble tritl111111.11c 
gives 3 black or dark-brown precipitate, said to be cuprous sulphide. The test is 11101k1 .. 11 -

ly delicate. Thus 5 c. c. of a solution of pot:issium crithionate containing 0 . 1 1111:. 11( ti •• 
salt per cubic centimeter g:ive a plain test after boiling for a few minutes. The ll.,, "~· 
also obtained by boiling down to half its volume 3 c. c. of the :ibove solution, 111 """ 1, 
h:id been :idded 1 gram of alum to make it compar:ible in composition to the unl.:nu\\11 
But 50 c. c. of :i trichionate solution containing rhe s:ime amount of salt, o.; 111!!·• 11111 "''' 
respond to the test with copper sulph:ite, even when boiled down co a very small rnlunu 
From this we may conclude th:it the unknown contains only a very small amount of '1 •· 
thionatc, if any. 

As a result of all the tests we find chat pentathionate is certainly present. trll 1• 

chionate and dichionate may possibly be present, as well as a . very ~m:ill am1111111 '•1 

crichionate. It should also be remembered that none of the tests exclude sulph .i1r· 
To determine wherher the doubcful radicals were present or absent quantir.111

" 

experiments were necessary. Dithionates were excluded in two ways. Fir-r t l;r 
dilute solution of the unknown was boiled with bromine. This oxidizes all , .. Iulo' 
rhionates e.•apt dithionatu to sulphate. In the resulting solution all the s11lph·111 

• 

including of course :my which was originally present, w:is precipirarcd ,ts h.11 111
•·· 

sulph:ite and evencunlly filtered otf. The filtrate conc:iini11g excess of l•.111 11
' 

chloride wns then evaporated to dryness with com:entrared nitric :u:iil. . I 11 11
' • 

way all dithionate is transformed into barium sulphate; 1.6 mg. of U.1!-lll, 
1
' ·• 

found. Again another portion of the unknown was precipitated "irh ltll"I• a r • 
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cyanide. The precipit:ite thus formed from either tetr:ithionate or penrathionate 
consists of mercuric sulphide and free sulphur. The reactions :ire represented by 
the following equations: 

(1) K:S,O, + I-lg(CN2) + 2H:O = 2KCN + HgS + 2S + zH:SO, 
(2) K:S,O, + Hg(CN:) + 2H20 o zKCN + HgS + S + zH:SO, 

After filtering off che precipitate nil the sulphur in solution will be in the form 
of sulphate unless dichionate is present. The sulphate was precipitated as before, 
:ind in rhe filtrate from it dithionate was sought in the same way; c.3 mg. BaSO, 
was found. These two quantities, 1.6 mg. ;ind 1.3 mg. BaSO, represent, approxi· 
mately :it any rate, the solubility of barium sulphate under the present conditions, 
nnd it is safe to conclude that no dithionate is present. The results therefore nar· 
row down the possibll! sulphur compounds in the sales from I.assen Pi:<Jk to tetra· 
thionates, pentathionaces, and sulphates. The two chionates, though relatively 
stable under the field conditions prevailing where the salt~ occurred, are very 
unstable in solutions of oxidizing agents :ind alkaline reagents, especially when hot, 
and these facts caused :i 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 :ilurnina before the rhiomlfC was determined, but the instability of the 
latter proved :in insurmountable obst:icle. The best methoJ of procedure found 
was to separate first the soluble salts from rock residue and free sulphur by me:ins 

TABLE -1--ANALYSES OF SOLUBLE SALTS, PRODUCTS OF FUMAROLIC A1..'TION 1:-1 THE LASSEN 

NATIONAL PARK. 

l No . . . . . . .JJ. I 150. I 26. I 61. 

l.ocaht)'.. Gc)'SCt. nu1hni: I Devil's I Hun1p~11 
j , 

1 
J l.~kc. Kirchen. i Hell. 

I I I 
Al. . .. . . t:UO ll 10. iO 
Fe'" .. ... ·I .63 I 18 
Fe" . .... .. , rr~ce .11 
1i .. . . .. .. ... . .02 
:.tn .. 
:.Ii ... ... . 
CJ ...... . . 
Li ... .. . 
Na . ...•.. 
K ... . .. . . 
<NH,} .•.• 
H ........ , 
Cl . . . .. , 
so ...... . 
s,o, .... I 
S,Q, .... . •I 
s,o ...... . 
s,o, . .... .' 
so, .... . 
H,O, •••. . . 

,06 I .Oi 
1.i8 3.10 
l .12 ! .44 

l.51 
A9 
.57 

none 
81 .51 

none 
none 
none 
none 
none 
none 

present 
2.68 

.42 

.I» 

f ~~~~ 
I su-1 
I none 

I 
I 
I 
I 

none 
nnnc 
none 
none 
none 

10.93 
tr.Ice 
8.93 

.09 

.01 

.06 
none 

.:?8 

.2S 

.Oi 

.19 
none 

i9 19 
none 
none 
none 
none 
none 
none 

8.93 
I 01 
i Z3 
. ll 
.03 
.91 
. 10 

tl'3ec 
. .ft 
.Ji 
06 

c:il • .26 
none 

80.58 
none 
none 
none 
none 
none 
none 

.Sl. I 52.' 

laucn Peak, l.211cn Peak, 
NE. summit. i ~E. summit. 

I 

8.i6 I 8.10 

.s .60 I "·°" .!» I , 19 

1.1i I i. i2 
2.26 I.SI 

1.Sl 

.. :~'. I 
I.ii 

.61 

.52.' I SJ.• 
Lanen Peak. 

Lanen Peak, middle o( 

NE. summit. j enter. 

10 42 lJ 28 
.. .. 1 JS 
J 11 .27 
ll ... .. 

.cu 
1.9.. l . .SJ 

none I 00 
.. • . tnee 
2.u I J.02 

.55 .07 

.Q.l I c:11 •• 21 .2.s 
none none nune 20 . i-l 
ii .32 i2.09 iB .93 3( 6J 

i 1. ~O 9. ii 2 9-l none 

none nune I none nnnc 
prob~bl~· nuncl rorob"bly nonr: prohably nonr none 

none nune • none none 
none none I none • none 
nunc I none none 1 none 

1 .\n31~·1i 1 of rhc nri~in"I solr. It w21 inrcrm1>•d with ~bout 2 per cent o( free sulphur. 
1 .\n~l~·s1s of the solt ubroin•J by •xtr~c11ni: ori~inol with worer onJ ev~rororin~ on the stcom borh. 
• ' l111s Qnol111J is J•f•C't•"• b111 111nduJ.J m shuu· the ~·ncnl ~hor:icrcr uf the 1niu11rc. 
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of cold water, .a~d then to :in~lyze the .solution. Probably the best lllrtl• · ~t ", 
hav~ ~f detcrmtnmg ~he two th1~nates, either alone or t OJ,!ether, is by "l·i~1 111 • .: , , • 

prec1p1tate froT? a given. ~luanttty of. salt th~own down by mc:rcuric t)".llt1olr , • 

then to ascertain the ratio of mercuric sulphide to free sulphur in the: prr, ,
1
,,

1 
, 

Reference to the above equations shows that the precipitate: from tcrr.ttlu ..• :;;, 
contains 1 mol free sulphur: I mol mercuric sulphide, while th;it from Pl'llt .u111, , 11 , , , 

contains z mols sulphur: 1 mol sulphide. 
In practice the ratio was determined by transforming all the sulphur 111 11,, 

precipitate to barium sulphate and finding its weight. The followini: is tlir 111 .. . 

satisfactory of the results: 
Weight or HgS + itS from :i given amount or solution•o.04-74 gram. 
Weight of B:iS01 from the sulphur of che precipitate•o.11::9 gram. 

0.047~ HgS + xS - -• ·X•l·o+ 
0.11:9 ( t + x) BaS04 

From this and other determinations it was concluded that no more than a few trntlu 
of 1 per cent of tetrathionate could be present and probably none at oil. 

After the pentathionate had been thus determined, the tornl sulphur " ,, 
obtained by the oxidation of the pentathionate to sulphate by bromine: .11111 11 .. 
subsequent pr.:cipitation of all sulphate as barium sulphate. The sulph.1 11: (J" r . 
naily present was then determined by difference. 

The analyses of all rhe salts, boch from Lassen Peak and from the hot-•p11 111• 

areas, are included in rable1 4. All are characterized by the metals r 111111111 '''" 

occurring in rocks, of which aluminum is the principal one, :is c;onrr:isccd \\ith ,, ,, 
salts dissolved in the spring waters, where aluminum is usually almost l'llt111 h 
lacking. Of the acid radicals present sulphate is predominant in every ral-c .11111 " 
exclusively found in the salts from the hot-spring areas. The salts from within 1 hr 
crater of Lassc:n Peak contain a decided quantity of chloride, while Nos. 51 ;u11I ': 
from the vicinity of the large fumarol~, though chiefly sulphates, are, as "l. It.I\ t 
seen, remarkable for the presence of a notable ::nnount of pentathionace. 

MICROSCOPIC EXAMINATION. • 

A number of the salts were examined microscopically. By means of rhc 11pt11 .ii 
constants and the chemical composition together, it was possible to identify .1 11 11 111· 

ber of the minerals present. 
No. 61 consisted l:irgely of luzlotricl1itt FeSO,.Al,(SO,),.:: .. H,O in fibrous fonns with lesser :1111111111n , .1 

-:oltaiu, :I hydrous pot;assium fc:rroso--ferric sulphate or undetcnnined fonnula, :11111 11: ... i' . 
Al:(S04h.tSH:O. The s:imple :ilso contained consider:iblc m:iterial too fine to iJl·n11f, · 

No. :6 cont:iined considerable /1a101ricl11it, with some ::oll4iu and alunogen. 
No. ;: is largdy aluno;:n1; it :ilso cont:iins piduri11gi1t, MgSO,.Al1{SO,)s.::::HiO, ~me n~ tulro1d 
No. 5t consists of halotnd1i1t or picl:cringiu (the optical properties arc ne:zrly 1dc:n.m·:il l ~, ,. 1 "" 

little else. In neither No. 51 nor No. p could :iny material be detected wuh l rd"· '"'. 
indcit :is high as th:it of :inv known thion:ite. The substance which w:is dctcctc:J hy ' ~ • .,, .. •' 
:m:ilysis was therefore pr~sum:ibly present in syrupy films spread over the surfau· .. I "' '·•'. 
crystals. l/alotrichiu :1nd alunogm have heen rcponed by H:igue' from the nl· 1i:hl-·rl• '· ' 
of certain acid springs in the Y cllown one Park. 

• B~· H. E. ~(crwin. 
*The furmul: ~"' ukcn from o~n~·· i\lincDl011~·. 
* Arnnl.l H1;ur, Oriiiin o( thcrni~l •nrcn uf 1he Yellowstone Porl:, !lull. Cm!. Soc . . \1ncr., ::. 11 1i, •'l• 1 

-- --- . ··--------

....... _ 



J · ·· ao - r · n StG t . . -tr - 0 t·· 'f*rb -tt.»' 1 tfhannttnoc a #Gitt' -·mm r bs£3d -w-- . 

,. __ 

119 

THE SElllMENTS. 1 

All the springs contain more or less mud, which varies from the fint'st sediment 
tn coa1se fragments of altered lava in process of disintegration. Where the springs 
have nn outlet much of the finest material is naturally carried away by flowing 
w:1ter, but where conditions favor its retention , as they do in the mud pots, the 
chief constituent of the sediment is kaolin. The f cw cases where precipitated 
sulphur was abundant form the only exception to this rule which has been observed 
by the authors. On the bottoms of some springs was found a segrcjf.ltion of the 
heavier and more coarsely crystallized minerals, especially residual magnetite, 
pyrite new and old, and possibly residual quartz. Perhaps a more thorough 
dredging would reveal a certnin amount of segregation everywhere in the lowest 
layers of the sediments, but the conspicuous examples of it thus far observed have 
bet>n in springs where sorting seems co have been favored by flowing water. The 
sediments arc colored, according to the minerals they contain, gray, black, yellow, 
::i.nd rarely brO\Vn or white. 

The glassy and fine-grained grounJ-mass of the rock fragml!nts is often thor­
oughly altered, while magnetite grains and quartz, feldspar, and pyroxene phcno-
crysts are still fresh . These altered ground-masses T M 

. 'd I . . f k ,. I .\BLE 5.- uo FROM LAKE 
cont~in w1 c y . varying propornons o ao m, opa , T AllTARus, CALIFORNIA. 

alumte, and pynte. 
I (:\nalys1s by W. C. Wheeler.) 

Opal was found in every sediment examined. Usually it 
appeared intimately aj?j?regued with kaolin, etc., but in some 
instances CBump:iss Hell} it was found in small separate gr:iins. 
In a few springs, as at No. 5 (Devil's Kitchen) and No. 6 (Boiling 

" Found. I Cal; ~or I ltaolinire. 

L:ikc), many small. well faceted. doubly-terminated quart: crysrals I SiO. . . . •... 47 ,;1 
were present. It could not be dere1mined whether they were Al,()1 ••• • •• J-l Oii 
derived from the surrounding rocks or were a product of the fe.Oa ... . . 1 I.Ii 
thermal waters. FeO · · . . · ' ~2 

I 46 .S 
39.S 

I 

The chief constituent of the stdiment of neulr :ill the springs ~''§· · · · · · · 1 0: 
i5 a day-like m:iterial, bolin, which m:iy consist of one or :ill ;-1~,0.' ::: :.; ·21 
of the recognized d:iy mincr:ils, ftaoliniu (Al:OJ.:tSiO,.:HiO), K,O.. ..... ll 
/1alloys1u, or /r:,rri,riu. Tlu: mud of Boiling Lake is of the same • H.0- · · · · 1 89}u 49

1 

ch:mictcr. Hp+ · · · · · 11 6? ~ 
T10,. · ···· 1 .65 

Some years ago a sa.mple of this mud was collected ~:g:: : :.::: .~ 
by J. S. Diller :md analyzed in the laboratory of the s ... ........ 63 

U. S. Geological Survey: by W. C. Wheeler. This ~~~·. ·.: : :.; 1~ 
analysis, cited in table 5, shows that the mud ap- s~ . ... .. . . ' not det. 

H .O 

proaches kaolinite in composition ; the differences arc 11.i.O. · · ····I~ 
sacisfactorily accounted for by the admixture of small ;99 68 I 100 o 
'1mounts of opal and rock debris. _ 

In i:cncr:il, the k:iolin is in the :iggrcg:ites :ilre:idy described. as though it h:id been formed 
in place durin!t the :ilter:ition of rock ground-m:iss or feldsp:ir. ·n1e thoroughly :iir-dricd d:iy varies 
c:o nsider:ibly in optical properties. It usually possesses an indellnitc birefringence, :ind refr:ict ive 
index measurements v:iry from l.31 to 1.56. 

' -\ ll 1lie m1cro1copi~ work w~• t.lune br H. E. Merwin. 
' l'm·~ic cornmnnic~t1on fmrn (ieur;c Src1~er. chie( chemm. 
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• .-ll1mi~t, K20.3A.l101.~Si0:.6H,O, in ~n~:i.11 rhombohcJra was rc!unJ in m:111y ur rhr .. ,1., ,., •• 
Gcncr:illy It occurs 111 very small qu:uumes. More was found tn certain ~ 1,rins:\ "' It 
Hdl, but the amount was nowhere considcr:ible. · •· ' I • · · 

SuLphur.-Some springs, more: especially certain one~ in Bumpass I ldl, , 11111 . .. , 

much precipirared sulphur, imparting to the sediment a yellow color" hi\ h j, ... ,
11

•
1 

times very decided. No.+• Bumpass Hell (fig. 52), is the most cnnspiru1111• ,
1
,1, , • 

of this character. A sample of the water was collected in 1916, but rhc: ,,.,1 111 •• , •• 

was not so carefully examined as that of a sample more recently colh:nt·1I i., I ..., 
Diller (1921). The latter sample.,contained about 96 grams of mlimc:nt pc:r 11111 • 

having approximately the composirion1 6+ per cent sulphur, 17.6 per ci:1u "I'·''· 1 ~ 
per cent kaolin, 3 .3 per cent al unite, and a very little pyrite. 

-'l~;_~•·<f~~ 
·:'-:.. ,~ .. ,... ·~\:.• -
·~,¥- .'/_:· .. ~ - ~. ~-J;,, ~- f r... , .. . , ..... 
r .. ' . • -..>. . tit ·~~!-·; r: :Y.' - - 1)1 ~ •• _.......... •• 
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~
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~
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Fig. 60.- July. 1923. A warm pool in the Devil's Kitchen near No. 10. Fig. 
47. On the surface floated 11. black scum of finely divided 
pyrite. Photo Day. 

Small amounts of sulphur occur in many pools and streams of the: h111--p1u1;: 

areas (figs. 6 1, 6l) . A very little is found in the mud of the Boilini.: Lake: .. 11111 111 

the upper c:nd of the Devil's Kitchen (south side) it may be m :n dl'pn•iti111: " 11 

rocks and banks. The fumaroles of Bumpass Hell are often lint:<l with 1m ·1llr• "' 
sulphur, and the same was true of the cracks along the eastern rim of the 'r.11,·1 "' 

Lassen Peak not long after the eruptions, but with the complete exrilllt11°11 •·1 

fumarole activity there the sulphur has disappeared. The crysrnls '''l'rc: .1h' 1
' • 

orthorhombic. At one rime the hypothesis that some of this sulphur was .1 p11111 11 \ 

volcanic emanation proved appealing, but more careful observations have nwk ti• ·• 
quite improbable, for it never appears where its presence can not he c:.1 .. ih " · 
counted for as an oxidation product of hydrogen sulphide; and furtla·rmoH·. 111 t l:t 
colkction of gases from many fumaroles, sulphur was never noticed as a lllt1tk

11
• • · 

t D21ed on micru1cap1c eum11t2nan an.I 1e•·u2I cheminl dc1ermina1iun1. 
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rion product, as it should be if it were a constituent of the gases. At the Sulphur 
B.1nks, Hawaii, where the· gases havt: a temperature of about 96°, the water con4 

dt>nscd frum tht>m n:scmblt:s milk, though the sulphur vapor forms but a few 
thousandths of I per ct:nt of the total volume of the gases. 
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Fig. 61.-July, 1923. Another view of sulphur cauldron (Fig. 52), at 
Bumpass Hell. Greater gu evolution with lower water 
level (no outlet) and higher temperature. Photo Day. 

Fig. 62.-July, 1923. A group of quiet sulphur pools (Fig. 50. No. 15) 
Bumpass Hell. Photo Day. 

Pyrite is very generally distributed at the Geyser, Boiling Lake, Devil's Kit-
1 lwn. and Bumpass Hdl; elsewhere it has not bet:n sought for. It was first foun<l 
in 19 15 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 w:ts made, pyrite. was found in practically all the hot 
springs and mud pots, but it was most noticeable in the beds of the little: streams 
which form the outlets of the springs (lig. 63 ). The amount of the miner::il, how­
ever, was so small and the crystals generally were so minute that· it might easily 
have been overlooked by an observer in rent upon the larger features of the district. 

Some of the pyrite was so coarse or so characteristic in i:olor as to leave little 
doubt of its identity in the mind of a close observer, but much of it was too fine­
grnined to be recognized by the: unaided eye. One of the most interesting occurrences 
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Fig. 63.-M11.y 20. 1916. Stre•m in Ocvil"s Kitchen showin1 pyrite crystals (cluk ueas) 
in furrows on thesandy bottom (lookin1 down through the wuer). Photo D•y. 

of it was in the form of dark scums on the surface of certain hot, quiet pools (e. g., 
No. 9, 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 11 \•essel of water (pheno~enon 
of flotation), and the color of the mirror is distinctly different from a similar mirror 
of marcasite. 

The black and gray muds of many sprini..-s had been suspected to be colored by 
pyrite, but l)nly th.: microscope was competent to decide tlfe question. Dispersed 
through these sediments were found minute aggregates •f .an opaque, lustrous 
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iuincral. from 0.01 to 0.03 mm. in diameter, which, from their association with 
l.iri.tcr aggregates and separate crystals of pyrite, permitted the conclusion that 
chcy also were pyrite. The sediment contained no other material which could have 
iinp.irh:d to it a gray or black color. 

COLLECTION OF TUE 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 derails 
.ihour che apparatus which are perhaps worrh noting, since by their application 
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Fig, 64.-July 2, 1915. Hot pools in the Devil's Kitchen (No. 9, Fig. 47) showing scums of 
pyrite rellecting light like bronze mirrors. Photo Day. 

air is effectively excluded and gases may be collected from difficultly accessiblt: 
spots. The collecting tubes were half-liter cylinders, about 40 cm. long and ..;..j 
cm. outside diameter. The cylinders at each end were drawn down to tips about 
1J mm. outside diameler, one ti1> closed, rhe other open. .'.f o the open tip the funnel is 
attached by heavy-walled rubber tubing securely wired. A 10-cm. funnel with~ 
seem cut down to a length of about j cm. is quite satisfactory. The collecting tube 
is conveniently handled by a clamp attached to a light pole, which carries the line 
for releasing the catch (described below) and anorhc:r line for holding the funnel 
uprir.:ht after filling rhe :tpparatus with water and during the operation of lowering 
it inro the pool. By using a jointed pole its reach may he c:xtended so as to collect 
gas in otherwise inaccessible places (figs. 6;, 66). 
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To prevent any access of air after the tube is filled with g:is and before it is 
removed from the water, the rubber connection between 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 cube bdorc the funnel is 
attached. Tiu: jnws 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 catch with a 
cord. The funnd may then be safely; detached and the rubber connection filled 
with water, most of which is immediately 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. Sprint 14, 

Fig. 50. Photo Day. 

If the water of a spring is not coo 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 boilin~·point. To collect gases from mud pots 
is not quite so easy. Where the mud is thick the funnel must be held in position or 
it will rise and let in nir. In one case where the mud was very thick the tip of the 
collecting tube was completely clogged by it and collection proved impossible. 
Sever;il gallons of water were therefore poured into the pot and left ro stand some 
hours till the W:lter was hoc ; collection then proceeded without trouble. A litt le 
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 out gradually, 
and the sealed joint will not crack. 

AN AL YSIS OF THE (: . ..i.sr.s. 
Samples of volcanic gases for analysis have usually been tr:lnsf erred from rhe 

collecting tube co the measuring burette, saturated with moisture as t hey occur in 
the fidd. To what extent rhc results are affected by this procedu1e when the: gases 
contain hydro~en sulphide, as those: from L;tsscn Park usually do, has never bc:en 
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,1scc:rrnined, but the mercury is blackened and the measuring burette foulc:d by it. 
To a\·oid rhe error sn caused, the gases under discussion were pumped throu~h 
;1n ample supply of phosphorus pentoxidc and measured dry ' · The hydrogen 
sulphide was then absorbt:d by lt:ad dioxide:. The residual gas was subsequently 
rr:insf erred to a burette containing a drop of water and was measured again in the 
saturuted state. The difference bc:twee.n the two volumes, when reduced co stand­
ard conditions, is obviouslv the volume of the hydrogen sulphide. 111e subsequent 
operations of analysis can then be carried out with absorbent solttt ions instead of 
clry absorbents :md much time saved thc:reby. , By pumping out che contents of rhe 
collecting rube through phosphorus pentoxide (one bulb of which is renewed after 
r:tch operation), the soluble gases. which would o therwise be p;irrly retained in the 
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Fig. 66.- June. 1923 Collecting gases at the mud $prings a t Boiling La '.e. Photo Day. 

w:m:r which wets the inside of the' tube, may be completely removed. In pr;ictice 
the tip of the cube: 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 
\\ithouc access of air. The method has been employed by E. S. Shepherd for volcanic 
J.:.1s~s. but as his samples contained no hydrogen sulphide che subsequent procedure 
''as nc:cessarily different. T o avoid any reaction with moist hydrogen sulphide, 
the scc:cl crushing-screw was plated with platinum. The gases were first pumped 
inco a clry burette, the mercury of which was carefully protected from the moisture 
uf rhc oursidc air (fig. 69). About 95 c. c. was usually taken for analysis. After 
\'olum~ t_c:mperature. and pressure had bc:t:n measured, the gas was transferred to a 

'l>ricd ~H•t cun1a1nini: h»dro1:tn sulphide Ul' to about 9 per cent have been nurcd uver merc11rv for dars and no decun1· 
l"""M"' •nhi'n cbc lim1n of error hu ever bttn nociced. Slii:ht blackcmni: is snmccimcs s~. \ " hrthrr or noc th11 tS J ue 
tu 4 

, .. tr ur 111oi11un: h:u nae bttn aKrrt a1neJ. These obscrvatiun1 apply co periods of a few Jar s up co a We\<I: or twn wnh 
•nul!:r amo<1nu of hrJrosen sulph1Je. 
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mercury pipette: containing a pdlet of lead dioxide.1 The pt"l!i·t " .. 
to a platinum wire, the: lower en<l of which fornu:d a spring. \\'lw11 1•1 ; •,, 

arc: pushed through the inlet tube of the: pipette the: spring is L1p.tbh- .. 1 1. 
wire and pellet in :iny desired position. The lc:veling-hulh is ch1-11 , 11 • • , • 

securely wired to the inlet tube and the mercury is imrodurc:d i ii~ , ... 
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f!g. 67.-D~vice for removing the gas from the collecting tube. Photn ~n•c·I• 
Fig. 68.-Ptpette for absorbing hydrogen sulphide. Pho10 ~ll"l'I' 
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1 The cylinJric2l pellet. S mm. in di2mctcr by,; mm. in chid:ncu, w2s made by cnm111<••in~ ' "' r-·•·1" .... ' • ... ,-.• ' 
with a Jrop o r " '2tCC •I 2 pressure of !,000 ki;. 1t.t nrst the p.:llets were moiH•n•d wi1h 1•ho•1•'"'1" " ' !. I. • 

01 

• • · • 

ne<:csury under o ur condicinns and IC fouls the mcr:ul')' somrwh2t. Ocher innsti~•rnn h•H •u .l 1 
·• " " •':" :· • ~ 

hydroitni $Ulphidc b21l1 or m2n~ncsc d1o~idc or lc2d dio~ide made up wirh ail and mni•ll·o1·1I " 11 h ,.h. ·• :·'· ' ·· • • 
inc to Bunsen, who W21 apparmtlr the tint to use the method. the h2ll, if no! pmp.-rlr '""'''" ... 11.•·~ ,,,. r• ... • • • . • ' • • 

than the 2mount of the hydro~cn sulphide prucnc. 
See D11ntm. CasomttriJchdfoho''"· llraunschwcii: I S77 P• 111; Christenicn. TiJJ1l·r. r>." •• J I • • • • 

ThorkclUoll, MtrnOlffJ ,, r Auult1t1it roya/1 Jn ScitllttJ n l.ttlruJt Danrmarl:-, 11, 181, 1')10. 
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If the pellet is floated on the mercury it of cour~e rises to the top when the gas 
is driven out of the pipette and retnins 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 pellet 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 pellet 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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Fl1i. 69.- Apparatus for analysis of gase.s. ''Dry" burette at left. Apparatus for removal 
of nitrogen from the inert gases in the foreground. Photo Snapp. 

pellecs at once. Tht' hydrogen sulphide is rather rapidly absorbed and experiments 
proved that the absorption is complete. :\f ter an hour the residual gas js transfer­
red to the "wet" bu re etc and measured again, together with temperature and 
pressure. Perhaps it is hardly necessary to say the burertes Wt"re 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 
g:is w:is lost and no air gained. No appreciable amount of carbon dioxide, nitrogen, 
or oxygen, and probably no other gas present except che sulphur gases, is absorbed 

0 

0 

·o 



µ--
•. 

) 

) 

ace• .,, • • y - 5 tr'? I - ,,,btt 2'$' 0 .... 'WA'' ·r 'CG ''ttsrt -" 
..,._ ~:x 7 _,,. 

.~drt' ... 

128 

by the compressed pdlc: t, but there was a constant error of about 0.3 c. c., not \'rt 

accounted for, involve<l in the transfer of gas from one burette to the: other, wh1:riin 
the pellet is present or not. When this error is corrected the results :ire i.;e"i•I 
Thus in a synthetic mixture uf hydrogen sulphide and c:u hon dioxide 3.8+ per \etu 
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Fig. 70.- Apporntus for analysis of gases. " Moist " burette. absorption 

pipettes 1md combustion pipette. Photo Snapp. 

and 3.92 per cent H:S was found. In a second mixture of the same gases the resulcs 
were S.94-, S.SS. S.S+. and 9. 15 per cent. 

The " wet " bun:tte was connei:red on the one hand to a compensator and on che 
other to an apparatus specially constructed on the Orsat principle, the pipettes oi 
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which were joined to a" manifold" made from a capillary I mm. in inside diameter. 
The connections ro rhe burette were m:1de with Khorinsky cement, insuring ab­
solutely tight joints witl:o•Jt 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. The combustion pipette 1 has already been dcscrihed. 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[ ttn adjusting screw by the aid of rhc com­
pensator.' 

The absorbents, in order, were caustic potash for CO:, alkaline pyrogallol for 
0:, and acid cuprous chloride for CO. Combustions were made over mercury with 
pure electrolytic oxygen. 

The agreement between duplic:ue analyses is all that could be desired, the 
differences in measurement ranging gencr:i.lly from o to o. 1 c. c. Criticism is often 
made of such gas-absorption methods on theoretical rather than experimental 
grounds, and we are satisfied that \vhen the operator takes pains ro displace each 
gaseous constituent from the- capillaries and co absorb it completely the errors are 
very sm:ill. · 

For the dcterminacion of the so-called rare gases the me:isured residue of 
nitrogen, etc., is transferred to a mercury gasholder which is then se:iled to an 
exhausted absorption apparatus of thJ usual type where rhe g:is is passed in suc­
cession over phosphorus pentoxide, hot copper oxide, hot mc:tallic 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 rube carefully calibrated, in which the volume can be read to 
about o.oo:z. c. c. A spectrogram of the gas is then taken for comparison with 
standards (fig. 71) . In the identification of the rare gases the authors take pleasure 
in acknowledging thdr indebtedness to Dr. E. Gr Zies, whose previous e;cperience 
made his :iid of great valur-. 

Criticism m:iy very properly be made of the use of an Orsat apparatus for the 
determination of the rare gases if a high degree of accuracy is required, for the 
capillaries are filled before the an:ilysis 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 enor increases of course as the residue becomes smaller 
in volume and as the percc:ntage of r:ire gases diverges from that in the :tir. The 
difficulty can be overcome by taking a second sample for rare gases and removing 
all ocher constituents by solid absorbents in an evacuated system. For reasons 
which will appear presently the procedure was unnecessary in the present case. 

1 -'.lien >ncl 7.i~t. :\ <hc1n1c>I srnJy or 1hc (um>mlcs nr 1hc Koim>i rcinon. Nn1un>I G•o~npluc Soc , Con1rihutcd Tech· 
noc>I P>rcrs. K>1m>1 Scncs. :-In.:. p. 1:;. 19:3. 

: \\'hen the mcttury lc\·cls 31'1! 3ppmlttn3t•h- t he l:lmc before the StOFKOC k or the cnmpcns:an.r is opencJ, 1hc tnftow of 
cu to the com~ns:ator or ourftow of 31t from it 11 ncclii:iblc. 
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l'OMl'OSl'l'ION OF THE GASES. 

The gases are not only all of the same general character, but they are singularly 
const~lnt in composition for n:irural 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 96.4 per cenr, the average 93·.f. per 
cent. Nitrogen ranges from 2.2 per cent to 10.2 per cent, wirh an average of 5.5 
per cent. Hydrogen averages o.6o per cent, hydrogen sulphide o.6o per cent, 
and there arc traces of marsh gas and very small amounts of oxygen. The average 
pt'rcentage of oxygen is o. 10 and about one-third of the samples contain none at all. 
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Fig. 71.-Apparatus for photographing spectra of the inert gases. Photo Snapp. 

Many of these results are within the limits of error of t he measuring apparatus 
used in the work and arc 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 hoc 
magma or bacholich along with reducing constituents like the sulphur gases is 
highly improbable. There are, however, re:isons for bc:lieving that the oxygen of 
the air becomes mingled with the Yolcanic gases near the 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. tjS). Usually no doubt the 
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reducing gases remain in excess, but occasionnlly :in l!:<cess of oxygen m;;iy creep in. 
Such a situ;ition would be most likely to nrise where the ground was seamed or 
orhenvise 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, 0.3 per cent in sample No. 23, 0.55 per cent in No. 24, and 
z.85 per cent in No. z5. The analysis of No. 25 has been omitted from table 6. 

From their composition alone the gnses might have been adjudged to be 
volcanic,• but any possible doubt of the fact should be dispdled by the circumstances 
of their occurrence, while the constancy of their composition indicates that they are 
all 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 chemic:illy active constituents like the sulphur gases' and the 
halogen acids have been parti<llly 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 W<lters. )iot until the ware-rs became alkaline (p. 16+) 
would the carbon dioxide be retained by formation of carbonatrs :ind bicarbo­
nates, the amount of it taken up depending on the degree of alkalinity of the waters. 
Only four alk.iline springs were found in the Lassen district, and these all con­
tained very little bicarbonate. Ga~es collected from two of them were only a 
little below the average in carbon diOxide. 

TABLE 7· 

Sulphur.,tted hydroi;cn •. 
C.arbon JooxiJc... . . •.. ...•.. 
Methane . . .. . .••.. ... . .•.. • 
Hydroi:cn .. ...... . ..... .. 
Oxyccn •......•.....• ......... 
Nitro~n •.... . . .. .... ... •.••. 

Helium ... ......... ~ .. .••• . .. • I 
Arion ...... .......... ....... . 

In 100 pan1 of naurnl Ital· 

Soffione 
Casocto. 

2 070 
9l 800 

!AOO 
2 .600 
o.oso 
l CMS 
0 .021 
0 010 

Soffioae 
Tini. 

2 ()()() 
92 000 

l 900 
2.-W!I 
0 .200 
I 4S5 
0 029 
0 .01-l 

In the endeavor to reach an undersrnnding 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 ri:gion in Tusc<lny, by R. Nasini i 
and his associates {table j). Although they were collected from fumarola, which, 

'For the compa1111un ofvolunoc ~ascs tn sene~I. sec F.. T ..... lien. Chemical aspects n( volcanrsm, Journ. F"r:ankltn Inn. 
193, :9""80. 19::. Appendix. 

Haaue t'eJlards the "a1es from rhc Ytlluw11one hot sprini:s as of surface on~in (Ro.ell. CTcol. Sn<. Amer., ::, 11;, 1911) . 
•Bunsen 11a1cs chat the H,S in the ~asro n( Kri1uv1k n rics much mnn! rhan tho CO, hc.-:io~e nfthc chemical acunn nf 1he 

fom1cr on the ruch a( rhc n!l:'on (,/nn. tho,,., ph)'1., ;s. :66. 18;;). 
1 I 1offion1 b~rac1/rr1 ere. Rome, 1906, p. S:. 

44.QU ..._ fl SU a.,. e 444 _0Qll!S4u 4> ..-•wrw bk Ai.CSU P_._S p ;_ • 1£!'.JM;:W _•EJC? ... - < .P• ... 1 
I 
' 



135 

judging from the context of Nasini's account, possessed a temperarure of about 
180° C., the gases he:ir a remarkable resr:mblance to those from the L:issen springs, 
differing chiefly in the somewhat higher percentage of marsh gas and the presence 
of helium. 

Some of the geysers of lcebnd,1 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 origin:il carbon dioxide may have been entirely 
absorbed and rernined in the water as carbon:tte and bicarbonate, or partially trans· 
formed into other less soluble carbon:ites like those of calcium and m~1gnesium. But 
if so, what has become of the unabsorbed gases like hydrogen or marsh gas, or were 
none of these contained in the original gaseJ;: The nitrogen and argon are regarded 
by Thorkelsson as of atmospheric origin. The solfataric districts of Iceland give 
off g:ises much richer in hydrogen: and hydrogen sulphide than those of the Lassen 
P:irk, but without a detailed knowledge of the Iceland springs it would be unwise to 
venture any explanation of the difference. 

TABLE s.-ANALYSES OF GAS FRml THE HOT srRINCS A'IO CEYSF.R!> OF THE YELLOWSTONE 

NATIONAL PARi.. 

(Ry F. C. Ph111ip1.I 

1. 1 n. I nt. 1v. '=i· vi. I v11. I v111. I 1x. I x. ! x1. I xn. 
I _:_]_~ --~_::_j-·--i-

' f I , I 

C2rbondioxide. 1.l2 2; 88 1 18 80 82 SS I SJ 60 4-l 18 9" 65 C)2 .5i 98 6i 1)8 .68 
1 

51 74 l ;; 9'I: 
o~)-~n .... - .. J 56 6 23 111 2,; I I .SJ I ,,;; 6 26 0 60 I i4 0 66 i 0 06 J il I 0 .2J i 

Hydro.en . .. .. 0.10 O.?S Dil l 1.82 051J -4 .02 110 OiO 0 I Uli 0 ' 2 . 16 : 

Merh2ne .. -·- 0 J 28 t 0 

1 

'"" I JSO •= 0 C)t I mce 0 I 0 I () O.JO , 
Hydro~n sul· I I 

ph1de . .. .. o o . o o o o () , o () o .~6 I o 0.96 
Nitroccn .. . .. . 95 .08 ~~! 1380 ~-:~ .. :~_!~~~!~~~ 

1
100 00 

1
100 00 100 00 l1lOO 00 100 00 100 00 ll lOO 00 100 00 100 00 

1
100 ()) IW OU !toll 00 

I I I I I 
I. :\neme1ia Geyser. Upper Gc)'ser B211n. 

I[. Alr2 Sprinii:, Hillsule C: roup, IJppt!r Gc)'lcr 8211n. 
Ill. Bottomless l'ir. Ch21n bke. l'pper Gc>·•cr Basin. 
lV. Fissure Gruup, Ebuny Spnn115, Nn. JJ, Lower Fire-

holc Duin. 
V. Founr21n Gcvscr, Low:r fitchole lh1111. 

VI. Coral Spnnic~ Norris Geyser Basin. 

VII. Echinus Geyser, ~nms Gcrscr na.,n. 
VIII. Cleopun Spnn11. :\bmmoch Hot Spr in~• -

IX. Sulphur Srnne, ~bmmmh Hot Spnni..,. 
X. Mammoth Hot S:irin1t1. 

XI. Blue Glau SpnnL. Shoshone Gcvscr ll21in. 

XII. Taurus Geyser. Shnohone Geyser U211n. 

The gases fror:i some hot springs and mud pots consist almost 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 ra'tional one, that the 
preponderant constituents of hot·spring gases CO:. :-.r: + A, and CH4 are in the 
chemical sense all comparatively inactive at low temperatures. r\ 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 (table 8).i Most of these analyses contain oxygen in 

I Mnrtairrs rlt r .. 1""'"'"' rf1YoU rltt Sci~us rt iJUrt: rlt Dant"'"'~· 8, :;:. 11)10. 
1 Sec Thorkclsson's t2blc1. The hydru~en in these ~ases m2y h .... been 2uimcnrctl br the action of 2 part of the hydrn­

'en •ul1>hiJe on the 1111 coll"r1n11 rube used (op, Cit,. p. :151. 
• 'llicse anal)·su. wliich were fu;ind 1n the archives of the U. S Gculo1:1c3l Surve,·. 2re publi1he1l hy ~rn1111inn 11f rhe 

Dirttrnr a( rhc Survey. They were m2<lc in the d~lmu hy l'roftssnr Ph11l1ps 2nd would Jouht!c<~s 12ve appc2reJ m 11~~11e's 
monni:;r.zph of the Ycllownri ne l'uk h2d he hvcJ 10 complete 1c. 
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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 \Veed, who collected 
the gases, st;:ites that the method used was discussed with the late Professor Hallock, 
who was

0

intcrested 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 arc strikingly simibr 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 explnined above (p. r29) that c~e 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 ra tios are not far from the same; the aver-

age of the determinations for A AN is 1.33, while that in the air is r. 18. Con-+ I : 

siderifl.g the small quantities of gas (2.2 to zo.z c. c.) taken for analysis, these differ­
ences are believed to be within the limits of experimental error. 

Our conclusion is that the nitrogen and argon present are probably ch iefly of 
atmospheric origin. We say chiefly rather than mtirely because a portion of the 
gas might be magmatic and might contain a somewhat 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. 1 

Finally, there is another point of importance not revealed by the analyses, but 
legitimately inf erred from sound knowledge. All volcanic gases, with few excep­
tions, whether collected from molten lava or from fumaroles, contain more steam 
than any other 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 
bot springs sl:ould also have been accompanied by water in relatively large amount 
when they emerged from the batholith which originally contained th m. 
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CHAPTER III. 

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, 
:md the lavas 1 of the region, when correlated with observations in the fidd, 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. 

Fot1 .. .\IATION OF PYRITE • . 
The peculiar f earn re in this occurrence of pyrite is the great number of minute 

detached crystals completely bounded by crystal planes, not the incompletely 
developed fragments which would be left by the disintegration of .1 rocky matrix 
inclosing it. The Lassen l ... vas 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 waters themselves. The occurrenre of the micro­
scopic aggre1;.1tes, \vhich oci:ur in the blac~ sediments previously described, suggests 
a first stage in the process. There is anorher 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 rake place direcdy or through the intermediate 
agency of ferric iron: 

(1) zFeSO, + H:SO, + 0 = Fe,(SO.), + H:O 

(z) Fe:(SO,)s + H:S =- zf eSO, + H,SO, + S 

Oxidation of some h}·drogen sulphide by the ferric iron in the lavas dur~ng the 
process of their decomposition by the acid waters, which \viii be explained presently 
{p. 138), is also entirely probable. 

The formation of pyrite is not to be regarded as confined ro che springs alone. 
The -presence of similar conditions below )?round should lead of course to the same 
results. 

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 snmples the cube w;is developed almost 
to the exclusion of other forms, in other samples the oetahedron. The pyrito­
hedron was also observed, but not commonly. The conditions which determine 

. . -
I ~·u r :in:ily ses of m:inr ln:i1 frum bucn :--;:i11on:il P:irl:, ICC r. \\". Clul:c. I.". s. G.d Si.r vcr 11 •• 11. ~ 19, 139, 1910. 
: .l,llcn, Cr~nsh:i..-. Juhnsto>n :inJ L:iurn • . .i.m. juurn. Sci. (~ I ;:;, 1C19, 191~. S.c :ils,; • .i.mcr. J.n.rn. S.:1., 38, J7•· 19q. 
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the crystal form constitute of course ::i very o bscure problem, but here we ha\'c: 
pyrite in the making under conditions which vary from place ro pbce sufllt:icnth· 
to determine whm crystal form sh:tll develop. It ought to be possible for the rry~­
rnllographer to find out what these Jifferences are, or at least to gain import.mr 
information 011 the subject. 

AnSENCE oF MARCASITE. 

Marcasite has not been found in any of the hot-spring areas under discussion. 
In experimenrs made in this Laboratory several years ago1, some marcasire was 
always found n1ixed wich the pyrite when the solutions from which the minerals 
crystallize were~ acid. The amount of the marcasite decreased with decre:isinJ.: 
acidity and no experiments were tried with a degree of acidity as low as that in rhesc 
natural waters. The conclusion from the laboratory experiments was that some 
marcasite is always formed when the disulphidt: of iron crystallizes from acid solu­
tions. TI1is now appears to have been too sweeping. .Nevertheless, marcasitc is 
sometimes a product of hot-spring waters. In d :e Katmai region, Alaska,~ mar­
casite was found in boiling hot springs (temperarure 97° to 98° C) under circum­
stances which left no room to doubt that it was formed by the waters; it occurred in 
thin botryoidal crusts deposited on pumiceous ma~erial in the beds of rhe springs. 
Unfortun:icety the composition of the waters was not ascertained, but there is goml 
reason to believe they contained free acid, for the fumaroles in the vicinity com­
monly emitted hydrochlpric and hydrofluoric acids. So far as its amottnt 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 formation of a widely distributed mineral. 

OR1c1N or SULPHURIC Ac!D. 

Another chemical process which is going on in the springs is of a more general 
character, involving the major part of the sedimenr. This is the decomposition 
of the lavas by the hot waters; but before discussing that it will be necess;iry to 
consider the formation of the sulphuric acid which occurs as normal or acid sul­
phates in all the springs, without exception. 

Sulphuric acid appears to be an active agent of decomposition in all solfataric 
:ireas. Various explanations of its origin have been given, all of which depend on 
the oxidation oCsome sulphur-bearing substance~ primary or secondary. To be 
sure, the acid has been derectedl in that portion of fumanille gases which is absorbed 
by water, especially gases which contain sulphur dioxide, but this is almost cer­
tainly 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. ------· 

• F.lfcct of temp.,3111rc 3nd 3ctdiry in rhe form3tinn o f m3rnsite (FeS:) 3nd wunzite (ZnS); • conrnburion to rhe ~<"•·•i• 
n f unsuble forms_ E . T • • ~lien, J. L. Crcnsh3"' ond H. F.. ~lerwin •. ~m. Jnum. Sci. (~). j~, j!)J, 191~. 

=Allen 3nJ Zios. A chemic3l mid,· o f the fum•l'.ll•s o f the i(otmoi rej:iu n. ~or. Geo~. Soc. Cunrnbured Tcchnicol l'•1••'"· 
1->atmoi Scnes, :'\11- :, p. 'l7o 19!j. The mon_\' dcplosirs nf fin<' d1utmm3rcd morc:omc 1n 1he punucc nf l.oke Rotnruo. :-\t·w 
z •• 1.nJ, mo~· olso be 3 pmJucr o f solfat3ric 3Ct10n. \:ice l'>rk, G~oloi;y 11f :-; .... z .. i.nJ, I'- 178, 1910.) 

l Ju um. FronHn lnsr., 19;, ;9 ( Appendix), 191!. 
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Park• attributes 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 Ion~ period of time would demand 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 oxidation 
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 that 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, tog•:ther with hydrogen sulphide, may be fo1 med by the action 
of water on elementary sulphur. At 100° the action is negligible, for satisfactory 
determinations of the v:ipor pressure of sulphur have been made l)y volatilizing it in 
a current of steam at that temperature. At 250°, :rnd possibly as low as 200°, 

the action is rapid enocgh to account for such amounts of sulphuric aci<l, free and 
combined, as are found in the springs under discussion. It is doubtful whether such 
temperatures exist in chis region at deipchs accessible to ground water, 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 hoc-spring areas 
from the oxidation of secondary pyrite, but to account for a continuous supply of 
the acid for any considerable period of time, the oxidation of hydrogen sulphide 
constitutes the most p;-ob;,ble explanation, because this gas is constantly e:>caping 
from the springs and is generally distributed in all the areas.a 

The oxidation may be accomplished either by ferric iron or by air or by both. 
The oxidation of hydrogen sulphide to s11Lpliur by either reagent is the reaction best 
known to the chemist, but oxidation to sulphuric aciii has abo been established. 
Stokes• foulld that hot dilute ferric chloride oxidized about one-third of the sulphur 
in hydrogen sulphide to sulphuric acid. Experiments made: in rhis laboratory 
indicate that if the gas reacts with ferric o.'l:ide rather than ferric salts, at a re-m· 
perature of q.o0

, the sulphur forms pyrite but no sulphuric acid. In mis case some 
preliminary oxidation of the hydrogen sulphide with ;iir would be necessary before 
the formation of sulphuric acid by ferric iron in the silicates could proceed. As 
further evidence for these reactions some experiment:> by Deville and Dumas may 
he cited. DevilleJ observed that a mixture of hydrogen sulphide, steam an~ air, 
corresponding to the gases of many volcanic fumaroles, with rock frngments, in a 

1 Geoloi;)' of :New Zul;nJ, p. 178, 1910. 
• L1tb1;'1 .-lnno/111, 6:, 10. 111_.7; .Inn. Chim. Plry1., ;8, :7:, 185;. 
'Dnl:c's Spnni:s m2y be 2n c~ccpt1on. :So ~ucs were observed tn csc2pc from these w2tcrl 21ul rh~ ..Jnr nf h11lrn1.otn 

•11l11h1dc w2s not noroccJ, but more c2rcful ohs.rn11ons "o~IJ be necJcJ ru sctr l~ the question. 
•!lull U. S. Gcol. Survey, 1S6. p. 19: s1:1: ;110 Limrlm·Kr:1111 6th eJ., I, 1•t. :, p. :JC). 

'Co111p1. untl.., ;;, :61, 1S3:; Jdliruo. ti.tr Clt11nir, p. ? llJ, 18;:. 
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few months formed sulphates of the alkalies and alkaline t"arths, while Dumas• 
found that sulphuric acid·w:is gradually formed when hydrogen sulphide and .iir 
are brought into conrnct with some porous substance at 40° to ;o0 and more rapiillv 
at 80° to 90°. · 

The evidence thus goes to prove that hydrogen sulphide rnay be and prohalilv 
is directly oxidized to sulphuric acid under the conditions prevailing in the hor­
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 + 0= H:O + S), for it is 
commonly found where the conditions obviously favor oxidation. Thus it w:ts 
noticed in several places incrusting rocks over which a rhin sheet of warm spring 
water was flowing (fig. 7z); it was found in needle-like crystals lining fumarolt:s anti 
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Fig. 72.-June, 1923. Sulphur bearing pools at Supan'5 Spring5. Photo Day. 

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

Sulphur, whatever its origin, doubtless contributes its share to the s.ulphuric· 
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. ' 

CHEmcAL DEcOMl'os1T10N OF THE LA VAS. 

The chemical decompositio'1 of the lavas is of interest in several respects; it 
involves the formation of kaolin and is intimately related co the origin of tht- springs. 
The foregoing data enable us to interpret the process with comparatively litrlt" 
hypothesis. The active a,1?ents are hydrogen sulphide and especially sulphuric acid. 
When sulphuric acid decomposes a silicate the finnl products are free silica and rhe 

. -· 
• .ln11. tlum. ?l.~·s., all, ;o:, 18~6.. 
: ~blr • .\fo11n1J/,,ft t Clum, 1. :o;. 1Rllo: see ~lso c;md1n·i.=uur, ;rh ed., •·nl. I, pr. 1, 377, 1')07. 
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sulphates of the metals contained in the silicate, nnd these products nre found in nll 
the springs. With them occur two other produces of incermcui:ttC' composition, 
namely, kaolin and a/unite. Kaolin, Al103.2Si0:.2H:O, conc:iins silica still un· 
liberated and alumina as yet unchanged to sulphate. Alunite, K:0.3Al,Ol·4-SOl.6H:O, 
conrnins no silica, but it requin:s more sulphuric acid to transform its bases into 
normal sulphates; it is a basic sulphate. 

SIGNIFIC,\NCF. OF TiiE OCCURRENCE OF KAOLIN. 

Kaolin is well known to geologists as.a decomposition product of certain sili­
c:ites, especially plagioclase feldsp:us, 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 !tot 
dilute sulphuric acid on the rock silicates, or some of them. 

Lindgren 1 contrasts the formation of kaolin with that of uricite, the former as 
a product of cold de.randing waters, the latter as a product of liot ascending waters. 
Observations in the Lassen region show precry clearl y that it is nor the temperature 
nor the direction of fiow, but the chemical nature of the \Vater which is of vital im-. 
portance. Kaolin is the product of acid waters, whether cold or hot ; where sericite 
is formed the waters are presumably alkaline. When the waten are acid, tem­
perature may determine which of the clay minerals (kaolinite, ha lloysite, lever­
rierite) is found, but some clay mineral not sericite is formed in both cases. 

A knowledge of the l;miting conditibns which determine the formation of the 
different clay miner;ils would be very useful in problems of this character, but an 
investigation of rhe subject is ar present unpromising on nccounc of the low capacity 
for crystalliz:nion of these minerals. 

SlG!\lflC.":'\CE OF THE OCCL'RRE~CE OF .-'LU~ITE.. 

Kaolin, though compar:trively refractory, is slowly decomposed by hot sul­
phuric acid,: the final products being silica and aluminum sulphate. It would 
therefore not be formed if the concentration of rhe acid were sufficiently high. 

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

In some places in this district alunitc has been deposited in a comparatively 
pure state. Thus, a mound about 15 feet high, bordering the pool in the Devil's 
Kitchen marked No. I on the map, consists of alunite, at least on the surf~ce 
(fig. 73 ). J. S. Diller discovered some years ago considerable amounts of this 
mineral at Supan's Springs. At present no explanation for its segregation can be 
offered. 

1 Econumic Geoloi:), 10. S'}. 191; . sec also Mincnl Ocpams. p. ;o;, 1913. 
: ..\l.u211Jcr Sabttk. Clum. c,.1ralbfau. p. n r;. 190: . 
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With tht: possiblt: exception uf Drakt:'s Springs, where a copious vegetahle 
growth conct:als the ground, the lava in all the hoc-spring areas has been more or 
less completely decomposed hy chemical action. Alteration has been most complete 
at Bumpass Hell, where practically every foot of the ground (Place 12) has been 
bleached and disintegr:lted . 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 little 
unchanged quartz and py,rpxenc (Merwin). It contained 94-·79 per cent SiO:, 
3 .05 per cent H :0, I. IS per cent Al:Oi, etc., and very small amounts of other oxides. 
In the sample the banded structure of wha t w.is doubtless originally lava could be 

... .... 
. ·~. ·• " . 
~J 

E. 
·~ ·- .r 

,. 
~: 

l .. 
- ' 

; -....... a · ... f?=·:J...,,:S:;'£--,....M<+t . ..,... . 
•. ....... ~ "'1//4 :,;- ... .,~ .. ... :1·-~: }..;"- ... -.. '";X~" ._-~-,. .. .. . . """""'~- "\., . f.· .. -

_: .(:. :~:- .~;·.~;·· ~>~ :~· -· 
"' ; • • t,J • • .. ~ -.. - ·-f. 

, ~ cJt._ ~· \. _.,.-. :-. ... ... ~~· 
• • • i\, 

• rt; - ~ • ·,~~--·--.... 
""'4 • ._ 

'""' · .. ~_ . .,._ ·~ 

. -_~ili;0 '..~;~~~~.;:c-:?j 
~ - ·. i'_; .:.: _:-::" - ~~-:-;,;.ij,"• 

-.,,. .. _,_"' ,; . ' . .. .. -.,-, .. . .. 

...... - • :-. - ~ •• • • t . _ _ .:. . .. -.. . . . ..... -~ 
,, • -,._ .. ' -~· "' - - .. . - - ... '"'>. ... ~ .• • -"· 

.. - ... '.. .. • . '-~ ~ . .. : ' .. J}• • ~· .. : .. ~. 
·~· · ;..,-.;.--... - .. ... . - ·_::~···-=- ~·· .... · ~ .... . :- ... -=·. - - ·- ·"-... ::t . . .... . ... ... . .• ' .... - . - -, . • -.: . . .. . . ... r: ,.....-·..,... , --...... ~ 

i' ""1:.,_!G :."::" ,.; • .., ~:.:- • • : • • • .;< ~ '; \ • • - · - ·:-:: • ·~-'!:: lr:rs::.~.,.....~~ .... g;,,, ~ .,, 1. :_..::" • .._ '! ~· • ....:.'4 n-, ...... -~~·--- ... · . .... .. ~ ,.:-iS= e ~.,.._,... ~tj•}':..,&• 1~ hh=G 

Fig. 73.-June. 1923. Spouting Sprang in t he Dcvil':i Kitchen (No. 3, Fig. 47). 
White alunite mound an background at the right. Photo Day. 

plainly seen. This silica is obviously an example of lava decomposition with acid, 
and there is no reason to doubt that the acid has the same origin as rhat which 
occurs in the springs, namdy, the oxidation of hydrogen sulphide and secondary 
sulphur by acmospheric oxygen and ferric iron. This general decomposition implies 
a wider <liscribution of gases. either pasc o r present, than the observer might at 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 activity declined it became extinct in some places. 
This is the normal course of change in fumarole regions. ' 

Even to-day volcanic gases :ire probably slowly permeating the ground and 
escaping outside the spring and fumarole vents, for there are numerous barren areas 
in the spring basins chat show no visible sign of present activity at the surface, 
where scenm and abnorm:tl temper:trures are found buc :i fe\\' feet below it . Thus, 
in July 19.::.:: a tem per:nu re of 9+ 0 was found only :: foet below the surface at a 
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distance of J 30 f ect from the Boiling Lake tnorrhwest end) and f arr her still from any 
active vent. The ground was bare, but no visible ste:im or water was escnping 
from it. Exploration both at the Boiling L::1ke and the Devil's Kitchen revealed 
many similar spots. The instance cited is unusual only in the greater distance of 
the pl;ice from an acrive vem. 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 .iccess unless the gases are escaping under 
high velocity, which is never the case except in well-defined vents. 

That the decomposed lava of the barrt"n ground in the hot-spring basins has 
gone chieRy ro 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 bearing on it. Thus. the salts ,,,-Jiich occur in places on this barren earth 
have invariably proved to contain more :ilumina than any other base, as do the 
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Fig. 74.-June. 1922. Western half of pool No. 14 Bumpass Hell. 

(Cf. Plate 12.) Photo Day. 

lavas from which the salts were derived . The complete decomposition of the lavas 
by sulphuric acid would result 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 ~o. 6 and No. 14 (13umpass Hell, figs. 65, 
74) and No. 5 (Devil's Kitchen), could yidd such salts. and then only on condition 
that, through some chemical reaction. the acid hydrogen in them could be nearly all 
repl;iced by an equivalent of aluminum. There can be little doubt that these salrs 
an<l the decomposition process which gives rise to them are the result of fumarole 
action. An illuminating bit of evidence on the point was found at the Geyser, where 
an insignificant fumarole was emerging from under a rock. .-\ highly aluminous 
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salt mixture (Nu. +J, table 4), mingled with opal and rock d~bris, occum:d about 
the orifice: of the fumarole, but no kaolin. The salts rnllc:ctc:d on the summit of Lassen 
Peak, which are of the same character so far as the basc:s are concerned, must be 
assumed to form by fumarole action, for there are no hot springs there. 

TWO TI"i'ES Or l.A\'A Dl::COMPOSITIOX 0 )Nl'R,-\STED. 

In the Lassen spring basins, therefore, two types of lava decomposirion appear 
co be in progress, the one producing kaolin and some silica without altt1ninum 
sulphau, the other producing silica with aluminum Julplzate. [n the fact that kaolin 
is decomposed by strong sulphuric acid into silica and aluminum sulphate, the key to 
the difference is doubdess co be found. If the acid forms in a place where sufficient 
water is percolating, its concentration 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 stab!t: compound kaol fo results, and this, as we 
have seen, generally occurs in the sprin~s, together with very dilute acid. It would 
nor be surprising if the fine sticky mud of the low and wetter portion:> of the Devil's 
Kitchen and Bumpass Hell should also prove to contain kaolin, but observations 
have not been extended to chese points. 

On the other hand, if sulphuric acid forms in nearly dry ground it will accu­
mulate by progressive oxidation of the sulphur gasc:s and the concentr:aion may 
reach comparatively high 1values-probably in the form of sirupy films. It is 
under such conditions that this more complete type of rock decomposition occurs, 
as fic:ld observations indicate. 

It may be questioned by some whether sulphuric acid ever occurs in nature 
othl"rwise th.ti' 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 heptahydrate, epsom salt, is ordinarily obtained from water, chis 
hydrate crystallizes 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 t o this Laboratory a 
mine specimen from Arizona in \vhich was identified an acid ferric sulphate, Fe20i. 
4-SOi .9H20. The salt occurred close to a layer of pyrite and was undoubtedly 
formed by its oxidation. The same salt was obtained artifici:illy by Posnj:ik and 
M1!rwin 1 from solutions containing not less than about 45 pt:r cent free sulphuric 
acid. The statement assumes that an equivalent amount of S02 is in combination 
\Vith Fe:03 as Fe: (S0,)3. 

It should be noted that the ma jority of che sales colle1;ted in the Lassen Park 
contain free sulphuric acid, or are acid :>alts (table +). These fact s constitute good 
evidence that sulphuric acid of comparativdy high concentration may occur in 
nature under favorable conditions, doubclcss for a limited time and probably in 
the form of sirupy films in dry ground. 

1 Joum .• .\mrr. Chem. Soc ., -H• 1991, 191~. 
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These filn~s of acid and the: salts thc:y form :m: c.loubtlc:ss washc:c.1 down into 
near-by springs or outlets in the wet season. Whethet the amounts which accu­
mulate at any one time and place are i:treat enough to change m:nerially the: com­
position of the waters is a question. The table:, as has bec:n pointed our, shows 
water analyses which :ire relatively high in acid and alumina. 

FORMATION OF PE!'<TATlllONATE. 

Pc:ntathionnte, which was found in the salts from the eastern rim of the Lassen 
Cratc:r, has bec:n reported in n::u:ure but once before; it was discovered by Mclaurin 1 

in the water of the crater lake on White Island in the Bay of Plenty, New Zealand. 
Its forma'tion at Lassen Peak is not entirely clear, but there is little doubt that it is 
the: decomposition product of the lava by the two sulphur gases, hydrogen sulphide 
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.: 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 salr sample was found, were 
collected by pumping approximately 100 liters of gases rhrough an ab·;orpcion train 
filled with solid b:irium hydroxide. The analysis was made by E. S. Shepherd on 
the principle of the difference in solubility between sulphite and sulphide of barium; 
that is, the soluble sulphur was reckoned rs hydrogen sulphide, the insoluble as 
sulphur dioxide. Similar gases were collec'ted on the south rim of the crater by 
Shepherd in 1915. The reader will note that the analyses account only for those 
gases retained by the barium hydroxide, which form a very small part of the whole, 
bur all the sulphur and halo~en gases are doubtless included. 

TABLE 9.-G.\SES SOLUBLE IN Ba(OH):. PER CENT BY 

VOLIJ:.t£. 

I fum•rulc on 1. ~si;en Pc2k. cut side f mn:irolc on sourh Ji Jc uf uld crucr; 
uf tr2rcr .' l'Jl-l; collccrcd in coll.crcJ br F,. S. Shepherd, 

Jun.: 1916. June 1915. 

CO: .. .. .. .. . ... 0.096 I co. ............ 0 040 
so •. .......... ... .05-l so. ... .. ... .... .005 
H1S •• .•.•• •. .• • . . 005 

1 

H.s .... ... .. .. .tm 
HCl .. . .... ...... none 
HF ... ... . .. . .. .. none 

While the two sulphur gases react with each other ac low temperatures, there 
is good ground for assuming that they may coexist at high temper:aures. The 
gases, :ts 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 :u least certain chat hydrogen sulphide was issuing from 
ground ~racks close by, as it was recognized by th7 odor and by the lead-paper test. 

'1cl2unn. Proc. Chc1n. Sue .. :7. 10, 1911: stt 02rkrs D212 ofGouchc1111srrr. !lull . U.S. Goul. Survey, 6'];, 195. 19io. 
• \\'2ckenroJcr, Li1brc'1 ./ti n. 6o. 189, 1646; Dcbua, Li.bir'1 ./• 11. =~ 76, 1887. 
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What must remain unexplained for the present arc the conditions of tempernture. 
etc., under which the thionate was formed. At low temperatures in the presence of 
water, th ionic acid, as well :is much sulphur, is obtained by the co mminglini.: of the 
gases. At ordinary temperature the products are supposed to be sulphur and 
water, but possibly a cert:iin amount of some thionic acid is also formed. Pc:nra­
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 tS months. 

It will be seen in table + that. these peculiar salts from Lassen Peak, like those: 
from the other localities, contain more sulphate than any other acid r:idical-a 
foct indicating th4lt here also oxidation of the sulphur gases is an import:int process 
in the genesis of the salts. 

Sulphur dioxide, upon which the formation 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 r916. Bunsen 1 states that hydrogen 
sulphide followed sulphur dioxide in Iceland after the eruption of 18+5, 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. 

S1cs1r1cANCF. o F Hv1>ROCHLOR1c Ac10 1s THE CRATER GA!ES. 

Contrasted \\ ith the very sHght amount of chlorides in the hot-spring water:> 
and the salts of the hot-spring areas was the occurrence in 19r6 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 escapin~ from adjacent 
crevices in the lava and responding to tests f?r hydr0thloric acid. The gases 
possessed the cha r;icceristic odor, reddened blue litmus, and reacted with silvc:r 
nitrate in the usual way. The salts were in all probability formed by the reaction 
of the acid and Java rather than by sublimation. Neither the salts nor the gases 
were anywhere cc•pious. This occurrence was strictly confined ro the crater; in 
the fumaroles outside the rim from which gases were taken (p. q5) no hydrochloric 
acid was found. 

According to Bunsen, the evolution of hydrochloric acid as a volcanic gas is 
dependent upon a "shallow hearth.": When the hearth sinks he believes char the 
acid reacts with the wall rock, forming non-volatile compounds. At Katmai. 
where hydrochloric acid is generally prevalent, it occurs in larger quantities in the 
honer fumaroles and almost dies out at 100°.l This is probably a consequence of 
the fixation 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 of 
hydrochloric acid at Lassen Peak. The acid was found in the gasc:s of the crater, 
where the climax of activitv and doubtless the hottest temperatures were n:pre­
sented, while chlorides 1 we;e not found in the hot-spring areas which are typiL·:tl 

• .{nJf, c/um. ;Ay1., JS, :14- 1853. 
1 . }nn. cA1HJ. ~-)'I., ; 8, :6:., 1833, 
• .\llcn and Zics. Nat. G~. Soc .• Contributed Ttchnic:al Pal'Crs. ~mnai Scn.s, Xo. :. p. 130. 19:3. 
'For the ~lation bet"."'" chloritlCJ in hor-spnn, waurs 2nd mai;m>ric hrdrochlunc·ac11l 1:u~1 seep. 16~ ff "'· 
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uf a dc:dining stage of volcanism. Bur the facts as a whole do not support this vic:w. 
Th1: fumaroles on the outside rim of the crart:r wc:re giving out hotter ~ases in 19 r6 
than the gases in the crater where the hydrochloric acid wa:; found, and in 1922, 

''hen the highest temperature: in the: crater was 79° C. and only the faintest wisps 
of steam were discernible, hydrochloric acid could still be detected in the gases. 

The: distribution of hydrochloric acid at Lnssen Peak is not, therefore, well 
an:ounn:d for by assumi:d temperature differences in the magma or magmas where: 
the: gas originated, and at the present :ime there is no satisfactory explanation for it. 

c... N ... · , 
TABLE 10.-THE llATIOS Mc Atrn K IN THE HOT sr1u!'lc WATEJlS. 

I I . I 
I N '1 ~ ~ N I ~ ~ 1 a. Ms K ' o. Ms K 

I I i . 
i. ...... . I o .9 . . 37. •.. . . . l 2 9 s .2 
2. . . . . . . . I 1.2 I . . 60 . . . . 0 9 3 .8 
3... . . . .. 1.6 I . . 62 .... . . . 2.1 !14.I 

13 . • . . . . . . 1 5 6 ~ 63 . . I I 1 · s .s 
15 ··· ·· . ·I .. 7.5 M ... . . . .. {18 .I 
21 .. . . . . . l 2 0 4 .2 12.S .•. ..• ·1 1.0 5.0 
22. . ...... 15 OI 8 5 128.. . . . . . 1.0 7 5 
221. . .. . . . . 19 UI 7 I 131. ...... ·1 1. 3 s 8 
23 . . ... . . . . , 2.1 6 .4 JJI. .. . : .. I 2 8.1 
l9 . . . . . . . . 1.4 7. i 362 ........ 

1 

.. °' ·6 I 
30 . .... . .. ·I 1 6 8 .1 .wo.. .. . .. . 2. 5 s 6 
JI .. ... . . . . , 1.9 7 0 ! . 

UrufollMrrY OF Roe" Di;cOMPOstTtON. 

The analytical determinations on the spring warers throw some additional light 

on the processes of rock decomp~sition. The molecular ratio ~g in the waters, 

reckoned from the results in table 2, shows a rough approximation to constancy 
(See table 10). In three waters, I 5, 64, :rnd 362, where no magnesium was found, 
the ratios are erratic, and the same is true of two of the alkaline 1 waters, but other­
wise the variation for natur;il waters is slight. The limits are 0.9 and z.9. 

Th Na . . h . I . h' . I e K ratios, wit two exceptions, a so vary wit m comparative y narrow 

bounds, namely from 3.8 to 8.5. The excc:ptional ratios belong to waters from 
springs withour visible outlet, in which an unusual amount of potassium had 
pn:cipitated as alunite. F. \V. Clarke : has compiled about 20 analyses of dacites 
an:.J andesites from this region. From his figures, omitting one peculiar analysis, 

we reckon the average ;;g ratio for the dacires as r.z and the limits 0.3 and i.9. 

The average ratio for the andesites is r.7, with 1.2 and z.o as the limiting v:ilues. 

.. 

' \n2l} k'S :: 2nd ::1 ufspnn11 l 9+ l)ov11"1 Kitchen (table J). 
't.:. S. t i~11I. S11rv~} · llull., .p9, p. 1;9. 1910. 
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The ~a t:nio averages :.6 in the d:icites, with 1.+ :m<l +.o as the limiring values, 

while the average for the andesites is 3.6, with 1.5 and 5.5 as limiting values. 
Comparing the ratios dl.'duced from the w:m:r an:ilyses with those deduced 

from the rock analyses, the former !UC seen to :igree somewhat better with the 

:indcsite ratios. The ;;g ratios a~e remarkably close; the ~: r;1tios are higher 

in the waters than the)' arc in the ·andesites, though the difference between the 
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Fig. n.-July 2. 1915. Eastern end of the Devil's Kitchen .9howing encrusted ground .ind 
~ulphur pools. Photo Day. 

limits in both cases is about the same. The preci pitation 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 ratios is that they approach as closely :is 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 salts 
in the spring waters shows that the acid corn:cntr:ition also must vary in different 
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parts of thr field. What the results do imply is that the decomposition process docs 
not proceed in definite stnges, but that fresh rock must be continually exposed to 
chemical action. If thi: decomposirion products k:tolin and silica dfcctually in­
crusted the surface of the lava, it is obvious that the ratios would eventually 
depart widdy from thost: in the origin.ii 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 p1obably do change' somewhat. The l:tvas, 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, nnd 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 an desires 
thun with those in the dacites, thi:se 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 waters. 
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CHAPTER IV. 

ORIGIN OF HOT SPRI!\"GS AND THEIR RELATION TO 
IGNEOUS ACTIVITY. 

SOURCE OF HEAT IN THE HOT SPRING AREAS. 

' ' VOLCANIC HEAT. 

The observations which have been presented in the foregoing, in so far as thev 
bear on the origin of the heat of the springs, may be summarized as follows: \Vhil~ 
the volume of hot wnter 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 arc boiling hot, many are spouting jets of hot water to heights of I to 3 feet, 
and a few at times send up jets to heights of 5 or 10 feet (Plate 7). Some fumaroles 
in rhe 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 water 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, an<l that they arc ranged along fault lines, while: the 
alignment of springs also suggests lot:al cracks in several areas. 

In entire accord with these facts is the almost universal occurrence: of volcanic 
gases in the si;rings. The uniform character of che gases throughout the region, so 
far as they have been investigated, is indicative of a common source. That the 
source is ;1 ht1t, underlying m.igma or batholith wilt hardly be questioned by a 
student of thl! subject, for all igneous rocks, which at 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 arc some ocher sources of heat 
which should be discussed. 

RADIOACTIVITY AS A SOURCE OF HEAT. 

While the radioactivity of the gases and waters of the Lassen springs has not 
been investigated, tests of this kind have been made: in Iceland by Thorklesson• anJ 
in the Yellowstone: Park bv Schlundt and Moore: with decisive results. ·n1e 
amount of che emanation in· both these: famous hot-spring areas is considerable; in 
the Yellowstone it is as great as chat of well-known European locnlities, buc no 
connection is found between the amount of it nnd the tcmperature of the: waters. 
In fact, che cold wnters of the Yellowstone were slightly more radioactive on the 
average than the hot waters. Thorkclsson started out with the hypothesis chat 
the source of the he:it was radioacrivity, but both he :ind Schlundt and Moore came 
to the conclusion that radioactivity had nothing co do with it . As a result of other 

I .l!t••o"" oft r .lclldtllllt rtJ)'Q/( tltJ Scicntt1 fl l.t11rr1 '" Da nrlfl ari,, S, 199, 1910. 
: l". S Cicul. Surv. Uull. n ; , 1909. . 
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invesrigarions it has not been found thnt mineral dc:posirs which nre particularly 
radioactive are associated with local high temperatures. This evidence is so 
definite and conclusive that further investigntion along the same line appears 
unpromising. 

HEAT 0£VELOrEo !'ROM CHEt.11c.u PROCESSES. 

Some are inclined to attribute to oxidation or to other chemical processes, 
wh ich are supposed to be in progress near the surface of the ground, a part or all of 
rhe heat supply of hot springs. In the foregoing {pp. 137, qo) 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 
following expression may serve to represent this process: 

a Silicates + b sulphuric acid =- c sulphates + d kaolin + e silica 

The other product, alunite, \vill be for a moment neglected. This expression 
is not a rrue equation, for th!! reason that a small amount' of water is absorbed from 
outside the system in rhe formation of kaolin, but the assumption that it is an 
equation is sufficiendy near the truth for the purposes of this calculation. Th~ 
method of calcul:uion simply takes account of the soluble products found in a given 
volume of hot-spring water, from which can be estimated approximately the quan­
cicies of the other products involved in ~he chemical process considered. The 
resulting equation is then treated as a thermal equation. Although it is not 
possible to determine all che chemical coefficients accurately and the thermal data· 
are not entirely com piece, it is quire possible to estimate the order of magnitude of 
the aggreg:ite heat etf ect satisfactorily. 

We select as an example one of the most favorable cases, that of a boiling spring 
of the highest concentration. The soluble matter in a liter of it consists of 0.4 
gram of sulphates, equivalent to o.r5 gram of rock bases (Na,O, K,O, FcO, etc.), 
some free acid which had not had rime ro 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 0 .15 gram of rock bases arc a few centigrams of 
alumina, which is usually.very low in these waters. For rhe 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 heat quantity, the heat of 
formntion of the aluminum sulphate actually found will be taken account of. 

As to the composition of the rock from which these sulph~res were derived, 
many of the dacire-andesites, ' the lavas in which all the hot springs occur, have 
been analyzed. The silica and nlumina in chem average abour 6o per cent and 17 
per cent respectively. Now, benring in mind rhnt kaolin contains about .J.O per 
cent of alumina and +6.5 per cent of silica, we have approximately: 

0.7 gram silicates+ 0.3 gram sulphuric acid • o.+ gram sulphntes + 0.3 gram 
kaolin + 0.28 gram .silica. 

• f . W. Clarke, U. S. Gwl. Surv., Uull . . p9, 139, 1910. 
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The total heat effect we have to consider is the sum derived from two pro­
cesses: lh, the he:a producc:d in the dc:composition of the rock as represented above, 
and Ii,, the heat produced in the formation of the acid which decomposes the rork. 
The formation of the sulphuric add involves some speculation. In our opinion it j,. 
most probably formed by the oxidation of hydrogen sulphide brought up in the 
magmatic gases. Whether it is formed from hydro~en sulphide or sulphur, the 
order of magnitude is the same in both c:ises. This question has already been 
discussed in another connection (seep. 138). The tor:il quantity of the sulphuric 
acid from which the sulphates in rhe spring water are derived is 0.6<)5 gram per 
liter, of which about half in- t his case remains undecomposed : 

h, = 0.6<)5 X 1.38 = 0.96 kg. cal., or 0.695 X r.+5 "" r.o kg. cal., 

where the factors I .38 and 1.+5 are simply the he;its of formation in kilogram calorics 
of 1 _gram of acid. Wt: will call h,, therefore, 1 kg. cal. 

Some of the thermal data required for the calculation of h.J are wanting, but 
values have been chosen which are " ithin the limits of probability. As a basis for 
the selection we ha\'e the heats.of formation of a few synthetic silicates, all of which 
vary from 2 to 3 kg. cal. per gram. Inasmuch as heats of formation in genera l have 
similar limits, it is quite unlikely that the values eithe1· for the primary silicates or 
for kaolin are ~xceptional. The other data arc known . From these we have: 

hi - 0.7 grnm [silicates] + 0.3 gram [sul phuric acid] = o.+ gram [sulphates]+ 0.3 
gr~m [kaolin] + 0 .28 gram !silica]. 

or tn kilogram calories: 

hi= - 7 X :z.o- 0 .3 X 2.15 1 = 0.952 + 0.3 X 3.0 + o.zS X 3.0 - o.6. 
h, = o.6 kg. cal. h.1 + Ir:, - r .6 kg. cal. 

The terms of this equation arc all 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 che kaolin. 

The temperature of the hot spring, the products of which arc under discussion, 
was about 91 c C . If the temperature of the ground water is taken as 10° C., it is 
obvious that ' the aggregate heat dfect from the processes considered would be 
1~~· or about z per cent of the heat required to raise the temperarure of the ground 

w:iter 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 vif'w the matter, is not rapid enough to 
yield a heavily mineralized water nor any considerable portion of the hea t . If it is 
contended that there may be ocher chemical processes wh ich have been left out of 

'The cq11011on nf course mvoh·c• rhc hcot of formotinn nf 111lph11nc ociJ jro1t1 tht r/1"1tn11. This 11 son1cwhar 1ttoicr 
rhon the h~•t df•ct of t he n•tJotu>n nf rhc sulphur ~31cs. H1S, or S,. 

t Tlus rii;urc mduJes • 1111~11 hut oll'cc:t from rhc 11c111rohunnn of ammonia. 

~--·------·-------- --------------------
:-. ..__ ___ ---"!""~--..._-------__.-------



I 

I 

l 

l 
I 
j 
f 
I 

J 
! 
I 

' I 
l 
I 

l 
I 

I 
i 

J • ' t 
I 
I 

I" 

I 
I 
I 

I 
i 
I 
l 
' 

~r.J1. JfSsz"' 
;.-· 

~ --1--- •• -:: .·;1 Mc+•'; "'E"n···,,.,.H .. t ·mtter ?n d M ; • D bi zStW· N hd'?t 

153 

discussion, we can only say there are none of which we have evidence which could 
contribute any impo:i:ant 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 conduits, 
through which the volcanic gases ascend, we must admit that the rate of formation, 
judging by what is known of geological processes in general, is probably fully as 
slow as the decomposition proces~es we have discussed. 
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Fig. 76.-July 2, 191 ;, Western end of the Devil"s Kitchen closr: to Warner Creek. SteAm 
indica.tes the locAtion of hot springs. Photo D.ay. 

It is therefore concluded that 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. . 

HuT CAR.RIED AWAY DY SURFACE WATEP.. ' 

Any attempt 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 attempteJ estimate can not fail to have a certain :unounr of interest. 
The area included within this b01sin is roughly r ,300 feet long by 500 feet wide, 
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though the hot springs thcmsdvcs arc more or less conc1:ntrated in about half of 
that area. As may be seen from the map (p. 92), the valley is dr;iined 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, th1: outflowing water at the east end to be about 36 cubic feet 
per second, a gain of perhaps 15 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 gnin in temperature from inlet to outlet was about 6°. 
From these figures one may,roughly calculate the total heat received and carried 
out by the stream 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 privileged to make there. The total intake water in the main 
stream was then about 25 cubic feet per second, and rhe corresponding quantity at 
the outfiow about 2+ cubic feet per second, that is, in the main drainage channel the 
inflow and outfiow from the Devil's Kitchen was substantially equ:il, indicating 
materially smaller accessions of surface water in passing through the hot-spring 
area and presumably also considerably increased evaporation. Against this we 
may set the fact that the temperature of the inflowing water was 11.8°, while the 
temperature at the outlet was 19.2°, an increase of / . .J.0 during the period of flow 
through the basin. Very }oughly these numbers indicate 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 heat 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 rnpplied 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 cvap•)ration deprive the figures of 
any considerable quantitative significance. In spite of this fact the figures arc 
interesting. 

SOURCE OF THE WATER. 
SURFACE WATEll. 

The L~ssen springs occur in small natural drainage basins in a country where, 
judging by the records of the U. S. Weather Bureau for neighboring stations, the 
mean annual precipitation must be above +o inches.1 

1 E1nmat~ from J212 conr2incJ in 2 pnv2rc commun1c2uon from Mr. P. C. 02)", dinutoJu,iisr, U.S. We2thcr Bu~au. 
which were u follows: 

I Elevation. l'recipitar:ion 

fut iru. 
C2non Dam ...... . ... . .. 4 ,570 42 
Grttnville . . .. . ....... . . . J,000 45 5 

J """ v ,,., ............ . 4,020 4CI S 
Chester . .. . ........ __ . 4.550 36 0 
w~rwood . .......... 4,COO JJ 0 

Con1iJennc rhe hiihcr .lc\'2tinn uf the slupd which Jr21n 1ntu the hut-spnni: uus, the above esti1n2te is conservarive. 

---·-------- -----·. 
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In April and May the snow lies deep on the mountain slopes, the valleys are 
watered by perennial screams, and somc:times cold pools occur associated with the 
hoc ones. In all the areas thc:re are pools much cooler than the hot springs, which 
are bc:st accounted for by the presc:ncc: of surface water. At the G!yser, the Boiling 
Lake, the Devil's Kitchen, and Bumpass Hdl indubitable cooling effects (Plate 7, · 
No. 1) can at times be tr.iced to cold streams which, when swollen by the: melting 
snows, encroach directly on hoc springs and pools, and while this fact does not prove 
chat meteoric water finds its way into die' springs beneath the ground, there is 
obviously a considerable supply very close at hand. , 

SE.-\SONAL CH • .i.NGES IN THERMAL ACrIVITY. 

In our earlic:r 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 
desirc:d. In r9zz, therefore, more systematic observations were undertaken. Since 
the Boiling Lake and che Devil's Kirchen \Vere the most convc:niencly located hot­
spring areas, the observations were practically confined to thc:m. \Vork was begun 
at the Boiling Lake on June 15, when the higher slopes were completely covered 
with snow. At that time the bke and springs were full of water; e\·en some of the 
mud pots contained small pools of water in thc:ir craters, while ocher:; were partially 
or wholly submerged by the lake. By July 9, when most of the snow had melted, 
the small cold stream !lowing into the lalte had dried up completely an<l the dis­
charge from it had almost ceased. Within the same interval the water-level of the 
sprin~s-most, if not all of them-had fallen a foot or more. The fall was parti­
cularly noticed in Nos. r, +, 8. II, and the springs of group 5. A small hoc pool 
(80° C.) close to che cold inlet had dried up completely. During these weeks there 
had bec:n 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 wacer. · 

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 tne participating 
material (mud) was much smaller (fig. 77). 

At the: Devil's Kitchen similar changes were noticed, though they were not so 
carefully followed. However, in 1922 the volume of the steam in thefllmaro/es of 
the east end of the Kitchen wanc:d decidedly as summer advanced. 

In the mud pots, too, obvious chnnges were seen with the advancing season. 
At the Boiling Lake the water in Nos. 6 and 7 dried out perceptibly, chc temperature 
increased a little, and sputtering became more active. A bit of former evidence 
now became clear. On May 25, 1916, the mud volcano, No. r3, Devil's Kitchen, 
\\as sputtering quietly. On June Sit was in active eruption, throwing mud in all 
directions to the height of 10 or r2 feer, while the muddy ground all about it was 
obviously drying out and mud cracks appeared. If rhe water supply falls off while 
the hea t supply keeps up the effect is naturally a more violc:nt boiling. The thick 
mud offers greater resistance to the passage of steam and ocher gases which, in 
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overcoming it, produce a miniature eruption. At that time we had no opponuuit\ 
to follow the process further, but a continued reduction in the water supply shuul;I 
logically produce a steam jet or little fumarole, the steam of which may nor ht" 
visible under ordinary weather conditions. 

These later stages have actually been observed both in 1922 and 1923 in odtl"r 
localities in this region. Certain small mud pots at the Boiling Lake (west of :\11• 

6) displayed considerable acrivity early in our visit (1922), but declined later anel 
finally appeared extinct. . , 

Hot springs pass through transition stages of activity similar to the mu<l J>tth, 

which very naturally find expl:lnation in vari:lTions in the supply of surface w;irl·r. 
Thus at times some springs spout to a much greater height than at others. (l f. 
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Fig. 77.· June. I 923. large mud pot o.t Bumpasa Hell (Fig. 50, No. 17). 

· Active at the bottom. Color. bo.ttlcship gray. Photo Day. 

Plate 7). 'Variations of this character have been noticed at the Geyser, ar th~ 
Devil's Kitchen (No. 3), and nt Bumpass Hell (No. r4). The pht>nomenon hns 11111 

been studied with the same detnil as the activity of the mud pots, bur in Aui:u~r 
i9:3, when the ground was drier rhan it h:ld been at the time of our previuu~ 
visits, a larger number of springs were spouting. 

\'ARl.-\TION lN THER~l.-\t .-\CTl\'ln' IN OIFFF.RE:->T YEARS. 

In restricted localities within the hoc-spring areas decided differences han. 
been observed in different years. Thus in 1922, and particularly in 1923, om: ut 
the most active spots at the Boiling Lake (fig. 59, No. 8), was on the promontnrr 
at che foot of the slide on the northeast end. Within an area of perhaps ro y;1nl• 
square were more than a dozen springs in which muddy water was boiling violent!~ 
to the height of several inches. Neither in 1915 nor in 1916 had any springs b~·~n 
observed here. At the Devil's Kifchen there was a similar and much larger arc:.1 111 

the northwest corner. The activity must h:lve been very slight there in 19r6. l~•r 
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it passed unnoticed, while in 19 22 there were a large numher of boiling springs and 
mu<l puts. some of them violent. On the same (north) side of \Varner Creek and east 
of No. 10 many mud pots, \\hich in 1916 were seemin~ly extinct, showed consider· 
nble nctivity in 1922 :ind 1923. Bumpass Hell offers an interesting case ( Plate. 13). 

We attribute the differences to a greater supply of surface water in 1922 :ind 
1923 <luring the time of our observations. Differences of this sort may possibly be 
caused bv varintions in the total annual precipitation, but the differences under 
discussio~ are appnremly condicioned by the rate of melting and the eventual dis­
appearance of the snow. Comparison of the weather records indicates that more 
-;now foll in the winter of 1916 than in 1922, but in the LlCter year the snow lingered 
late. In consequence of this our arrival in the Park was postponed .i full month 
bevond the time when we began work in 19 16. The amount of snow still unmelted 
;md the tardy appear:ince of the spring flowers evinced the lateness of the se:ison. 
The large volume of water at the Boiling Lake at that time has already been men­
tioned (p. 155). At the Devil's Kitchen Warner Creek was brim full, many small 
rills were pouring over the high southern w:ill of the b:isin, some of the springs were 
obviously affected by inflowing surface: warer, nnd the flats near :he brook level 
between the points marked 3 and IO on the map were quite muddy nnd the footing 
less secure than usual. 

SALT P:\TCHES .\S .-\N li'DIC.-\TIOH OF H!E ST . .\TF. OF 'I H~; GROUND. 

In May and June. 1916, salt patches were found in ::ill the hot-spring nreas. 
Some of them appeared and visibly incre:ised :is the ground dried out. The s::ime 
course of development was observed in one place in the Devil's Kitchen in 1922, but 
in that year hardly any patche.s were seen, and these were of the scantiest charncter. 
From these facts the infere!1Ce was drnwn that the appearance of rhe snits depended 
on the moisture in the ground, and that as a corollary the latter season was wetter 
than the former. Bur in Augusr 1923, when orher convincing facts led to the con­
clusion that the ground wns drier than it was on either of our former visits, 110 salts 
at all w t rt obse,..ed. A further consi<ler:aion of the m:itter mnkes it quite improbnble 
that the salts remain indl!finitely in the ground of any particubr nrea, merely 
moving up and down in response to varintions of the wenther. In very dry times 
there is too little moisture to move them at all, while in wee sensons they are prob­
bably washed down into some near-by hot spring or into some outlet strenm. The 
formation of more salt and its subsequent deposition at the surface will depend on 
the amount of \•olc.:anic gas that permeates the nrea in nny particular time (p. r.p ) 
and on a proper distribution of ground water to maintain just the right degree of 
moisture, for neither the flow of gas nor the flow of water through the same section 
of ground can be at all constant. Both nre 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 to midsummer is so great. The presence or absence 
of salts c::in not, therefore, of itself be regarded as an index of the :imount of moisture 
in the ground, but the evidence which precedes this discussion is still valid and 
indicates that in June and early July r922 the ground was wetter than at the time 
of our former visit, while in August 1923 it was drier. 
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RECE!\'"f Oli'l:llRE . .\K OF THERMAi. ACTJ\'Jn'. 

Some time: between 1916 an<l 1922 a new outbreak of thermal activity on ·urrl'tl 
in the east end of the Dc:vil's Kitchen (figs. 78, 79). At the earlier date the ani\·il\ 
in this locality was chiefly on the lc:ft bank of Warner Crec:k. On the right hank 
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Fig. 78.--June. 192-2. Fresh outbreak of thermal ;ictivity in the Devil's 
Kitchen. I Photo Day. 
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Fig. 79.-The same reiion in July. 1923. All of the central portion of 
the picture hu settled 8 to 10 feet. Photo Day. 

there was a small hot strc:::tm (fig. So)-::t mere rill formi:d by the dischargt: ur ~i.-wr . • 1 

insignificant hot springs tlowing down from. No. 1; nnd emptying into the creek. ·11 11! 
a single fumarole. In 1922 the stream h::id disappe::m:d and its place was ml'l11'11

'
1 

by a deep furrow, from the b ottom of 'vhich several large •11.:tivc fumaroles <Ji)! . 7 ~ · 

occurring at intervals, poured out a considerable cloud of steam. The wnpl·1·1111 1' 
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in all the fumaroles was practically that of boiling water at this spot, namely, 94°. 
About 25 feet to the sourhe:M, close up to the steep, high bank bounding the Kit­
chen in thar direction, there now app~ared a deep trench approximately parallel to 
the bank, from which issued the most active hor springs in the whole region. Both 
furrows and trenches were obviously formc:d by intersecting slump holes which were 
c::specially wdl marked. E:ich hole in this trench was partially filled by a hot 
muddy pool emptying into the next below. Into the uppermost pool throughout 
the:: time of our stay in 1922 a rilt of cold Wllter was flowing, yet the tempera cure of 
the pools close ro the springs nc::ver varied mon: than a degree o r two from the boil-
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Fig. 80.-May 20. 1916. Wonderful magenta terraces colored by oxide of iron. Obliter· 
atcd by the new outbreak ;it the Devil', Kitchen (1923). Photo Day. 

ing-point. The surface of rhe lowest pool was constantly:stirre~ by pulsating jets 
of hot water. In No. 2+ appeared a domi:-shaped fountain of considerable volume 
{probably z feet high and z feet across), spasmodically leaping, splashing, and 
roaring. The uppermost spring (No. 23) was the most. spectacular (fig. 81). It 
took the form of a noisy jet of steam and hot wat~r shot out of a large nozzle, from 
which it emerged at an angle with a pulsating motion, dissipating itself in a cloud 
of steam at a distance of 5 or 10 feet. The subsidence which formed the seat of 
rhis new activity was e\·idenced by the form of the depressions a nd by the uprooting 
of good-sized trees (figs. 78, 79). 
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During the same period (1916-1922) a decided decline occurred on the opposiir 
bank of the creek. where in 1916 there had been a line of small. vigorous hoc sprini;-s 
and a good-sized and quire nctive fumarole (fig. 47. No. 20). The grountt alonl: 
the north bank of the creek at that rime was riddled by chemical action and alTon.lcil 
a very uncertain footing (fig. 75). In 1922 all had changed materially. Sprini: 
No. 19 could no longer be located. A shallow depression containing boiling w:itrr 
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. . ,.. was found when! No. ::o had bi:cn. ~ ... 
~~-fp• · ·· ' I ·11 . d b ~ ... : .;:~· · : 21 appan:nt y su ex1ste • ut was mud1 

1f'C~- 1 J r ~: ... ,, • less active thnn formerly. The hank 
. . \,~.._ ~ ~vas ge~erally firmer and drier and somt' 
~ 11 :. ' r. ·, incrust1ng salts were observed. f n Au-

., ~-~~/,J J gust 1923, No. 23 was still active as ,1 

·~', ·· ·:·:;."".: .. ··-:1 roaring jet of steam but carrying little 
,.;:;', Y ;.·-.::·!? water, while No. 2+ had become redul·r1I 

~~~~--:-·.'"] co a ~hallow, turbi~ ~ool showing but .1 

_ .,1:~:;-._; . , ·! fraction of the activity of the year hl·· 
~~:-: ·. ·. ;'-"'! ·; r~:.:: ... :;; fore. Both che !>team jet and the sprini:' 

..... ~, ""' """- . · ·: - · ·: ·. ·. :1 showed the temperature of boiling warl·t, 
- ~ ~~ while the grouni:i about the springs w," 

j unpleasantly hot and dry. The undN· 
j mining of trees and slumping of rhr 
., ground had progressed farther into rhr 
.! south bank, probably during the previon' 
f spring. for the .:old inlet stream was 1111\\ 

• • .... J dry. Both these pools and ochers ro th(' 
·~, • ' _ ; •

1 
·} north were now considerably deeper than 

·'· . ~ .... , .. . . ,.,_ -:.,; . ~"'/ ,... ,. m 1922. 

~\: -.;'. · i,:V-"-"::, . ~:_;. .. ..:. ~"':! Changes of a character similar 111 
.. . t".. 'l~·,,..t-.. ·~ ... I h b b d I I . ~~._,,j ...._ : ·~, .,r .. . ·;:. · ... :::::.~; t u~se ave een o serve e :>ew 1eri:. 
1.4· •~" . .,,,. - ...... •. . H f h y II 11 I. 
~A·.;...; ,.-~. · :"::__:_ .. :, ague 1 says o t e e owstone Jr,.;: 
4;1~; ~:- . . ,.·:::... · ·•· : ·· ~ " l\" ew springs are continually rcachini: 
~![}.' f:". ~ ·-.~---- -:....:5J' .... ~ .--,. ~ ~ the surface a11d old ones are becomini: 
• .:· · .. ''°" • ' .... · : ·. - • j extinct." \Vid1in a short time one: of thr 
~h·~ . .,;;,..., ._::,., ·e=·· -· m&- -. . largest geysers in the Park has broken out. 

Fig. 81.-June. 1922. Spouting spring A comparison of these changes to rf~,· 
in ~evil's Kitchen (No. 23. Fir. 47). rejuvenation and decline of activicy 111 

A Jet l)f h~t water and steam 8 or volcanic craters where great tiuccuatiun~ 
10 ft. 1n he1rht. Photo Day. ' 

in temperature are known to take plarr. 
is naturally suggested. While of course the temperature of spring waters is lirnirr1l 
by the boiling-point, the acquisition of a new store of energy by the ba'tholith frum 
which the heat of the springs is derived is a possibility.: However, a more plau:;ihlr 

1 111111. licol. Soc. :\nm. ::. 114. 191 I. 
: 111111 t he ttml><'t:iture uf zhe famau1 Sulbnn of l'un:uoli nur :s'>plc1 rose ab..111 70• C. 1n a pcnud uf •bu11t ;:> '' '" 

{1856-1905). See Wullf, J'alkanU11t1&J, vul. I, p. 6oo. 191+. 
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explanation of the phenomena described is found in the changes which may occur 
.1long 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 water; the ground is undermined 
and the surface portions slump in. These arc observed facts. That suam 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 detailed e.<tplanation of the changes in 
the Devil's Kirchen, but what we have arc suggestive. The new outbreak :rnd 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 z1 lie oear the creek level and the new springs arc 
on the slope above mentioned ac a higher elevation. There are one or two hot 
springs rising in the bed of the creek between the two groups. The dee/int appears 
to be certainly due to a local interruption of the water supply of springs 19 to 21 1 

for ground temperatures in that vicinity are still high, reaching a maximum of 94°, 
at depths of t 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 elevation may bring most 
of the water to the surface and thus impoverish the other group. 

In the two preceding 3ections we have endeavored to account for variations in 
the volume of water obser\•ed in different years in the two localities which have been 
most closely studied. Two factors appear to be responsible for these variations­
a change in the toral volume of water and a change in its distribution; but to decide 
in each case which is the cause of the observed variation would probably necessitate 
a close :md continuous obs~rvation of the phenomena such as we have not been able 
to give. 

FLUCTIJA rtONS I~ THE COMl'OSlTIO:-< 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 Oakland, California, which, so far as we know, arc the only ones 
ever made of the waters cir this region excepting our own. The analyses arc 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 
(sec fig. +7), 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 sales 
arc 1.12 gram (Eaton's result) and 0.79 gram (our result), rcspecrively. It is 
possible that Eaton may have referred to pool 9 instead of p•X>l 5, the water from 
which was not analyzed by us, but it is noteworthy that none of the \\'1tcrs in the 
Devil's Kitchen which we did analyze were so concenmtted in soluble salts as the 
waters of pool 5. = 

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

1 I!. S. Gwl. Survey, Water Supply P2pcr ;;S, pp. s+~l+J• 191;. 
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visited it will recognize that there is one pool, No. q (Plate lZ) , now divided i1n 11 

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 No. q 
shows thar the soluble salts are o.z-t- gram (E.iton's result) an<l 0.81 gram (our 
result), respectively. There is only one other pool which it is at all likely an\'onr 
would select as representative of Bumpass Hell, namely, No. + (figs. 50, 52): but 
here also the difference, though smaller, is quite beyond the limits of analytical error. 

TAUL.£ 1 t.-COMPARISON OF ANALYSES OF SPIUNQ W.-\TERS IN DEVIL'S KITCHEN AND 

BUMPASS HELL. 
IS:imples t:aken several rurs :ap:art.J 

I Lon"v. I H. I~~·· :-fa. I C:a~ I ~fs. I Al. I Fe". Fe'". !. SO,. 

I Devil's Kitchen Sprincs. I I . n I 
a. , Si~l1~1,. 

hot pool near the 1 

cenrer of the :area. , 
CAn:al)·111 1909-10 by _._ 
F. M. E:aron) . .... .. 1 10 . . . . . . 9 i 1 41 20 11 50 I ll 

Pool S (li1. •7) Devira • I 
Kirchen. (An:ilyaia I I I 
1916, the aurhon) . · 1 7 2 6 9 .U 38 H I 10 JO n1.ne 

B11mpa11 !lot Sprint•· I 
(An:al)·sis 1909-10 by _._ 
F. M. Earnn) ... . . .. ll.Ji .... · 1 1-l 1 16 8 9 5 . I I 53 I l -4 

Sprin1t 14 (fie. 50) Oum· 1 I I 1 
I pm Hell. (Analysis • 
; 1916, the 2urhon) .. .. i 15 13 1 :?9 1 ·U 28 1173 1 5 I 681 

Sprinit 4 (fis. 50) Bum-
p:ass Hell. (Analysis ,,, ............. ··I "•M 1 ... 1 ' I JJ ' ' I •M" • I • I "' 

963 I tl'2Ce 

:? 

61i i rncc 

JU tnce 

tncc 

I 

256 •.• • 

167 1. 

m i . . 

I 
2J6 I • 

138 I II~ 

This evidence admittedly leaves much to be desired, but interpreted accor<lini: 
to our best judgment it indicates fluctuations in composition which are in acrnnl 
with all the rest of the evidence in supporting a· variable ra ther than a consc .1111 
tlow of water from the springs. 

Altogether, the evidence for the surface origin of water in the Lassen springs i~ 
so convincing to an observer th:Jt if the hypothesis of juvenile or magmatic wacrr 
had never been proposed the entire adequacy of the simplt:r theory to account for 
all the water would probably never h;ive been questioned. 

THE Pa£SF.NCE OF MAOMATIC WATER. 

Nevertheless there are reasons for concluding that a portion of the w;m·r in 
these springs is magmatic-reasons so cogent that the conclusion appears ;ilmo•I 
inesc;ipablC'. We have already found in the presence of the volcanic gases in 1hr 
springs evidence of a hot magma from which the heat arises. We have cond111ktl 
that a hot magma must of necessity give off volcanic gases as well as heat", bcl'.1 11

'' 

all igneous rocks, which once were magmas themselves, give otf similar gases "hen 
heated. Furthermore, lieated igneous rocks 'a/most inoariab/y gi~e off mort sleum t/i,; •: 

all otlzer gaus put together. 
Hot magmas in all probability always give off magmatic w;icer, and . any 11" 1 

spring which gives off volcanic gases should also contain some magm:1m: \\ ,llrl 
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:\ pos:;iblc step in the: direction of estimating the amount of it would be to dc:tertnine 
the ratio of the gases to the total water in. the spring!·, an<l then to compare this 
r.aio with th<tt 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 magmatic water might be 
arri\'cd at in this way. 

RELATION OF HOT SPRINGS TO THE MAGMA. 
VtEWS OF 0rHER. h1VESTlGATOR.S. 

As regards their view of hot springs, geo)ogists divide into two schools. One 
school hns hdd the perfectly definite conception that hoc springs are produced by 
mcrc:oric water circulating under the influence of gravity through hot ground. 
:\bny of this school would probably admit that some of the volatile products as 
wdl 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 co the surface do not appear to have been clearly 
\Vorked out. 

Hague 1 concluded that the hot waters of the Yellowstone sp1 ings were of 
surface origin, and Bunsen ~ reached the same conclusion regardinj! the hot springs 
of Iceland, though the latter qualified his statement by the admission that some of 
thi: water there was derived from rhe heated rocks. This is doubtless true of a 
zone which lies between the batholich and the zone of ground water. In the latter 
the dccomposition products, kaolin, alunite, and silica, would contain 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 i is less specific in his statements than Hague or Bunsen. He 
concludes that the alkaline springs of Iceland contain at any rate considerable at­
mospheric wacer, 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 arc 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 water jets and the mud volcanoes 
cease their activity. At Cape Reykjanes, Schneider states that the geysers arc 
strongly affected by the ebb and flow of the tide. Schnc:ider believes that ail the 
water of hot springs is atmospheric and that they contain nothing juvenile except 
the volcanic gasc.-s, which, as a follower of Brun, he regards as anhydrous. 

Respecting the hot springs of Nc:w Ze::iland, ir is the view of Park 1 that both 
alkaline and acid wnters have a common origin, :ind this is quite probably mag­

' lh~m:. Dull. Geol. Soc • • -\mu. ::, n1, 1911. 
' llttnscn, Lub1(

0

J. lnnal1n. 6:, espcc12llv 1-5, 1847. 
' Thurkcluon • • lf,n101rn t1' l'.lcadr,,nt ;.,yalr ti" Scunur rt u11ru Jt l>a11tmark, S. cspe<12lly p. :6a. 1910. 
' Schn.uler, C1olo,. Runcluhau. ~ 65, 1913. 
' l»rk. <;culuu · of New Zc2bnd, pp. 178, rec. 
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matic. On the other hand, there are wdl-known facts difti~ult to explain 1111 11i,
11 

hypothesis, notably the phenomena of the great geyser of Wa1mangu anti its n:l.11 ;
1111 

to T arawcra Lake. 1 

THE MAGMATIC WATER. 

Some new light on the subject, we believe, is to be gained by considcrini.: i.. ,1 
springs as one of the phases of volcanism and closely related ro the funi.trul.-. 
Hot springs and fumaroles often, if not generally, occur together. There :ire fu 1111• 

roles in some of the hot-spring ~rras under discussion, notably at Bumpass I ldl 
and the Devil's Kitchen. Whether the one or the other occurs is no doubt ,1 <tur,. 
tion of the relation of heat supply to water supply.: Any magmatic water \\hid1 1 

fumarole may possess musr find its way ro the surface as steam. That fum.iruln 
acrually do contain magmaric water follows from the behavior of an igni:ous 10, ~ 
when heated. Occasionally also field evidence may indicate that the w:itl'r 11f 1 
fumarole is entirtly magmatic. This is true of the well-known fumarole> at ch!' 
foot of the cone of Etna. As the temperature of a fumarole falls the exhalation 111 
steam continues. Noc until it reaches the critical temperature, strongly mocliliecl .1• 

it is by the soluble matter in the magma, would it be possible for the water w lllll· 
dense, and not then unless the pressure were sufficiently great. The expc:rimt·nc.11 
studies of G. \V. Morey• indicate, however, that the vapor pressure of water in 1hr 

magma would be so reduced by the soluble matter that a pressure sufficient '" 
condense the water would onlylserve to drive it buck into the magma. In oth!'r 
words, if wacer is to leave the magma at all, it must do so as steam. If onr j, 

inclined to argue that some important factor has been omitted from the discus~i1>11, 
invalidating this ronclusion, he finds himself confronted by the necessity of expl.1i11-
ing how liquid water is raised co the surface. A force adequate to do this h::is so 1:11 
not been suggested. Of course, the hydrostatic pressure of a column of colilrr 
water from the surface would be equal to chis work, but probably few if :iny ~l'tt• 
logists believe that unbroken columns of water penetrate down for enough to r~·.11 h 
a barholith. As co the means by which magmatic water reaches the surf.trr. 
another line of reasoning has led us previously to the same conclusion. 

Acto AND AL1'ALJNE SPR.t~Gs. 

Fumaroles commonly contain some acid• gnses, H:S, SO:, HCI, HF, as well·'' 
CO:, while hot springs may be eirher acid or alkaline. The presence of these 1!·•'10

' 

is satisfactorily explained as the result of a hydrolysis of sulphide and halide 1111111'· 
cules in the complex magma or barholirh by the agency of steam. The vul.111!r 
acid products of the reaction are continuously cairied off in the gasco~ ph.1~r •4 

1 ~bcl.arcn, Gcul. :'vlait. 3. )11. 1906. 
• \\'ollf ny1 ( f'ulkana" "'"· p . 6:7) that a decline in temperature chanjtCs fumaroles into hut 1pnni:t ·nu• " n·• ' 

ncce112ry con1equ.r•ce. ln the ti:arm21 rc~'1on. :\lash. 1112ny '"'""' ja.,nnro/u have resulted from this ous.:. Tht I '' ·• ' 
non of• hot 1pr1ni; 11 of cuursc also dependent on tOl>Ollraphy and i:rounJ structure which determine or'wlta1 1"•1nu • •" 
•h•ll come to the surface. 

• 11111 fumarole. the Fummarola o Vuccaloru, ~1ves off 2n enormous •·olurnc: of stein• after 9 months 11f nanl•" "' ' ' ' ·· 
(nh1crv2riun of 19q). lu loc2t1on (lus than 1,000 fr:o:t bclnw rhe 1111nanrt ) and the atrucrure of the muuntoin •'-11 ~ , .I ' ' 
vt<W rh21 iu water C2n not he meteoric. 

• Journ. \\!21h. ,.\cad. Sea. 1:, :tcr:;o. 19::. 
• Occ::uionally also fumarole ;ues arc 2lhltne frnm the prc:scnc• nf ammonia nr arnmoniuan cubonate. 
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the system and may thus continue to be given off for long periods. If, however, it 
were possible for a magma or batholith to give off liquid water, the solution should 
alw:tys 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 hydtoxides, though it would doubtless 
be unimportant if the water were given off bv 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
hunatt:s or bicarbonates. The hnlides are neutral. the sulphides, carbonates, and 
hicnrbonates are alkaline. We have reason to believe chat a magma, and in a 
lesser degree a bntholith, contains more sulphur, and in some instances more 
halogens, than ;111 ordinary igneous rock, but that these elements should ever reach 
such a proportion as ro be capable of neum1lizing completely all the alkali from the 
hydrolysis of the silicates, much less that they should by any conct:ivable reaction 
give rise to free acid, is quit<· beyond the bounds of probability. 

On the other hand. acii: 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 ste:lm and acid gases arising from a I batholith. Springs which contain free 
hydrochloric acid, like some in the Yellowstone Pat k, or possibly hydrofluoric acid 
in certain instances, are thus nccounted for, while springs which cor'\tain free sul­
phuric acid can only be explained by supposing that an oxidation of the original 
sulphur gases (H:S, S, SO:) occurs after they come into contact with lir in the zone 
of ground water. This pha~;e of the problem has already been discussed. Waters 
of such an ori~in may emerj!e from the ground still acid, or their character may be 
changed as a consequence of their subsequent history. 

Whatever the origin of the acid, it will acrack the rock :ts soon as it comes in 
contact \vith it, decomposin~ it in a manner alrendy expl.iined (p. qo), 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 eventu:tlly, unless the rock 
is entirely free from alkalies, the hydrolysis of the alkali sil icates will produce an 
alkaline water. Bunsen 1 convinced himself of this years ago, when he hented an 
acid spring-water of Iceland with the powdered rock of the region. When the two 
were hented for some hours in a se:lled tube at about I00° 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· 
cnustic alkalies would :ilways be transformed into carbon:ites or bicarbonates and 
the :ilumina as well as the iron would be precipitated. 

From a chemical point of view, then, :in :icid spring-water, the rock it tr:iverses, 
:iml the dc:composirion 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. 

I Lub1f1 .Inna/,., 6:, 5:, 18 .. 7. 
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Still holding the chemical viewpoint, we see that the problt:m involn·s tht· 
speed of the reactions, and that these depend on the physical and chemk.11 narurt· 
of the rm:k, the tc:mperatun:, and the rimt: of c.:ontac.:t between rock and ad11. If 
the roc.:k is rich in volcanic glass, like that in the Lassen Park, or in fdd~patliil· 
mint:rals, the acid will be neurralized much faster than by a rock c.:omposccl diidh· 
of pyroxenes and amphiboles. Where the rock is cracked and seamed its :a·ti\.'c 
surface is obviously increased, and the speed of reaction thus promoted, while ihe 
influence of variations in temperature is obvious. The time of contact between 
rock and acid depends not only upon rhe length of the path which the sprini.:-warc~ 
traverses in its journey beneath th!: ground, but also upon its rate of percolation, 
which in turn varies with the topography and rock structure. 

In other respects the acid hot spring is not comparable with the chcmit·al 
systems ordinarily studied in laboratories; the waters moye from poinr 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, acconlin~ 
to our hypothcsis, continually, though probably not regularly, reduced in concentra­
tion as the waters percolate. If the acid supplied to a particular spring is rdativcl\' 
small in quantity, and this will depend in the present case not only on the conccrm:;­
tion of hydrogen sulphide in the volcanic gases, but on the conditions which favor 
its oxidation and on the proportion of surface water diluting the gases, so rnuch rhe 
greater will be the chance that the water of the spring as it issues from the ground 
will be alkaline. Local differenc!fs in the volcanic emanation, like local differcnn·s 
in the composition of a rock, may' occur in the same field, or changes in the composi­
tion of the origin::il gases may arise from reactions with the rock as the gases mo\'e 
through a zone of diminishing temperature toward the su1face. 

For the sake of simplicity we have considered the formation of the acid and 
the attack of the acid on the rock as separate processes, but it is pracricaUy ct:rr:lin 
that the cwo go on together. If chis is the case, the rat~ of the former reaction 
must 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. 

COl:.XISTENCEOF ACID .~~D .~LK.~Ll:-OE SPRl.'iGS. 

Acid and alkaline springs occur togethcr in the Lassen district, bur the number 
of the latter must be small, as only four have been found, all but one in the 0l'vil'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 quanriry. 
From this we may infer chat the cause of the alkalinity, or rather the principal ~ontli­
tion favoring it, is a local limitation of the acid supply. The outstanding fact is tli.tt 
the waters are especially dilute in this strong acid radical. The cause of this is 
attributed to tht: prt:sence of a larger quantity of surface water to a giv~n anmunr 
of volcanic gas, rnther than to any considc:rnble variation in the composicion of 
the- latter. · 
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None of these springs so far as observed is deposicing any siliceous sinte:, as 
geysers invariably do. 1 The reason for this is unknown, and wt sh;tll not h;tz:mJ a 
guess until the subject has been more thoroughly studied. 

Acid and alkaline springs occur together in all the great hur-:;pring regions of 
the globe. Bunsen: says that in Iceland the alkaline springs are the must widely 
cJistribun:d ard form the majority of the warm and hoc springs of the island. Hague" 
s:lys of Yellowstone Park: "The volume of the siliceous alkaline waters far exceeds 
that of the acid type. On the other hand tho 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 BET\\'EE'.li THE ACID AND ALKAl.INE SPRINGS. 

If our hypothesis of origin is correct, the waters of the few alkaline springs in 
the Lassen Park are acid at some point or points nearer their source, and in the 
process of rock decomposition they have become alkaline 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 
or other important differences, lead to the conclusion that 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 oo chemical evidence. Elementary 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 pyroxenes in the rocks, with formation of pyrite and sulphur 
dioxide, as previously expbined in another connection (p. 139}. In the course of 
time sulphur dioxide is succeeded by hydrogen sulphide which resulcs from the 
action of steam on the pyrite previously formed. Bunsen gives observations in 
support or his statement that sulphur dioxide is characteristic of an earlier phase of 
volcanism and that it is later succeeded by hydrogen sulphide. His explanation, 
however, implies th:it steam was not present in the e;irlier stage. Neither evidence 
of this fact nor any reason why it should be true are accorded us. Bunsen 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 formation of alkali 
sulphurets at the cost of the now solely reacting sulphurctted hydrogen ..• With the 
disappear:mce of the acid reaction begins the acrion of c:irbonic acid on the rocks and the 
formation of :ilkali bicarbonates. The l:itter dissolve silic:i, which is the cause of the forma· 
tion of geysers. 

Discussing the rel;ition of acid and alkaline springs in the Yellowstone Park, 
Hague' affirms : 

The :iscending waters in their circuitous course penetrate fresh se:ims :md cr:icks in 
unaltered rock which slowly widen under the disincegr:ning influence of aqueous v:ipor. 
~- --

1 S0111c sprini:s in the :\lori:2n i:roup 2pp2rcntly form 2n e~ccption, but thttc were more J1sr2n1 fmm the vuk;n1< ccnt•r, 
•nil 1t .. ·c nut been ttu1lieil b" rhe 3Utnon. 

: l. i,b1:'1 . ln1t. 6: . 7, 18~7. 
1 !lull. l; ... ,1. Soc. Ainu. ::. 116, 1911. 
'< ;,.,1 urN.w Zo;bnil, 171!, 1910. 
•Fur tho te31on prcv1nualv !liven no positive sutcm•nt c;n he m;Jc 3houc MM~3n"s Sr rin"'· 
• Op, Cit., p . 118. • 
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Finally the thermal w:lters following these cracks issue at the surface :as hot sprj11 .. , 1 
pools. These early w:ltcrs arc usually acid in composition :md deposit ferric an1I al111;1111~

1

' 
salts. Occasionally they set free sulphur derived from the decomposition of lml, .. . ~ .. 
sulphide. In time the openings through which they ffow become broaJcr, rh~ 11 ,,;, ,·: 

themselves, free from hydrogen sulphide, become clearer and neutral and at last i~•ur ... 
siliceous alkaline waters. 

While little account of chemical changes is taken in this exposition, 1111{ 

important idea stands out clearly; the alknlinc character of cert;:iin of the sp1111 .. , 

of the Yellowstone Park, as ~ell as their greater size, is a natural rcsulr of pi::_ 
longed rock decomposition. 

On the other hand, Park1 believes that the hot acid waters of New Zeal:mil "'' II' 
origil"lally alkalim: and that they have subsequently become acid through d1C"mi1 •11 
changes occurring near the surface of the ground. He says: 

Shafts and bore holes put down in the pumice and rhyolite, which constitute tlw i.:fr~t 
bulk of the rocks in this area, ha\'e shown that the alkaline waters come from a deep-''"'" ,f 
source while che acid waters have quite a superficial origin. This has led to the crru11, ...... 

conclusion that all the w:uers ha\·e not a common origin. 

On p. 18c he says: 

Of the genesis of the ascending alkaline waters nothing is known at pn.-scnt. h ,, 
not improbably magmatic. 

On p. 181:> we read: 

The hot, a~cending, alkaline, chlorinated waters become partially or wholly oxitl i1c•I 1111 •• 

sulphates by c.:>ntact with the dectlmposing iron sulphide with formation of free sulpl1111n 
and hydrochloric acids and ch~ liberation of sulphuretted hydrogen and sulphurous ;1n1I 
In this way the :ascending alkaline waters that happen to ;:ome in contact with nu~~n oi 
pyrites become oxidized in the superficial layers of the pumice and rise to the surf:ll'I· '' 
neutral or acid springs, according to the degree of oxidation they have undergone. 

Whether in this instance there is sufficient ground for supposing rha r rhc .11111 

waters of th is region .ire derived from the oxidation of pyrite is not clear from J>.11 ~ \ 
statement. Evidence in general is certainly against it. However, the vie\\ ~ "' 
Park probably accord with the views of many economic geologists in th:ir ti"·~ 
regard acid ·waters as the result of a transformation of alkaline waters of 11111• Ii 
deeper origin. At the famous Steamboat Springs, Nevada, the authors oh:;1:nnl 
acid salts at the surface of the ground within a few inches of alkaline hor-~prini! 
waters. Apparently they were rhe product of oxidation of hydrogen sulphide\\ hi1 h 
had escaped from the waters. At Sulphur 13.mk, on the shore of Clear Lakl·. L'.1h· 
fornia, the deeper ground \\aters have been shown to be alkaline, \\hile ne:1n·r rlir 
surface hydrogen sulphide and sulphur oxidize to sulphuric acid, which ha:; lwl'll 
changing the rocks to silica. In neither case did we observe alk:iline. waters d1.111i:· 

ing to acid waters, although the possibility is not excluded. . 
Pursuing further the theory which we have advanced regarding rhe rd.1111111 • 

ofacid and alkaline springs. it becomes clear that if the volcanic gases a re coruk•M .I 
under conditions unfavorable to the oxidation of sulphur gases, the water \'"11 "

1 

- - --
1 {ieolu~r of :\cw Zc2bnJ, 17!1-181, 1910 .• 
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become: alkaline in che first sragc:s of rock dc:composition, unless the gases contain 
halogen acids. If the w:iter wc:re alkaline in the begining there is the possibility 
chat it might become subsequt.-ntly ;icid. Bue if, as observ;ltions in many different 
places sc:em to indicate, alkaline waters aie characteristically low in sulphur, it 
would be only in the very first stages, if at all, that che water could be: acid; the 
amount of sulphur would be: insufficient co make it acid at any subsequent time, 
even if the: sulphur were complc;cely oxidized. The problem is one that calls for 
detailed observation in many localities, bu~ at present the weight of the evidence 
clearly inclines che student of the subject co the conclusion that the acid hot springs 
constituc~ a stage of volcanism, logically folio\\ ing the: acid fumarol~s. :ind chat the 
alkaline springs develop subsequently as a nc:cessary result of che processes of rock 
decomposition. 

Speaking generallv, all volcanic hoc 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 che temperature of the barholith f:ills. 1 

.\ u11iform dc:cline would not, however, explain che coexistence of ac;d and alkaline 
springs in the same area. 

Hague's argument that the alkaline springs of the Y dlowscon~ are older be­
l"":lllse they :ire larger is a plausible one, but no reason is given for tht' change in che 
chemical character. The: large springs di~charge a much greater volume of wacer, 
however, and there is some reason to conclude that a b rger pro11ortion of it is 
meteoric than is true of the acid springs. It is known that geysers nil with cooler 
water after an eruption, and it is easier to explain the heating of large amounts of 
surface water (p. r70) in a given area than to explain the conden>ation of great 
quantities of magmatic ste:tm. The effc:ct of dilution on the acid .~ases is, as we 
have found, to favor the fc. rmation of an alkaline water. 

There is another reason for concluding that in the order of dc:velopment the 
alkaline springs follow che acid springs, as Bunsen a nd Hague believc·d. The prod­
ucts of che acid hot spring are all soluble or easily washed away, while an alkaline 
hot-spring often deposits about its mouth a hard, compact, siliceous simer quite 
refractory toward natural acid waters. If, therefore, the acid sprirgs succeed che 
alkaline springs, chere ought to be many instances of acid springs about which the 
surviving sinrer tells the story of an earlier alkaline age. Bue no facts of this sort 
are on record, so far as we arc aware. 

This conclusion should not be undc:rstood co imply chat 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, l ik~ rhe sulphur gases, 
give rise to strong acids through oxidation, che waters would obviously never acquire 
an acid character, and the processes of rock decomposition would be from the first 
of quire a different nature. Whc:ther this case actually occurs in nature or not we 

' This srartmcnt supposcJ char che th•tntcally 2ccivc io:ues disappear before rite scum. Ir IS supporrtd by a cons1Jerablc 
bod\• of evidence. 
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arc unnble to say. Thus we fin<l lugic:al grounds for the conception that volcanic 
hot springs m4ly be urigin<1lly alkaline, or originally ;tcicl, ch4lnging later to alkaline, 
hut no basis for che conclusion that volc:inic springs originally alkaline become aciJ 
by later development. 

SCDS1'ANCt::S 01' SECONDARY ORIGIN IN \"OLCANIC HOT SPRINGS. 

It !fas been concluded from cogent evidence that the bases in the Lassen 
spring-wnters are derived from the l::i.vas through which they percolate, but from 
the nature of the gnscs which escape from the springs and the close relation which 
the springs bear to the fumaroles it appears equally certain that the sulphur is 
derived 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 arc 
similarly derived, but in view of the great diversity of conditions which prevail in 
the earth's crust it would be unwise to maintain that this is an invariable rul(:. 
If waters suppl~-ing hot springs rr;1verse 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 not 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 decomposition process would 
necessarily become a constituept of the water, but the .1mount would be generally 
small. For example, only about a gram of lava would be required to supply all the 
bases in a liter of any of the waters of the Lassen Park, and this amount would not 
contain more than a few milligrams of sulphur. 

TKE l\'IEANS BY WHICH HEAT IS CONVEYED TO TllE 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 meets 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 heat capacities being only about half as great as that of 
steam (except in the case of hydrogen and marsh gas which arc insignificant in the 
Lassen gases), and especially since they do not undergo a change of state, their 
contribution to the hear supply is negligible. On the assumption that all the heat 
in the hot springs is brought up by magmatic steam :ind that none is lost to the 
surroundings, some estimate of its limits in rhe springs and fumaroles can be made. 
The highest temperature found in the Park, was, as previously seated, 117° C. 
The temperature of the mogmatic stenm 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 little during the time 
of our visits, a simpl~ calculation shows that 1 kg. of steam in condensing would 
heat about 6.9 l..g. of :>urface water to boiling if no heat were lost ro 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 thC' lowest possible amount 
a hailing spring could cont:iin. If the temper:iture of rite magmatic steam were 
100° hotter, the heat supply would be increased :ibout 10 per cent, but the magmatic 
w:1ter in the mixture would be lowered thereby lc:ss than 1 per cent of the toral weight. 

Assuming that the heat of the springs is derived from magmaric steam, it is 
obvious that the :ibove figures for the percentage of.magmatic watC'r would have to 
be rniscd in consequence of the loss of heat to the ground through which the waters 
percolate. After a time an equilibrium would be esc:iblished in which this loss 
would be equivalent to the heat loss from the surface of the ground outside the 
springs. At present this quantity is impossible to estimate. Temperatures at the 
very surface in the hot-spring areas here undt:r discussion seem to be near the nor­
mal, e:<cept 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 :ire inclined to the conclusion th:it the he:it lost in 
this way is less than that carried off by the hoc water. Still, the ve ry large are:i of 
the surface through which heat escapes, when compared to the area of the springs 
themselves, is a factor which may rnise the heat loss co an unsuspected magnitude. 

But there are facrs wh:ch are difficult to explain by the :issumption that vol­
canic he::it is transmitted to the surface mtirely by magmatic steam. For example, 
there is strong evidence th:it the fumarolc:s of the Katmai region, Alaska, carry with 
the magmatic gases much s::eam originacit!ig from surface w:iter. Gases from very 
hot fumaroles carry sometimes as much ste:im in proportiol' to the other gases as 
those several hundred degrees lower in temperature. To :issume that the heat is 
supplied entirely by the magmatic steam would lead to an absurdly high initial 
temperature of du: gases and of the magma. But if the w:iter is n9t all magmatic 
one must :issume some ocher source of heat to v:iporize the surface w.ttcr. 

Only one other means for the transfer of heat from :i barholich to the surface 
has yet been suggested, so far as \\.'e are aware, namely, conduction through the rock. 
It is difficult co 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 1t must be accom­
plished by the circulation of the water through a labyrinth of cracks and crevices, 
which brings a given voluri1e of water into contact with a very great surface of rock, 
for rock is a poor conductor of bent at the best, and shattered rock, such as would be 
expem:d in the upper smna of the earth's crust in hot spring areas, especially poor. 1 

Some recent experimc:nts of Professor Jaggar= offer good evidence that :tt least 
in these upper strata it is not chiefly by conduction that heat is transferred. In 
19:z Jagg:ir sunk several drill holes in or near the cratc:r of Kilauea. One of these 
was bored in the bottom of the crater itself within a mile of Halemaumau, where 
a high temperature gr:idient was expected. ...\.t a depth of So feet a temperature 
of 6z° C. was found. As a matter of fact, there w:is no gradient :it all in the com­
pleted shaft; the temper:tture was equalized by a rising strenm of volcanic gases.1 

1 Thorkelsson hd1cvcs tint "the runsm1uion of hc2t front the mter:ior oi the cnrh t2kcs pbcc 2lmost •~elusively b~· 
nic2ns of convccuon ofhor w2rcr 2nJ src2m rhmu~h ftH11ru in tile crust oi the urrh:' .l/0°N1. Jt r .hlld. roy. J, Donnnorit !!, 
:63. 191e. 

: 111111. H2w2112n \"ulc2no Obscr-·2ror,.· 1:. :;. 5:, ; ;. 9;. 111. 
'Thu the ~u.s from 1h1s p2rn"ul2r bore hole 'Yerc volc2n1c is 2n 211umounn. The~· h2\'e not be•n 2n2l)1 Zed. The 

iast1 2t the Sulphur lfank1 2r~ ccrt2ml)1 ' 'ok2n1c. 
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The m:1ximum tempernture found in any of the bore holes (at Sulphur Banks 
outside the cr;m:r) was the boiling-point of warcr, C)6" for t har altitude. 

The gasc:s here are mostly steam, 96 to 97 pc:r cent in the samplc:s analyzc:d, 
which for rt:asons prc:viously statc:d (p. 162) is doubrless partly magmatic. Bue 
much of ic is certainly surface water, for rhe rainfall there is abundant and the lava 
is rem:trkably porous. 

Jaggar's experiments therefore tend rather to confirm our ideas of he:tt con­
vection by steam, and they suggest further th:1c surface wacer as well as magmmic 
water may have a pare in the trnnsfer. Pc:rcol:ning groun•J water receives hr.::tt 
from magm:uic steam which rises through crevices cutting the path of the former. 
Very narrow crncks offer a ready passage to the steam, but are less accessible to 
liquid wacer. We: may suppose, however, that some surface water finds its way 
through and into a zone where it is not stable, but where t he temperature nrny or 
may not be much abovi: boiling according to varying conditions in different pl:ices. 
For every pomt in tht: path of the percolating ground water chc:re is of coursi: a 
depth below whit:h gravity can not bring it n~ain to the surface. [f the water falls 
below this dt:pth it will continut: to foll until it is vaporized, when it will again rise. 
In this way another portion of heat may be tr:insferred from the rock to the surface 
water. This process seems the more likely to h::tppen because it is difficult co 
believe that fractured rock whid1 pt:rmits the passage of steam would not also give 
access to some liquid water, though in parricular cases it is possible that the pressure 
of escapin~ steam might practically prevent it. One limitation co tht: tr:insfer of 
he::tt by this means is obviou~. Since the heat is withdrawn from the rock for rhe 
most part by;; change of sta te in the wnter. it cnn not be operati\·e below the depth 
which liquid water can reach. From the magma or batholith up to that level it 
would seem th:?t heat conduction must afford rht: only means of transferring heat 
except that of magmatic steam. As to the rche::tted fraction of ground water which 
may be instrumental in the transfer of heat, it is clear from the previous discussion 
that only a comparatively small proportion would be required to he:it all of thi: 
remainder co boiling, even if there were no magmatic steam at all . 

The minimum limit to rhe amount of magmatic water which a boiling spring 
may theoretically cont:iin is therefore subject to two corrections. In so far as heat 
from rhe magmatic sti:am is lost to the surrou nding ground, the limit must be raised, 
while in so fo r as ground watc:r is v;iporized and thus participates in the convection 
of heat. the limit must be lowered. At present we can not estimate the magnitudt: 
of either correction, but we are inclined to the \•iew that the latter is the gre:irer. 
Whenever the magmatic water in a spring falls below the minimum limit in question 
tht: temperature of course would fall below boiling. On the other h:ind, if the 
:.1mount of the ground water diminishes, rhe spring will boil more and more violently 
as the proportion of ma1?matic steam incrc:iscs. Spouting will resulr, and since 
rht: temperature can not rise as long ;is liquid water rt-mains, the new· :iccession of 
heat will be ch iefly expended in evaporation, until finally, when the ste:im has 
reached a sufficient excess, a f urnarole will result. This phenomenon has been 
observed both in mud pots and in hot springs. The transformation of cel'rnin 
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b0iling springs at the Boiling L.1ke into fumaroles in midsummer of t9z3 is an 
t:specially illumin:.iting observation (p. 155). 

It is a very interesting fact that nenrly nil the fumaroles in the Lassen Park 
have almost the same: temperature :is the hottest springs. which is practically that 
of boiling water for the devation. There are many such fumarolc:s at Katmai, at 
Kilauea, and no doubt elsewhere. The most satisfactory explanation of this 
phenomenon is that there is liqm'd water in contact with the steam of these fuma~ 
roles, equilibrium with which controls thoe temperature ns it does in the boiling 
process. In some fumaroles we had ocular evidence of the fact, and there was ocher 
evidence in certain instances. The maximum amount of magmatic steam which 
such a f umarolc: can contain will depend of course on the conditions. Assuming, as 
before, th:it the magmatic steam where it meets the ground water h:ts a temperature 
of J 17°, that the temperature of the surface water is 10°, :tnd the boiling·point 91°, 
\\e calculnte that an amount of ground water (supposing it to evaporate) equal to 
about z per cent of the wei~ht of the steam would be required to cool it to 91°, and 
the mixture of course would contain ne:irly the same percentage of steam of surface 
origin. Only a small excrss of surface water would theoretically be required to 
maintain the boiling temperature. The amount of surface water required to cool 
the ste:tm to the boiling· point varies considerably with the initial temperature of the 
latter, since steam is not cc·ndc:nse<l in thy process. If the steam were 100° hotter 
(l 17°) the surface water rc4uired would amount to 9. i per cent of the weight of the 
steam and there would be 8.8 per cent ste:lm of surface origin in the vapor mixture. 
If we rake into account rite fact that the ground would aid in the cooling of the 
steam. we see that rhe surface water required would be somewhat less than these 
limits. But if, as we believe probable, surface water participates i11 the convection 
of hear, probably a larger correction in the opposite direction would be required. 
Fumaroles of the temperature of boiling water arc therefore likely to contain 
less magmatic water -perhaps much less than the theoretical upper limit. From 
a physical standpoi,,t there would be no essential difference between a fuma· 
role of this nature and a boiling hot spring except in the relative amounts of the 
liquid and vapor phases. · So long as conditions permit water to flow from the vent 
the phenomenon would be called a spring. 1n the fumaroles the W:lter level, 
where there is one, must be below ground, but the level may be rising or falling, or 
practically const:lnt, with the water Rowing out at :l level lower than the orifice. 

The hypothesis of heating by magmatic 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 arc wide apart. In the time of melting snow, at any 
rate, all the evidence goes to show that ground w:iter is in large excess, and it is 
altogether probable that the amount decreases with the advancing season, but as 
the fumaroles themselves m:iy contain much stc:tm 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 actual. 

In view of the fact that much has been said in the foregoing p~tges regarding the 
participation of meteoric water in the activities both of the vokano and of the: adjacent 
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hot springs, it is appropriate to consider briefly huw such waters reach rhc n:nt~r- ,,1 
activity; what is the manner and '"h:tt the limitarions, if nny, of their circulatiun. 

In the consideration of this question capillary forces continue to he im·11~cil 
as they have been always since Daubrec: showed rhat these forces under i..rivcn n 111• 

c.Jitions were competent to move water against the opposing force: of gravit}' or .111 
adverse gas or vapor ptessure. In poinr of fact, these "given conditions" presn ili

1 
limitations which are absolutely prohibitive to :my c.nended application of tlir 
principle to such geglogical phenomena as those here considered. This has hl·i·n 
conclusively shown by JohnsliQn and Adams 1 and plainly indicated by Kemp: ,11111 
by Osmond Fisher 3 much earlier. Capillarity is strictly a force of surface rensiun; 
"a column of liquid c:m be supported only wlien there is a fru liquid surface withiu 
the capillary."' "Capillary action can be made ro do great rhings, ... Bur it 
can nor cause a liquid to flow continuously through a tube, however short; for, 1f 
it could, ic would give us perpetual motion."• Moreover, the surface rcn~i .. 11 
diminishes as the temperature rises, and of course vanishes when the surface ,.,111• 

ishes at the boiling temperature. It is therefore of no s~rvice in accounting for tlw 
<iccess of water to a volcano conduit or to a boiling spring. It is perhaps 111 
importance in facilitating the surface evaporation of gt :>und waters in a hor-sprini: 
area. 

Johnston and Adams have also considert:d the magnitude to which capill.1ry 
forces can attain in support 

1
of the geological spl!culai:ion chat the penetration c.t' 

water into deep-seated rocks can he accounted for in this way. The prindplt" 
invoked is that the pressure developed by capillarity increases as the pore spau·, 
diminish in size. They discover at once that such pressures arc "insignificant in 
comparison \Vith the hydrost<itic pressure except for very fine pores," and as soon 
as the pores are fine enough (0.1 µor 0.01 µin di<imeter), the amount of water" hid1 
could flow through them, assuming a total pore-space of 10 per cent, would he 
respectively 0.15 or o.oo 15 c. cm. ptr ytar for each centimeter of surface. 

Johnst 111 and Ac1ms leave no doubt of the conclusion to be drawn from thi' 
full and con1plete inve,,cigntion of the matter; they say in their resume (op. cit. p. t; ' : 

C:ipill:iry forces are effective only when there is a surfai-e of sep:ir:ition within the port'• 
moreover, they diminish steadily with rise of temper:icure and vanish at the critical 1wi111 
of the liquid. Calculation shows that the effects producible at any considerable depth w-. 
in comparison with the pressure due co the h~·drostatic column, insignificant except in pou·' 
of such fineness that the amount of water which could Aow through chem is infinitesim:il. 

This conclusion leaves the mov1:ment of meteoric warer in the ground, :111'1 ~· 
ics approach to centers of volc;ino and hot-spring activity, subject: primarily tu thr 
action of gravity and the local temperature relations. The penetration of litp11•I 
water to considerable depths is thc:refore dependent upon the existence: of :ittu·il 

cavities, or structural discontinuities, and is limited in depth, so far as can be in· 
~erred from our present knowledge,. to che zone in which such structural ~~~' 1111 • 

'Juhn Juhnarun 2nd L. H. AJ2m•. Obs•rv2nun1 on rh• 02ubrR .,sfl<'rimcnt 2nJ up1ll2rity in 11:l2riun to """''n <' 
1111:1<·21 1pn:11l21i..ni. Joum. G.ut. ::, S, 191., 

'J. F. K•mp. Kaile 11( l1:11<0u1 Ruel.a tn rhc Formuion o(\'cins, Tr2ns. :\1n. Min. f.nl(. ;1, 177, IQ'll. 

'Osmond t'ishcr, Phr11cs uf the c2nh'1 crun, :J. Ed .. p. r.n, 1889. 
• Johnston and Adams, op. cit. 
' Osmond Fisher, op. cit. 
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rinuities can occur-sometimes described as the "zone of fracture." Above the 
boiling-point or critical temperature the penetration of water vapor is governed 
entirely by the mechanics of i,~s pressure and movement and the solubility or 
d1cmical acriviry. The obst.rvations presented in the preceding pages contain 
: 1bund:rnc evidence: of the solubility of water vapor in silicate solutions (magmas) 
:m<l of rhc enormous pressures which may be developed locally under given condi­
tions (p. 7z et uq.). 

All of rhese observations tend definitelyto,restrict in depth the zone in which both 
hoc-spring and volcanic activity can occur and bring us more and more <ldinirely to 
rhc conclusion that these phenomena are subject to local rather thon general condi­
tions :rn<l have no far-reaching subsurface connections or very deep-seated origin. 

CONCLUSION. 

As a result of this investigation in the Lassen National Park it is concluded 
that the hot springs in this locality are chiefly fod by surface water which drains 
thl' 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 
temperature which we find in the springs. Another portion of water i3 derived from 
an underlying batholith. Arising in the form of steam along with ilther volcanic 
gases though clefts in the rock, it is condensed by the ground waters and becomes 
mingled with them. The arnounc of rhis m11gmatic water varies in different springs 
and at different times in the same spring, not so much because of inconstancy in 
the emanation as because of variations in rhe volume of ground water. 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 heat, perhaps the larger part of it, is derived from the magmatic 
steam. Another portion CC1nveyed by conduction through the lower depths of the 
rock is carried through the upper strata by the evapor:aion of a fraction of the 
ground water in a manner which has been explained. This process may become 
relatively important where the quantity of ground \Vater is especially great. 

Whether the spring waters 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 liquid water is moved by gravity alone and comes from no greater 
depth than chat to which the ground water 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 f urtber action of hot water on 
the rock (hydrolysis of alkali silicates) gives the water ar '11kaline character. 
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APPENDIX. 
L1sT or OssuvED E1e.u1"T10Ns or LAssEN PEAK 1!>14-1917.1 
Oht~rn. 

F-Fur~st Service. . . . . . . . . . .. 
Stotio•u. 

. . • .... Summer. llrokcoff' Mt., 4 miles "'Ht: 
\\'inter, Mincr:il, 15 milct sourh. 

O-<ic<ir1te W. Olten •....................... Chester, 20 miles utt. 
D-Min Din., (Pottminr.sa). . . . . . .... , M•nton, 20 milct wC1t. 

Na. \ Emption. Authoriey. Due. Time. Duration. Intensity and Remarks. 

I 1~~1-~-i-~~~-~~~~-~--~~~~~~-

! .. . .. 
, 
j:::: :: 
~ ..... 
5 .• 
6 ••.. 
i ... 

8. 
9 . .. .. 

10. 
II •.• .. 
12.. .. . . 
IJ . . . .. . 

F,O ... . 

r.o ... . 
F ..•.. 
F.O . . . 
F .. . . 
0 .. .. . 
F ··•· · ·· 

F.O 
0 . .. . . . 
F .. . 
F. O . . . 
f,0 ... . 
F .... .. . 

H ... ·1 0 ...... . 
15 .... . F . ..... . 
16.. . . r.o .. .. . 

17 .... 
18 •.. . .. 
19.. .. 
20 .•.. . 

21. •. •• 

F.O .. .. 
o ...... . 
F,O ... . 
F . ..•.• 

F ....... 

?2 .•• ··I F ... .. .. 
23 . . .... F ...... . 

2-L .. f .. ..... 

25 .... . . F ...... . 
26 . ... .. 
27 .... .. 

0 .... . . o .. ... .. 
28 .... .. F ... . .. . 
29 .... . r .. ... . 
JO ... . . . F,0 ... . 

31. ... . F,O 

. u .. ... . I r. o 
33 .... l 0 ..... .. 
34..... f,O . .. . 

35 ..... F, 0 .. .. 

36 .... I F.O .. . 
J7 ••. F. O . . . 
38 .... F, 0 . . . 

1914 

M•Y 30 

Ju!'c . . 
• . . . 
. . 

Ju~~· 

. . . . 

.. 

l 
2 
8 
9 

12 
12 

13 
IJ 
14 
H 
14 
19 

22 
29 
30 

1 
I 
2 
6 

13 

15 
15 

16 

16 
16 
16 
l i 
17 
18 

Autt. 10 

19 

20 
21 

22 

22 
22 
23 

s• p.m. 

s• •.m. 
9h30"' 2.m. 
4•30- p.m. 

1()•30'" •.m. 
10"45• a .m. 
3"45• p.m. 

6• a.m . 
3"45'" p.m. 
6" a.m. 
9•43 .. •.m. 
()lo45'" p.m. 
11•15• p.m. 

7•.30- p.m. 
J• a.m. 

11"06• a.m. 
! 

s•Jo- a.m. 
2•20 .. p.m. 
6"50'" p.m. 
.l•JO• a.m. 

3"07"' p.m. 

6"05• a.m. 
I !"OS• p.m. 

12~30 .. p.m. 

-thJ<r a.m. 
6b a.m. 

12" ~t 
6" 2.m. 

11•47 .. o.m. 
31125• :i.m. 

ShJIJ'" p.m. 

i "24'" •.m . 

s• a.in. 

.\fiKUIU 

10 

15 
30 
.uJ 
.lO 

so 

30 

! . 
3{) 
i.; 
15 

H .. vy. H. Abbey reports siz.e uf craru 25 hr 
.W feet. 

Heavier. 
\'err heavy. 
H .. vier. 
Huvy, steam darker. 

Hcav\', s1n1n very dark. Siu uf curer 4U h)' 
100 fecr . 

Hcavr. J,shct fell ar :\liner-al. 

1 Unconfirmed. R•poned h~· RcJ lll111f. I Heaviest •:ct AlurnJc: uf smnke 2.S{X;[l rr. 
:\lcJium. Size nf crater 450 bv 125 fcrt. 

l. ~I cilium. -\lmude nf smoke 2.0oo feet. Siic of 
crarer ()()() b\' 150 feet. 

. I ~ew •no..- co,·:r•d b" ..... r or .. h. . ..... .. .". . . .. . "I Huv~·. ScntS of il iRht crupuons foll 11 .. ·c1I 
fiur. Con11nued ro S p. m, ,J,lmudc 2.Sl'O 
feet. 

SO He:ivicst ,·er . AlmuJe S,900 feet. 

,;o 
30 

.w 

I Ven· hnv)•. 

I 
Reiorted by Red lllulf'. Heavy Slum and 

SJncikc: from entm: lenKrh of cr:ncr. 
MeJium. J,iralm. Th1ncolumnne•mrusera 

hei~ht of I.SOU feet. Little ••h visible. Wru 
md of cr.ner 

4 hours. I Vcr}'huv\', Orlon1dur2t1on,4houra. 
Enrirc afrcmoun . Grcatt:St •listurb•nce \Ct, e.'tcced1ni: prcvimu 

eruptions 1n 1ntcn11ir and dur:mon. Gr.-.. 

lnrcrmirrcnt 
rhrou11h orly 

hours. 
s.,,·er.al hours . 

Stveral hours. 
Several hours. 

Entire mam1n1. 

amnunr ash rhrown. Hc1~hr. 8.910 fr1:r . 
Ven· he.-y. \ 'olcamc Just fell at ~lincnl . 

He•vy eruprion. 

Huvy erupnon . \'ulcon1c :osh fell it ~lincnl. 
Heavy .ruption. 
By far mosr >iolcnt uuprion 10 date. Ash. 

steam, ere . rose to hc1i:ht of 11,000 feet . 
:'>1cd111m. S1n•ll qu;in11ty of >th t hro,.·n our. Conrin.,n! •frer 

d•rk 
4 hours, JO min urc1. I V crv h ea V\'. H uce cl1K1 J s of ash rhro,.·n 11111. 

Hci Jht l 0.500 feet. 

11•10'" a.m. j t hour, .W minurct. One of the bri:nt crupuuns 10 date. Enrire 
curer ac1h·e. Hc1~ht 10.560 feet. I 

He:t\'}' ash column shur up abliq11cly insreaJ of 
vcrricall,• as in a II furmrr cmptlutu. .\hi· 1 
rude, i.590 fecr. 

s•.io- a.m. 

12"40- p.m.11 hour, !0 minutes. 
4•J5"' p.m. 55 min qtH . 
6h3J• a.m. I hour. 53 min\ltcs. 

H cav\'. Entire crater active. He1i:ht 5.0-lU feet. 
:\lcdium. :ihurr dunt1un. Almude !>,000 fc<r . 
~lcJium. Hei~hr 5,610 feet , 

I I I I I -

I c~llcctcd by J. s. Diller. 176 
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No. 
r:rupt111n. 

' 
Aurh.lir) .1 D2re. Time. Ou~rion. l nt•nsiry and Romuk1. 

I 

J9 •.... 

I 1914 

' F, 0 . . . ·; Au1. 23 7•~3- p.m. 

Mhn1lu 

Cunrinucd aft•r Lar11er than mominit d isturbancc. Heiaht 
5,'>40 feet. 

4Q ..... -I F. 0 .. . I S..pr. 

41 ..... . 1 F .... . .. . 

.i2 ... .. . 1 F,O .. .. 

43 ...... , F .... ... 

« ..... . F ........ , 

45 . . .... 1 F,O . . I 

46 . .•... l F ... . .. .. 

"7 . .. .. . F .... . . . . 

48 • F,O .. 
49 ... ... 

so .. . .. 
.51 .... .. 

F.0 . .. .. 

1 0 ....... . 
0 ...... .. 

52 .• " .. 0 ...... . 

53 ...... 1 F . .. ..... i 

~!· .. ... , F .... . .. ·I 
.);> ... .. . 0 . . .... 

56 •.•• . . I F ........ 

57 ...... j F,0 . .. . 

ss ..... I F,O . .... 

t 
I 

SCJ ..... I F, 0 .. .. ., 

F ... . 
F.O .. 

!Ill •• " 
61. •... 

. . 
• . . 
• 

. . 
• 

. 
• 

• 

Oct. 

5 

5 

4 ' 

dark. 
t2•2Ja J).m. f 4 hours. 

-i•2,sro p.m. t 1 hnur, 35 minut••· 

11• 4• 2 .m~ ! 3 hourJ, 55'mfoutes . • 

71 l()hJ()oo p.m. I Cunrinu•d indefin· 
uely rhru earl}• 
mornin~ hours. 1 

• .m. j Had not rnch•d 
norm•I when sec-

8 s• 

' 

ond cruprion rook 
place. 

8 I 91•55•• 2.m. J :'lorm•I had nor 
been re2ched when 

Medi11m. Full·len~th curer acnn. Heii;ht 
.5,6'M> feet . Si:c uf crater 005 by 208 feet. 
(C. H. I.cc'• mcasur.ment). 

MeJ;uon. l . ar~er .'\uantiucs uf oth than onom• 
1n1 crupnun, Hco~ht .i,950 feet. 

.\1.,Jium. l::nrire crar•r utive. Hei1tl1t S,920 
{e.,t. !Crater r•portcd to have widened con· 
siderabh· on wttt end.) 

V.ry hcav">·. Wind ne~h~ible. c11lu1nn dutt at· 
con1tcd to ~rear hto~ht . R umblonss awakened 
loukout un llrokcolf Mountain. 

V c~· •liKhr. Ucc:an subi1d1nc ahnon immedi· 
atcly after lint uutburst. 

.\ledium. Be;an s11imJin~ 1mrncdia1ely •ft.,r 
&utburst. 

l 
thi rd eruption o( f 
day rook pl2ce. 

8 ! 10"25• a.m. :-:ormal nor reached \t.Jium . Slii:hdy more a)h thrown out rhan 
I two procoJ1nl( erupr1on1. 

8 11•35 .. a.m. 1 I hour, 50 minutes.
1 
H•~vy. Ash d u uds cn vcl1111ed mountain. En• 

I ; or~ cr~tcr ~cuve. 
9 4"20'" 2.m. . • . . . . • . , Medmm . 
9 J\ p m. Continued 2{rer • Considered one of rhe br~t:>I cruprion1 ro due • 

sundown. Huvy {all o{ ashes in ~lincr>I and Lyons• 

10 
11 
15 

5k a.m. 
~30-a.m . 

1 ( vtlle. 

16 1 

llJ 
20 

wl 
I 

20 

21 

29 

s• p.m. '· ... .. ········· 
I 
I 

J" p.m. , 

i J•to- a .m. ' 
12•.\0'" a .m. , . • · · 

J• am. 
I 

I 
tl•JS• am. ! 

I 

I 

Unknown. 

Short. 

5 hours. 

3 hours, 

6• s•a.m. 1 ..... 

I 
I 

i ;•ts• pm. : Unknown. 
I 

I 
I 
I 

I 
! ·'° 10• p.m. ; 

1 
1 

5•1s~ a m. I 3 hours. 
1 l>our. 

..\t 8 p .m. on Sepr. 1.5, people in Wam"r 
\ ·alley hurd n1mbhn1 nu1ses and felt a 
shi:ht earthquake. Nnt ro11ceJ ., Chester • 

'.\Ir. ubscured bv du111u. Only 1ndic21ion of 
eruptoon was fall of ash• s u \'Iola. Srorm 
dea~d nn 1Srh, d11clnsb1t 3 new venu on 
\\"ttt slope, unduubredly caused by en1prion 
of !11th. 

Medium . 
The ~ruund here w21 whitr with th• dun front 

rhe crupmm at ll.JO a.i:i., rh• only time it 
has fallen here (Ch•ster). 

Very heavv. :\cco1npan1e•I by terrific rumbl• 
1nc:1. followed by heavy v1bn11on1. No 
chan11e noted .n vents. 

Heavy. Rumbhni:s and d•"ton21ions heard a• 
'.\l1neral for lirst ume •• .\"he1 fell at Mineral. 
:-.·o chan~e noted rn vents. 

Probabh• most vmlcnr eruprton to J2te. A1h 
procnc21l~· obscured skr frorn '.\lineral view· 
p111nr. \' enr ncarctt top un welt slope con• 
sodef2bh· cnlar~eJ . Eqt12l •·ulumtt of ue2rn 
from borh sodcs of mountain. ~o mun•r­
•ni::s heard nr orthquah felt u Chester. 

F - .. Vet\" h••vv l.um1n1>111 hodiu hurled 
b1~h onro air. $11bs12nnarcJ by T umcr Mr. 
l.ool:nur anJ urhcr •Y•"ltncu.... Demol• 
isheJ lookout ho.osc. Esr.1112ted lenath o( 
cr•rcr 900 fcer. Cun11dcr2bl>• w1JcncJ. Re­
com1ni:: more rounded wtth rach eruption." 

0 - "1 he onh- rome I ,._,. hi:hr was a Ra•h o( 
bi:hr rhar looked as tbo 11 1111wht have hccn 
:ut cxplntton nf ir.isu ur •n •lo:ctric Rash. 
·1:h11 11 rhe only cru 1m11n I have seen • r 
n•s:hr." 

Hcavv. :\shes fell 2f Hall's Fbr. 
I Heavy. 

""?'P ~W.?!'F-.. - P..; .~;_::·. :--. !?.''j! 5}, ·-) .'ff:.· Di ;.-.:,. ~ iJ!iC$ ;: ij!!A 4U%£Q . iS.t. C UL» 
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No. 
Erupaon. Authorit)'. Dare. I Time. I Dur:arion. I lntenairy and Rcmuu. 

~-62-.-.-.. -.-!,-F-.. -0-.-. -.. -.,l-Oc-~-91-,-,-,~ :':= ,1 ~eJ!11m. 
6.J ••• ••. f, 0..... t 1 1- M 1 hour. Medium. 
M . ... . 0.... . .. " 1 

1

. 4•~ p.m. 6S.... .. 0.. . .... . • 6 6~tcr 2.m. . .••... .••.. .•... · ' F.s11m:11e<I hcii:ht of column S,000 fecr. Color 
to 1· •t first very Jar!.:. later. rnrnin11 almon 

66 . .. ... l F .... .. 
61 & (,8 0 ...... .. 

69 .. . .. . 0 . ...... 
iO .... . 0 ....... 

71 . . ... 0 .... ... . 
72 .... . . F ....... 

iJ .... .. I F,0 . .... 1 

1-4 ..... • I F, o .. . 
;5 & i6 I o .. ..... . 

77 ..... . 0 .. . ... . 

i8 ...... o. D . . .. 
i9 .... .. f, D . .. . 

80 . ..•. O. D .. . . 
81. ..... o ... .. .. . 
82 ... .. . 0 .. . .... . 
SJ •••• •• 0 ..... . . 
M ....... F. D .. .. 

s.s ..•... r ....... . 
86 .... .. F, 0, D •. 
87 ... ..• 10 . . •..... 
~8 .. ... " 0 ...... .. 
89 ....... 0 . . .. .. . 
90 .. . . .. , 0 ....... . , 

:: J :::::::: i 

. . . . 

. 

Nov. 

.. 

I t~J()'- p.m. white. 
i 'I 6~20- 2.m.

1 

-4 houn. Very he:av>-. 
10 ! .. . . .. .. .. . . .. . .. :0.-ladc a uip ro thctop of die Mountain Oct. ti. 

' I The rr2tcr is much wider and deeper than .r 

15 
15 

16 
ti 

22 

I 

J'o a.m. 
9•JOto p.m. 

I • mr last v111c Julr 19. I t;uesscd the crater ro 
1 he i>crwn:n 400 2nd 500 feet "~Je 2nd iOO and I 800 feet Ion It onJ 150 and 200 feet don:p. f .,,. 
1 ; est outlook house 1lcmollsheJ by lu~ quan• 

I " t i t\' of stones bluwn out 11nce Scpr. 15. The 

I rnter has cur throuch the West Butte and 
1 I there i1 2 lsri;.: crack extenJ1n1; down the wesr 

11Jc of rhe ~lount21n for several hundred fttt, 
: 1 crn1ttinc ne:im consrantly. 

fire N:int seen at t h11 eruption but not by m\'• 
~& . 

4•30"' 2.m . 
lJctwttn 8 

pm. & Mid· · 
niiihr. I 

11•JO- 2.m. 

1.inknown. Unknown. Observed br putics in vicinity ,.( 
mountain. 

2 houn • F-" Very heavy. Air at ~1incral JarkencJ hy 
, hca vv fall nf ash." 
' 0-" ll:umblm& pl21nl:v heard here u Chcsrcr 
1 but no e2rrhqu•ke felt. Yori uva, Oct. l?. 

biqi:est eruption. He ascended L2uen Peak 
soun after •nd st2fes that the ash"' were so 
hot he could not rem21n Ions :it one place and 
that the Juc's fttt were burned. He took a 
phcto of the new crater on the N. E. side at 
the hud of Lon Creek." I I 

2J · 61115'" a.m. j 

" I 61'10- p.m. I .. 
i 

l hour. f-"Hcny. Snow on all sides of mountain 
! cuvcrcd bv ash." 

I 

I 

. . . . . . . . . . . . . . . •"nicrc were n nrncrous Bashes of li&ht seen at 
rlus erupnon. Thero seems to be no doubt as 
I have talked 10 seven! eyc..,·irnesscs :*hom I 
bd1~vc to be rch2ble ond •II are po1mvc that 
u ..,.u h~ht from the volcano and nor from the 
r:.~· s of t he scmn11 sum. Unfortunately l did 

21 
not see this eruption." 

Oct. '.!6, ascended the mountain •nd CounJ 
t he crater qune a bit dttpcr. 

!~SO- p.m. ,1 ......... . ...... . 

28 2~ p.m. 
JO t•J<r p.m. , 20 minutes. F-"Occurrcd durins Storm. No rurrbrr 

I derails." 
JI 11°50- a.m. 

I 611 p.m. 
2 8"45'" a.m. IS ~!inures. 
2 9• 5'" a.m. 1 to Minutes. 
~ IO"ttJnt a.rn.

1

. JO Minutes. I F-M:\lc:Jiurn.'' 
·1 0-"Smokc ••. south." 

2 12•1<r p.m. · JO Minutes. ~fcdium. 
1 4"2()to p.m . 20 M inut es. 1 F- " .'.\1cdium." D-" Smoke • . • south." 
J 2•1s• Lm. 1-. . .. . . . . . . . . . . .. Sttn by a nc1iihbor. 
~ I I" .. · .. · · · · · · · . · · .1 Stum1n11 or smolun1 neuly all Jay. 

10 4•25• p.m. 
11 1 

1

. · · · · · · · · · .. ······I Hea'l)o' clouds of srnon risini: froon the cral<r 
211 day but nor hke the rci:ubr crupnons. 

12 J- p.m ....... ....... .. ... • S•me u on Nuv. ll, with small eruption s~ .I 

I I r. m. Did nut nse above the mou11tw1. 
Dnfted nonh. 

16 j IO"Ur a.m. JO Minutes. I Sticht. 

I I .. ·--. ------......,~ 

---=----~-~==-..,...._----- --
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Nn. I . I 
Fruf1t1<1n. I :\uthont)'. Oare. _________ I I I --~~~·~~-------1 

'Iimc. Dur.anon. 

· I lt,Jl4 ,l/hu1us 

'I.I.· •• ··• 0 . ·· • · · . . Nov. 18 2•scr p.m. 

l)~ . . . ... 1 F ... ..... i • 18 I ·NO'• p.m. I 20 ~11nutts • 

95 . .... D . . . ... • 20 I··..... . .. . . .. . .. . . 
% . . . . • F.. .. . .. . Ott. J Dunne Unknown. I afternoon. 
9i .. . . 1 F . .. .. . .. I • 11 J•JO-p.m. Unknown. 

?8... . . r....... .. • 12 ! 11•·'5'" a.m. 30 \linur.s. 
99 ...... , r. 0 ... . : 12 1 4"t5• p.m. ~ :O.l1num. 

100 ...... 1 F ........ I 1J , 10".30"' a.m . ... ...... ... .. 
101 .. . .. 0 ........ 1 • 15 I ! I .. ... .. . ......... 

102 . ..... 0 ... . .... , . 15 I 1' p.m . ................. 

:: : ::, ~ : ::' • "I . . ....... ...... . 17 11' a.in • . , ••.. . •• ..•... 

105 .... . . 0 ... . . .! • 18 J• to 41• p.m. , .. . • . . . . .. .. _ •.. 

106 .. .. .. 10 ........ , . 18 1 ! 1 ........ . . ...... 

107 .. .. .. o. 0 . . .. .1 . H 11•~5- a.m. _ .... .. .. . . .... 

IOI! .. .. .. I 0 ....... .. 27 i" a.m . ... . .. . . 

.m . . L .. ! 
I I 110 .... .. 0 ... . . .. . 

~ 1. . . . . .. . ... 1-....... . 

Jl 1. .. .. . . . ... . 1 .... ......... . 

Ill .... . 
D 101; 
F · · · · · Jan. ' 
u· .... · ·" • 11 

. l 4•5;,•• p.m. I lOm1n11r.s. 
Unknown. 
J-2 ho~r. 

t.• 2.m . 
s•.1cr a.m. I 

112 .... . 
llJ . .. . . , • ... 4 • • ! .. 1'; 

lnrcnsity and Remarks. 

Small eruption. 
Nou.-Sincc Nov. 26 (letter of Dec. 7) there 

h:u b..-.:n a hca,·y fall of snuw in the h11h 
mountain .. I 1ho11ld iuJi:c about -l feet, 
rhcre bc1nc 2 feet 11 this place ((..nester). 
Durinic this rime (~ov. 26 and Ott. 7) I 
have s""n :\It. l.auen but twice. On Nov. 
30 the clouds cleared awar and Lauen wn 
plain!~· v111ble for several hours. and it wu 
complcrrly covered w1th ashes showin$ that 
there h;id been a heavy eruption within the 
last H hour., orhel"'ise 1t wo11ld have been 
whne. Ar that ume there were two or three 
feet of snow en t he hiah mountains. Det:. -l 
It WU p•rth· vmble for a snort time. At 
rhat time u w;is whne. 

~tedium. Se,·cral parucs vic,.·in~ cruprion from 
J1tferent •ni;lcs dcclareJ Jisturbancc came 
from nonh slope of 1nount a111. 

Eru11rion at nisht. 
Medium. 

Reported a heavy snowstorm on mountain at 
ume of eruption. 

Sti11ht. 
r-· ~tcdium,N 
0-" Ra>-:s of Ktttnc sun culort·d this eruption 

but no"1hm1 hke lire was noticed.'' 
~lcd1um. 
. .\t dal hchr neam minit from a point not seen 

before, 1ccm1n1tlY about one-fourth mile 
down the slope of the mountain, ue:aminc 
quite heavily all mom1n1. 

Two jeu of ncam: one from the crater and one 
from the north cratct-narfr)w column na• 
inc sever.al t hounnd feet. 

Steamed quire hcavil)' all d;.)' from north 
crater. 

Charles Yori. at Drakesbad, heard rumblinc 
noises in the Jirccuon or Lassen Peak. 
Small eruption. Clouds nsc several thousand 
feet . Column narrow bkc 1moh1ra~k. and 
extends far into southern sky. 

Stea meJ all 1la \' from the norrn trater anJ all 
afternoon from both craten. 

0-" EruJ'llOn from north crater accompanied 
by rnmbhn1tt d1snncdy heard ar Chester. 
Cloud \' cry d•rk colorcJ at bc~1nn1n1. ~mn1 
liahrcr in ~buur 20 nunurcs. Dur.ariun about J 
houn. hc1i:ht 10,00IJ feet ." 

0-" Lastoni; one-half hour. East side new 
crater." 

Lascn \\'at ,.·hire ""'" the nc1"' snow fut ni1hr, 
and qune a cloud of steam n11n11 fro1n new 
trarcr. Jh· l! p m. 1t was obscured by fo1 or 
cloud un11I aftcmoon. when It cleared. The 
snow \\"21 (O\'ercd l\'tt h :uhcs and qune a 
clouil uf 1t~an1 nsin1t from new crarer. 

Lassen nu med \'er)' hra vv • II forenoon and 
until about 2 pm. He:avy cloud of steam 
han~inc over the mountain fo r ! hours 
abour midday. 

Latscn stumcJ qmte heavy for 2 or J hours 111 
afternoon, fru1n north cr.atcr. 

F.ruprcJ fro1n southeast. Sn10"-norrh. 
HcaV\'. 
Black Smoke. Smuke-nurrh. 

,., 
.. , ¥4SJ.;f(-:_s_sestt@ I ~. =-~4 !f .. 'tYj:l.~'P****AP . s += ~ !!fSP.!lS'G!'!i'P~!!!tW--=JA¥ .. 

0 

.~ ~ v 
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1. --;,n:- 1 A•nhority. 

u,F ....... . 
HS . ..... 0 . .. ... . 

116 ...... , f .. . ... . 
117 .••. 0 ..... .. 
118..... 0 ...... . 

119 • . • ··I F .... .. 
120 . .. . .. 0 ...... . 
121 ...... 0 ..... . 

122 
m 

F .• 
0 ....... I 

12.i ...... 1 F, 0, D . 

I I 125 . ... I F .•.•. • . 
126 • I 0 .... "I 
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02tc. Time. D11r21ion. 

19tj I I .lfin•tn 

Jan. 17 6"300' a.m. Unlcnown. 
• 17 s• a.m. 1 15 or 20 minnrr•. 

I 
18 i 6• ' Unknown. a.m. 
18 1 s• a.m. 1 .. 
18 1•1s• p.m. I hour. 

19 1 s• p.m. Short. 
21 6"30- am. I hnur. 
21 i s•1o-a a.m. . ... ........ 
22 I 6" a.m. Se,·cral hnun. 
2.1 6• am. 20 m1nurcs ro 

n hnur 
I 

2J I 9i.t,; .. 2.m. 0. D repons unc 
hour, F' rc11orn sev· 

l 
cr2I hnurs. 

! 
25 1 11)1120-- a.m. . Sever.ii houn. 
~6 12"ttr a.m. , ..... ......... 

I 

to•?S• 2.m. . .. . ... . .• . • ..•.. l2i ... , D ..... 
128 ... D ...... 
129 •.• F .••.. . I Frb. 

26 
26 
5 

2•W-p.m, I ,. , ..... . .. . 

I.ate lft l:nknown. 

tJO .• •. F ....... 

lJl . . ... i F,O.D . 

lJl . .. . ~ F, 0. D . 

' lJ3 ..... , F, D .. : 

1.U ..... , 0 ..... . 

IJS .. .. 
1J6 

F ... . .. 
O, D . .. . 

137 ... . . I F .. ..... I 
138 .I o ....... ! 
IJIJ .... , F ........ , 

I t-IO .... F,0, D .. 

6 

l1 

12 

12 • 

20 I 
26 

~br. 11 

12 

a 

• 19 

20 

•frcmuon. I 
farly . I Unknown. 

mom1ft11. 
(li.50"' 2.m. Se•cnl hours. 

AboutS a.m. 

12•ss• p.m. 

12•30- •.m. 
6• a.m. 
i""°"' a.m. 

' I 

i•Jtr •.m. l 

Se•er.il hours. 

Sever2l houu. 

Shorr. 
H hour. 

Shnrr. 

,;• a m. ' COt1ld nor h• Jccer-
m1ncJ. 

,;•.\O- a.m. 35 minnr••· 

--..- - -· - ·-- ... -----... ·---·--·· . - -

.. 

lntrn1iry and Remarks. 

I Medium. 
The lint c~puon or L211cn l'uk '"'" 10 .. .., 

Chrsrcr tins monrh occurred at ~ • "0 to .. ~ 
ccnt~r or.mount~~"· lluurion 1.\ .. , .... , ..... 
mes. D1J nnc nsc ro any ~~at ~. o,hi 1. 0 
d~fre<I to south'""'' 1n quire a hnn , ~~.J 

MrJ111m. 
Small cru(lrian at 8 a.m. from <rnrrr 
Q1nrc a hnvy cruprion; he1~hr 3.U•I r,..0 .111 ,. 

non I hnur, uc2in1nc qunc a lt1r •ll .11 ... 
noon. Cloud Jnftin11 clcu •crou chr '"\lo•• 
skr. 

Slichr. 
Went a:X.Ut l,000 (ect. Smnkc-non rl> 
Clo11J r.nt risrn11 above top uf mu1111u1n 1 ... , 

Jnfon; west or suurhwnr. 
Heavy. 
Two em prions. one •bout 6 2.m. 11111\· r1t. 01 •• ,.1 
~en ~t 6Jfl; rlouJ JrifteJ 1n X ~ .!11, .. o ~-· 
Tlns 'rurnmn was of rnrduun ,.,, .. Joa~• .. "" 
w:is f1 uon lO m1nure1 10 ont:-h~lf h••or. 

F-":\t..,hum" 
0-"Qunc hcavr. durarion •hnur I ''""' 

Cloud l<cnt sc\'Cral cho;as•nd f<"<:t \i.h. J11h. t 
N.£. The nimbllnit ,..,, pl•inl\' ho ,,.1 .o 
Dr2kc1baJ •nd W•mcr \'•II•'" nurih•·•" ,, 
Chen.r." . 

D-" L•-i:• volu1nc of smoke las11n11 I hn111 • 
Smokc--sourhcosr. 

:\tedium. 
Ln11J n11!lhhn1: nnisc hcalll in J1r«·tinn " ' 1 . .. 

sen p ... 1t. 1 .. u o >.m. It l>cini:; "''*'J' .... 
erurnun co-rlJ be seen. 

lllack 1nN>kc:. Srnak.,....narch. 
lUaclt ~n1oh. I Unknown. Snow Jark.encJ. 

Unknown. 

F- " He>\'\' .• .\sh cloud tc>thcd hii;h •l11111J• " 
0-" l=:n pnon." 
D-" ~mukcJ •II a m." 
F-" Hcavy." 
o-· F.ruption." 
D-" Sm·•kcJ •II a.m." 
~"'-"Ver.· he~vy crup~ion Q(.t11trc1I: ' _ 
D-• '-3111:• cr11pt1J n, I ho11SanJ1 uff.-.·1 lu>.I• 
Rumhlinc hc•rd in dirccm1n .,( l.••w• 

l'ok •t \2.JO • m. 
McJ1111n. ,. 
0-.. ~1.:JtHin mu.-nsit'·· dur~tmn .\0 1mnu10 
0-" lll•ck smukr. Smuk..-nurrh." 
:\lcJ111m. llumpass lfrll 1n •n <1111'""" •0

" ' 

JUS:t prt:\'10111 tu :mJ ilunn\,: t:r•e1 111m~. \~ •· 
ncU•-d lw .-\bhc\" from ncor llrok1·ull I •• 
tcr •l•l'•i,...J from llroh'lllf ru h••·" Ion. •'"' 
cncJ cons11Jc,..bl\' 11\ Jirccuon uf 1., . ,\ , ' 
Ho111e. · 

EruJ1non some rune Jurin; n1..,e.lu·. ~l1u1n•• · 1• 
co~cre<I wirh Just this murntni: ' '" 1 •·• 
" 'lure bst nr~ht. 1 Ven · hc~v,· crlll'tiun. F~llin&: 3Jh c~u'-4·,I , .. ,. 
~tmusph

0

\:t~ tn V1cin1t)' uf murnn:un r.~, ..:'• ,u 
er pomon uf J~ )'. Steam cuulJ !1<· ,.,n I• •• 
RtJ lll111f .. u nni: frllln \"cnts un '"lo • , 

F-"Onc of the hc.-·a.'lt er11111"' '"' 1 .~ · 
11on• s"nilar 10 those: uf rrc\'~1111 ,I.-' I . 
va1lcJ." 

-.....__ 
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·- Nn. I I 
El11p11un. I A1nhunry.I Dare. 

-------
I TI me. Dur:uion. 

I I rors .\fi""'" 
HU •..•. F,0.0 

I 
· Mar. 20 s•.l{)lo am. H m1n11trs. 

HI. .. . 0 .. ..... 
1-ll. i l',0. 

1-JJ F ..... 
1-H -· . o ____ ... 
145 ••. .• o. 0 ..... 

I 

146 - . - F,0, 0. 

l-li . o . 
11!1 . • I) _ . .. : : .. 
WJ __ 0,0 ..... 

150 -·. 0 ..... .. . 

ISi. . .• D .... ... 
152-. .. - 0 .... . . 

!SJ ..... 0 ....... 

IS-l •. f , 0 

I.SS . 0 ... . 

156 ' 0, D ... 

I.Si .. _ F, 0 . 

138 .•• 
I.SQ . 
160 .• 
161 .. 
162 .... 

0 . ...... . 
r ... .. . 
F ..••• 
0 ..... .. . 
0 ....... . 

I 

. 
" 

I . . . 
. 
. . 

' .. 

Apr. . . 
• 

i 
' 
i . ' 
I 

20 6".m-- 2.m. 20 m1n111r1. 
20 i•so-o • m. Unnl S p.m. 

21 .J•Jfl"' •-m- %ort 
:?I .S•JO• 2.m • Shon. 
21 10"11"' am . 0-1.5 mm11rc1. 

D-1 hour. 
21 J• p.m. F-Shon 

0-::? hours. 
D-1 hnur. n 9"10'" pm. .-'i buut JO m1nu1t1. 

21 IOI' p.m . 
I 23 .. - -- ..••. - --.• 

• .. -- .. -.:rirh- •II for,noon. 

-~ 6• r.m. J, hour. 
6 ;•1.:;- am. 2 hnuts. 

I 

8 

15 6•.ll)e rm. F-Shorr 

16 ... a.m. 

o-<.•onr1nur1l un• 
ul d2rk. 

(;nul S.30 a.m. 

16 t•JO"' p .m 0-~lust of rh.- •f· 

16 s•so- p.m. 

17 . - .. - .... 

re moon. 

r-Shorr. 
0-Connnurcl 

until dark. 

26 ~· p.m. • Shorr. 
2i J•.ur pm. Unknown . srorm1n~ 
::?i s•J<r p.m. Ju minutes. 
JO 

r 
I 

.... . ..... ,% .... 

lntcn11t)" and Rcm2rk1. 

O-·· Huv~· erupuun, 10.000 feet. duration JS 
m1nutt1.·• 

n-u 1.u~csr vet Crimson clouds c ( smnkc • 
. .\r sun W•S nsini: tr~rcm>nl were bra1mful 
and wnnJorful. Never to b• fori:oucn by 
those whu worncsscd rhr ~rand phcnumenon • 
lll•cl.-. smo~c. Ashes fell fre>t11 9 a.m. 10 10 
u'c~ick. Ashes rc2ch"'1 Paynes Cre1:lt and 
rhc lll>cl:. Bunes." 

:'>l<il11un cruptiun. Jur>uon 20 minutes. 
F-" ~lcJ1u1n." 
0-" Hu») cruptiun l>1ron1 until S p.m." 
Med1u1n. 

D-Whorc Smoke. 

F-"McJium." 
0-" Column nsintt about ll',000 feet." 

Twenn·-one crup11on1 ir nittht >bout 10 
o'clrxl:.. 

0 -"l..uscn •n li~hr cnapnon all dav. Column 
nor nsoni: 1bovc mountain, but iollonc over 
2nJ 1lnfuni: northward.-

D - " Cr>rcr smol:.td •II d>y." 
J.111hr crurnun ne>rly all forenoon. Ob­

scurrJ b\· d n11Js after 11.JU :o..m. 
Smul.-.c-sOuth. 
MeJ1um 111.cJ crurnon •r i :l5 a.m. l21tinc 

rwo hours. 
En1rrion lflme nme l•st m~hr J 1111 h.;(ore dark. 

The c•.r siJc of I >11rn 10s white with new 
'""'~ rl111 mom1n11 •r i JU. \\'hen foit cle:ued 
up rhc norrh h•lf of rhc ••sr side was covcttd 
w1th Just. I h1! cvcnin~ •frcr sunset two 
rolumn1 uf src•m were min; from rhc 1op of 
J.:o.sscn s•v•r•I hundred fet:r . Tl111 forenoon 
from 11 10 12 • l>r~• column of steam wu 
risinc from liumpau'. 
Chorlu Yori reporu <1uitc • h .. vv f•ll o( 
•sh ar Drokcsb11I. som<"nm• dunn1 the 
n111ht of the 12·1J1h. 

F-··Hc:o.vv." I 
Cro1rr \•mrtd br H:o.mpron anJ Kaul :I.tar. 23, 

1'115 . .S,ppan:nrl~· no ctt>r 1ncrc1sc in size. 
0-" Ht>vr column ro1e sever>! 1hou1>nd fttt 

'ii 11h. cnnnnncd until dark." 
Inc nmc of bci:1nn1ni: no1 known, unly csti· 

martd. 
0-"Clnud Jnfun11 this ""'1)", fumes quuc 
suon~ here, no Just fell 10 >mount 10 2ny­
rhin11." 

0-- Rcs~mblcJ horns. Smoke---wuth." 
F-" :'>lrJmm." 
o-··ouuJ Jnfnnc southeast.'' 

I A sn1all amount of ash fell last n••ht. 
\I odium. 
HcaV\'. \" olc•n1c Just foll >r :-.1 anton. 
Hr•'"'" Jurorion •bout 30 m1n11tt1. 
Ashes" fell >r Jusk filhni; hm of E. l. Williama 

and -\lice Din•• who happened ro be worl:.• 
in111n ~ow~r ~orJen. \'er~· doudr. Erupnon 
nor seen We hc!J our p•p•r anJ caught on~ 
h>lf te21poon of uhcs 1n ibour 10 monurcs. 
-'ishcs fell at Corronwnod, Shana County 
rhis nmc l::ruprion happened durin1 a sronn. 

=-w;;z:s . cs_ ~=s-:-,? .--... _S\ • qc: s;.as:-:;::-J••J'flfSD c .... ~ __ zq_.; .:.. -.4( :; a.@ss :r!b+i' .,,,... 

-·- ........, ' )tr 

) 

0 
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, ir lt"J Ju• "'•enhquo n~--u.or.: -. ' '.,!\ rut 111:tuc11n.J "1 'J '.\llWCJ p111" 
J 1 •11 ·ums •1•~ .,,-; :•'"'"' ind 

. ';I •r••• .11•.\\ nq.,. a1oq1 :funW\-' '>ACOI 
•t , iur.l>~I l>SJnlJ JIOlfl r•lf:>llq •1iload 

,','I\ '!"'·"'!'\! 01 r>IJUP t>ll•t rue o~nwt 
,. 

1 
1u1111 1mt 1m1uc1-; J>.\n l'"'IJllP 1uy 

•I .,., 1,,.Ullll"" >:IJC'I 'lflllll l»J 000'1 IU>_\\ 
•, " 1.,, u.>f'Ul;J~ ' IP.'IJq ltll\ UnlldnJ::! ,.-Q 
'"I Ulfllf 1nnqc JO 111:1~1{ C r>tptaJ WUH 

r ~·u ~r·•) Jnn,1 uc Jnnqt :tuu1c1 •u.»1 J~A~ 
, • •,. ,,1 ·.,.1J Jtj ,\q uaa.u.ltu:. ut u:.\\ ~J.iip 

" J 11 t IV ·.i•r n• ~inudnJa l lf:l!I UI '"fl\ 
.. ,.i .I""' .1'UU JUY .\1:rnl ~~· U.:'llf't} .. -o 

. 1 I' 1«.> rue qunu UO ,\IJCIO•ilJ> opll 
ow•11•ltl ''" S.lJllSl!o' .M~U ICJ:tA>~ •J.:Ut:Jl 

•.. ,1 "I"" I" .. "'' rn"·"" lJUp l"'.l!I u•r1noq 
,,, ' II JJ111rnJ puc -.poJ iotl ·1mw >nlj 

•• ,, " , ra.uf.1 1n s:J~u~r!" 3 ·uoudnJ~ J.awJnJ 
.. ,. ~"" •i•1r.Jrdwn>U( ·ut1ud1u• :>~uJ•.L~-.i 
u• •I U s. \.~l'I\· ·1f11J UO r•u>llC~ r>Jnil 

.JI' H1t'JUllO\U 1 Jll?!U1r 12it1UI £ 1UlrnJ WOJ.:[ 
· •llu1wom 11• uo11 

.. tnu rrnmtuo~ U! UIUUUDW r:.uod:tJ Jaqq\f 
.. ·~Ja'{J IU!ew:u 

I •I\ rur •r11 IJ.>M UU l>Aft ' !ll!d5 1! lllj I J>J 
I\ u1rumom rur .PJrJ) • l.flnOf Ul \flJOU 
- •If u .LI\ 1C.\\ rue p>dClj'-'apo ... >JOlj WCUJ 
I ., ••• , ., '.\Cr ,,,. ... J•lf'!ll llulll:>:I JOJCJ) 

'll'l"w 111 ~unmu r•Juddc JIC.\\ •~ll·P•!'! 
\ u1r UltlClW U! r~>UD\I IC• =uC:'{l t: l .itp 01 
, .... " lhl 1.,cp A\;1} V ·w·LI 6 llC doJ uo u»t 
... , .... ~ ·.\cp 11• p•~oWI UICJUllD!\; .. - a 

,,'UllDll (Cl>A•I 
... , ., ..... , ,.. l""'I' un llUIUl\jl U»f ..... 1q:a~ 
t• "'1~ .\t'U lf c ~Jcr J•IJV ·•1111111. IC.\\ 
, , •u111 "'!• 11• uc111d1u• u1 tcA\ 'l\er )/• Juj 

""'' '"q "I' unow•IJ• l!lf' ua>1 u:Hn·1 .. -o 
.;~•Ao:> '"'"r••t..: 

1 "'.) lrll """'!' ":>U 'pllUI JO ruu~ 111ur 
·'•"u•11 u ." u111ul11J~ Jn uanc.:nru• uJt ~ -~ •rm•p uo JaltJ:> •• ,oqc A1n1~ p'>1j:..t • 
· •• u•rumntu Jn J.Jr•s uc un 1auJt:d snouc1\ 

.... 11\" i Jt u•11•1 JO du1 UQ U»I l1jll•1 
..,,,.,\{ ; rue ''"°If 5i 'P:nu1w 

, 1 r· 'l'·•,.1u1 u ~·•.1<1 ·'•r >JoJoq unr uan 
•• • rur lll~IU !IC r•S1C! lj3)'!·"' 'IJ!f >'{I A\n 
•r ••1·um1 '" "'"'"!~ llUIAClj lfC 01 p•uo1f~•p1 
I "~""'' Ii ·"I •wn lfJ!I Jnj U>•• •l!.:I 
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No. I t 
f.ruprinn. AurhoriryJ Date. 

175 . 

116 . . ... . 
177 . .... . 

178 .. . •. 
179 . . .•.. 

I 19/S 

f, 0 .•.•. 
1 

May JO 

0 ....... . 
r ...... . 
0 ....... . 
f' ...... . . 

JI 
31 

June I 
• 10 

ISO . .. •• I 0 ••• • .•.• I " 12 

, 

t ···op ' sidt c err 

183 

lime. D11ruion. 

.llinlllts 

5• 8• pm. 40 m1n11tts. 

s•tS'" :i.m. I .. . 
9•31r :i.m. 30 m1nUH•-

I 
10•.m-p.m. 

Durina 1 
.. ,,ht. I 

J• p.m • . 

Unkno'w~.- - ... 

181. . .... F...... .. • 16 l !•l&- a.m. , 20 minurcs. 

lttJ...... 0 . .. .... • 20 J• a.m. 
182 ..... . F . .. . ... • 16

1

1 1•15 .. p.m. 20 1n1nu•••· 

I l 
ISL .... I F •• ••.•• . , • 13 I 1()11.W- a.m. I 20 minJtcs. 
1!1.5 . .. . • . F...... . . • 26 1 ~·10- a.m. I Short. 
186 ....• F ...... - i Jul~· 2 9•~0- p.on. Oflnn1 J11r.uon. 
187 . . . . • . F .. . .. . • • J 8"10"' p m. 20 1ninutes. 
188 ..•... F.. . .... • 1J I 9•100-p.m. 20min111et. 
181). . • • • . F .. . ... .. t • 27 ~·.10- 2.m. I hour. 

190. • - - . • F. ... ... I • 28 1 2•:i<r p.m. 
1 

Sever.ii hours. 

191. . • . " F ..... . • Aue. 6 7" .i.m. '1· Conrtnucd unnl 
I m1dni11hr. 

192 ...•.. F .• . . I • 8 I 9•50- :a.m.

1 

All dar 
193 . . . • • . F. c . . . • 25 I s•.?S- p.m. 2 hours. 

1'.>4 .. ..•. I F, 0 . . . . • 21 8".30-' >.m. F-50 minutes. 
0-1 hour. 

195 ...••. I F, 0 ..... j Sept l ! i• l.5• a.m. i JO minutes. 

1% ..... I F ... . .•. j • J II 9• a.m. 20 m1nurcJ. 
197 . . . . . F, 0 .•. . , • 13 ~ a.m. 6 hours. 

198 .. . .. 1 F,0 . . . . :1 9•30- a.m. I J.5 mtnu1e1. I I 
199 .. ... , F. 0 ..... . 9"4.S- a.m. J.5 minutes. 

lOO .... 
1 

F.O .... : . 26 2• 5• p.m. F~5 minutes . 

--- I 

- ... a --. aw --e~ 1 h t £ t · - · 

lnt•nsity and Rcmuu, 

F-HOrJinuy volume. Stum i11ued frotn 
nonh slope uf puk quire heavily bdcn wnh 
ash. ~t.1n crarcr full u( boulders. floor o( 

1 
cr.tr.r 2ppe2t1 shoved upw2rd1." 

0-"~·1 .. hum s1:u:J erupnon at 5.10 p.m." 
~1ed1um sized eruption u 5.15 2.m. 
~ltd1um. J::m:u 1un from cr2ter nn nurrh &lope. 
~hin cr.tter quiet. 

Hen\• eruption •t 10.JO p.m. 
Unknown. !\1ounr21n unusually acrive follu•· 

1n~ mominc. Hc2vr vnhunes nc•m from 
crater low down on wtst slope. 

fruproon 2t J p.1n . l.1~ht cnn11nued unnl dark. 
.\'ou.-1 am nut ccrn1n rhot anythinJ wu 

seen from Chtsrcr bct1Vccn June 12 2nd Aue. 
25, 1915. On rhc nt~hr uf Jul~· IJ, 1915, 
21hc1 Fell 2t Dr.t kc1bad sn rhn we could 
wmc our names un porch r21hn11111 the mom• 
tni.: . A 1m2ll ;ourf of t1nm seen on for.­
noon of :\u~. 8. ,<hen J. ~I. Howd!. 2nd I 
went up l2utn l'uk. !:team drifted north· 

I cut. JS. Diller. 
I ~ledtum. 
~tedium. 
W21 an erupnon Twn J1>tin~t shun of fir~ 

•scendcd w11h bl2t k •muke. I wu jun re-
111rn1ni: from a Janee. Ir waa wirncucd by 
G. D Cronemtllcr 2nd m)" cousin, Orro Daolv. 

~leohum. Enmolr from enter on nurth slui)c. 
~led1111n. \\' itntueJ 2nd rcponnl bv lookouts. 
Ven· hu v•·. .-\sh clouds o f unusuil density. 

I Sli.J.1. . 
~leJium. 
Huv\·. E:upnun from nonh crortr. Uumpau 

Heil and other hot •pnn~s unuaually 3rnve. 
lncrcucd volumes of ltt'llll from crater on 
rup. 

Ht2vv. F.rupnun from nurrh crater. Rum• 
hliri1r.1 J1111ncrlv heard u nii: Spriniis. 

Quake f. lt 21 summor ~f Drokcolf 2t 11 a.m. 
Dtrccnon N. 2nd S. Heavy .ruption. 

\"en· hc2vy cruprion. 
r_:" Huv"· Rumblin,s hc2rJ by Brok""lf 

~lu11nr2 in lookout. ..\lmuJc l},8i0 feet. , 
HuR• i:a~i:cd boulders cover loc:ition o( for­
mf'r er2tet.'' 

0-.. Hu"}' erup11un or 3.25 11.m. barin1 2 
hours. :\lruude 10,000 feer." 

F-··'.\led1um." 
0-.. .\lcJium eruption ar S.JO 2.m. Duration 

o bout 1 hour. 
f'-" .\lrJtum. Alurude 3.630 feer." 
0-.. .\lcd1u1n cruproun 2t i.JO :a 1n. Duration 

JO m1nurcs." 
Sli1hr. 
F-" Hc:IV\'. l'n11su2lh· octl\'e until J .. !O pm. 

Rumbhni:s hc:ird br llrohulf lookout. 
Stc2m 2nJ sulphur fumd consronrly bein• 
rm•fttil from m:iny fissures." 

0-" Hcav\ . l•mni: unul 6 p.m. Huvv unrsl 
noon; b~ht the remainder ul time." • 

F-"'HUY\'," 
0-" Hr:iv~· eruption. Durorion JO minutes." 
F-"'.\lcJium." 
0-" \lcchu1n. Dur.irion .15 minures.'' 
F-"Shi:hr. :"ltuby obscrv<n srare boulJen 

S 1nd1c1 111 d12me1cr hurltd 2bu11t ltlO fttt. 

www .!P S.P.Z#:;:;m: .. :J~l!4f :.. i. • • ~ ~ .. -..: ::::Z .'¥~ -.-.. af? .. ~ ~-.. - .. ¥ ...! 4ss ~.?f..r?Jh.¥.! <Af.¥!!5!1.Ji@!A .. W "-.S!5C»'C llll 
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No. 
F.ruprinn. AurhorityJ 

' I. 

Ono. Time. I Duration. 

200 ...... I F. O .•. . 

1915 ,, 

Sept. 26 
I 

2~ S• p.m. 0-30 minutes. 

,lfim1UJ 

201. •. . . .I "0 . ...I . 21 2•sq-. ,11.m. 20 minutes. 

203 .. ... . 0 ..... . .I Ocr 
202 ...... , 0 .... ... . 

20-k. . .. 0 ... . 
20S .... f F.0 .... -1 

206 ..... -1 F, 0 . .. . 

207 ·· ·--10 ...... . 
208 ...... F,O ... 

2U9 ...... I o ...... .. 

210 ..... 
1 
o . .. .. . 

211. ..... o, o .. .. . 

212 .. . . .. 

213 .. . . .. 
214 . .. .. 
215 ..... . 
216 .. - .. . 

217 . ..... 

F,0 . .... 1 

F F::"""I F .... . 
o ... ..... I ..... .. .. 

f . ... .. ..l 

Nov. 

30 I s· ... m . • .••. _.. . . . _. . 
:! u• p.m. ! ..... 

I 
6 12•30- p.m. I About 20 minuru 

U I IU•45'" O,m ~-JQ minutes, 
.

1 

0-;\ll Jav. 

15 2•is~ p.m, 1 hour, JO m1nurcs. 

.. ! . I. .. . 
li . 10"4.S- 2.m. _ 1 hour. 

19 
I 

24 

"I 
JO ! 

31 

I 
I 

1 
10 ' u I 

l 
22 • 

t 

I ...... ... r 
I 

2~ p.m. I 
;~JO• r.m. 

i"JO- p.m. 

0-JO minurcs. 
D-20 minutes. 

F-Un known. 
0 - JO minutes. 

ll"-IO"' a.rn. 20 minutes. 
12"25"' p.m. Shore. 
l!' ltr a.m. ! Shorr. 

11 •.w-- a.m. About 40 mmut.s. 

far!y 

218 .... ,.1 0 ....... De<. 25 

219 . ... .. 0 ... ..... ~ 29 ;-·::~ , 
l\lounrain in erup­

tion all d•y. 

lntensitr and Remuka. 

Lanen has developed J dininct new cnrers on 
norrhwest parrinn nf nmun rain. Then are 
locared on summ11 nf mountain 1lirtttly west 
r.f nld crater: ate cin:u lar in sh•pe. and are 
•r pruent th<t ou1lr1 of most mar.rial 1hrown 

t our. 
0-" Lt~hr etui>tion. Durarion •bout 30 min· 

utes.'' 
f-"Mcdtmn . Very dttl' rumblini;t heard by 

llrnkeuff' !nokour." 
0-" Medium. Duration •bout 20 minutes," 
1.iaht eruptmn •r S p.m. 
F.~rrhqu• kc fdt n II p m. two shocks, Ii 1hr, 

no sounds. 
~tedium oruprion >t 17.JO p.m. 
F-" Medium. Shaht fall of snow on Lanen 

Octohcr lJ. Prospect l'dk ~ookour roporu 
the cruprion 1uuc1l frnm new fi11ure on nonh 
slo.,e.'• 

0-·· L.~hr cruprmn lunn~ all day." 
F-" '.l.le1lium. Rumhhn~s heard bv Prospcc:r 

l'c•k toolr.our. Erupt10n from :ibove-men• 
tione•I 6uurc." 

0-~SceaminR all da1• qmtc he•vily ar rimes." 
Steami"~ all day qu11e heavy at times. 
F-" '.ll<drnm. Rumhlinas horJ by Prospect 

Peak loulr.our. Also hcarJ bv Harvey 
:\luunu1n lookout. F:rupuon from above 
ment:.oned fiuurc.'• 

0-" Sreammi: quite heavy from oia~·liKht until 
J0.50 a.m. when there was qune a heavv 
erupuon. ..\II the eruptions from the 14t h 
to rh~ l; 1h (lnclust ve) seemed 10 come from 
• ne•v fissure on the nonh dope.'' 

\'i,..reJ rhc summ11 of :\Ir. bu.,n. F'ound but 
few c:ianw:s since July 25, date of last visit. 
Visutd rhe new fissure •nd found it steam• 
tni; <I urc huvy. The steam w•s quite full 
of du•r •nd sand; If had collc«d around the 
openina. 

L1i:h1 rruprion ar 2 p.m. 
0-" Medium eruption ar j .JO p.m . J,iKhr 

fluhcs •nd bomhs seen shoorinc from the 
ente~ .. " 

D-"Moonli1ht. Very prcuy in moonli,ht. 
Smolr.e-no"h." 

f-" H1·avy. Glow over crater and luminous 
bodiu reporreJ seen by vanous parries." 

0-" H.,,,.~. eruption i..hl p.m. l.ugc Rashes 
of h~,n •nd bombs shor hii:h above top of 
mounr•in lasrtni; 4 ur S mmuru, rhe erup­
uon lur1n1t >bout JO minutct.'' 

Heav)'• 
Sli1tht. 
~tedium. 
Huv~· cruprn>n. The doud from this eruption 

wont ahout 11.000 feet hi~h • 
.. x~rr. -Th ts was the I• st ~rupri on Sten from 

thts place up to Dec. J I. 1915.ft 
Rcrort~d bv Manton and Shin1lc1own resi· 

dcnu. No paruculan. 
~lountain smoked u S p. m. Smol:c drifted to 

south. ' 
Eruption about 6 a.m . Smoke west to sourh. 

Smoked •II Jay. Mnunratn hiJ by bri:c 
''niume of smoke scnhni; Jown on ~:---

,\'n1,_-Nn r•rord or •n111rinns l•rr:ru" Dfr. 20, 1915 and !'itpt. 2-1. 1916. 

---
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Nn. 
En1puon. 

h . I 
,.liur onry.j Dare. Time. Dunrion. !nttnsiry and RemarkL 

1p16 .1 Minwu 

220 . .... ·I D .. . .. ··I Sept. 
221. . .... D ...... . Oct. 

I 

!! I 

: I 
i' a.m. 
Between 61 
and 7 a.m. 

All dav. 1. Src2m u inrcrvalL 
B'2ck 1moke, huvy, a1cenJin1 into doud1. 

221 .. .... 1 D .. .. .. 
22.3 .... . 0 .. .... . 

• 

224 ... . · I D •.•.• •• 

16 1 
24 1 6~ 

i I 

s•1s• p.m. ... . .. ...... 
9" a.rii. Enm~ ~ay. 

p.m. I hour. 

Small eruption of white steam. 
Lari;esr eruption of the 1ummcr. Smoke settled 

around rnnunr2in. 
\'cry l>rcesc rlus )'Ur. White an1I bbck smoke 

JnfttJ south aver Brokcoff Mountain. Sul· 
phur fumes reached Mantan ar 9 p.m. 
Smell verv mon~ hkc s ulphur onJ 1omcrhin~ 
rorren . Smoke went r housands of feet in 
the 21r. 

225 •••• I D. .. .... .. 
226...... D, 0 .... .. Nov. 

25 I 1.m. L.... . 
1 ~ p.m. : !'5 hour. 

Sreaminc quire heavy this momini:. 
Ver')' lar~e crupuon. Srr.okc rolled our bur 

0 . .. ... . 
0 ... .. . 

227 .... .. 
228 .... . 
229 0 . .. . . . 
230 .. . o.o ... .. 
2Jl .. .. . D,O .... . 
:?.32 •••••• 0 . .. . ... . 

• 2 I 
8 
9 . 

Dec. t7 l 
• 20 

28 

~ .. a.:r; ... : : : : : : : : : : : . : : : .. 
-'"-«>'-pm. ! ........... .. 
4•300- p.m. 
All Jar. 

-;111 a.m. 
..i.11 d~}:· 

S!, hours. 

wenr Jown 1n stron1t wind to north. 
Steam nsing at 1nterv•ls •II Jay. 
Huvy. 
Heavy. 
:\led1um (0 ): whirc steam came stnii;ht up ( D) 
Steam, heavily all Jay and dnft sourh. 
\Vh1te steam ome in 11re:r volumet. 

'"'7 I 2JJ ..... 0 ... .... I Jan. I ....... ... . 
234 • • .. .,t 0 . .. .. " I • J .. . • .. • 

All d:ay. 
All day. 

11.-:; hours 

White steam. 
1 \\'hire steam, small quancity. 
• Medium. 235 .... .. , 0... .... • IS 1 4• p.m. 

236.. .. .. D.. .. . • 16 3•30- p.m . 
237..... . 0 , 0 ..... 1 • 17 S.t. lS• un. 

1 lto111. 
,l.11 cb)0

• 

! White steam. 
I 0-" Larsc eruption of bb ck smoke. Ashes 

fell on Hrultc11lf'. R11mblinv heml 15 m1le1 

238 . . . .. , D .. ... . . . 
239 .. .... D . .... . 
2-40 . .... . D, 0 . . . .. 

Ill 
20 
JO 

, ar Crookes. None heard u Manton," 

I i 0-Medium heavy 1row1 nc Ii chter to little 
I fteam1n1t at darl;. 

a .m . I.. .. . .. . .. , Srrcnc 1ulrhur at Crookes• place, IS miln. 
~::ro- p.m. I~ h0<1rL Smo~e J nfrin11 sour~ . . •• 

241. ... .,, 0 . .. ... .. ( Feb. 

1 a.m. 1· ... ,.. . . . . . . . . 0- Great quantmts o( whne steam. 
0-"New snow covered wnh dun on N, 

H or Ult side of mounr:r1n." 
.· •. ..•.•• ••. • • , . . . • . . . . . . • Another n11ht crupuon, co verin& entire Ult 

I I 
srde o( mduntun. 

242 •• .... , 0 , D .. ... 

243 .. .. . . 0 . . . . • .. 

0 .. . .. . .. 
244 ...... o. 0 .... . 

D .... .. . 

245 . . • .. . o.o .... . 

2"'6 .. . .. . 1 D, 0 . ... 

247 ...... ! 0 , 0 .... . 

o .... .. .. 
2~ ... . .. 1 o.o .. .. . 

J ;• a.m. All day. 0-" Steamed sh,htly." 
, D-" \Vhn e 1tnm, i:reat quanmy untrl noon." 

.. 
18 9• a .m. 1 I hour, I ~le<l1um heavy cloud we:it several th.ouund 

fee t h1i:;h. 
Mar. 8 2• a.m. 1.. , . . . • . . . Two lii:ht earthquake sh•>eu. No eruption. 

• 16-20j . , ... ..... 
1
.. • ......... .. .. ·I 0-" Steam•nJ qum: heaV11y wheno ·er vm ble. ~ 

• 21 ,. , . . . . . . . . . . . . . . • . . . . . . . . . . D-" Mounu1n more icuvc. Eruption dur-

1 

in11 nu:ht of 21st. covcnnl' snow w1rh dust." 
• 22 l ll'J&o a.m. !{ hour, ~J:.~.ption b ri:c. Jet black 11no kc Jnfu 

0-" Smoke rose 3,000 fi:tt." 
Apr. 5 2•z5 .. pm. Ji hour. 0-" Lui:•tt of this year . . Must h;ave ;one up 

1 1.000 fu t b.£ore blad: smoke drifted south. 

6 

s 
15 

8~15• a.m. 

11•30- a.m. 

ti'- a.m. 

J houn. 

1 hour. 

I • .\1hes fell I D south." 

1
1 0-" Clo u1h co sever:rl rhounnd feet hi sh. 

Th11 1s t he hcaV1cst crupuon I have seen 
I since 1:111: one ~lay ?2, 1915." 
1 0-,. Rlaclt m1ul:e dnfttd south. Ashes." 
I 0-" Conrmues medium about .l-Ominures." 
I One sh~ht e:i.rthquake shod:. 

I D-" Smoke ri~• thouunds or feet in air." 

2-l9 ...... , 0 ..... . . ·1 " 18 , ll" a.m. 
250 .. .... D....... . • 19 2•10- p.m. 
251. ..... D ... ..... '.\by -l · i•lO- a.m. 

I 
0-" Medium. Small "2lumn m ine se•eral 

h' hour. 'thouaancl feet ." 
. . . . . Smok.e went 11p inro clouds. 

. .. , Ve~· lar~e . iimoke w•nt thouu .nds nf feet in 
rhe iir. 

252 • • • ••• 10 .. .... . " I I" p.m. , 2 houn. V erv lar1;e. Smoke W•nt t housands of feet in the 21r. 

-- ""'· ...... L J _:vs;z : .;;:;z; sz;c:t _4$t!JJ24 ,, t<V .... __ 
ff;+'4 r+c u G &.\!ti.. :z t .,.. -

MD? 

I 

.,...., 
~J 
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186 

•. ,;::;... I •~'"""·I o.... I r-. I ,,. ...... 
1911 I I "'ifttAUI 

?SJ . ... . l D . .. . . . .. I May -' !~JO- p.m. , ........ . . .. . . . 

2S4 . .• , . 0 •.•• .... 
255 .... 0 .. . .. . 
256 ... ··I o. o .... . 

257 , . • , , •I o • • •••••• 

258 . • . .. . 1 D, 0 •.• .. 

2511 ... ··I o .... . . 
260 ...... 1),0 .••. • 

261 ...... : 0 .... . . .. , 

262 I 0 ..... . 
26J . - - o. 0 .. . 

26" •.... 0 • ..•.. : 
265 , . . 0 . •• • . j June 

267 . .... 0 . • • .• • 
268 .... 0 ..•. .•. 

91 61'-t.S- p.m. 
1l 6"-45"' a .m. 
18 I 12~5"" p.m. : 

I I 
19 • -·.· . .... ·····I 

20 I 6k a.m. , 
I 

21 I~ a.m. ; 
22 i•?O•• p.m. l 
29 ! ...... .. ... . 
JO I 6k IS• a.m. I 
JI 11• a.m. , 

JOmu1ute1. 
JO m1nute1. 

6 lioun. 

All day. 

.~II day. 

JO minurcs. 
I ~ hour. 

45 minurcs. 
I hour. 

31 
I 
2 
2 

s•to- p.m. I JO minutes. 
J• p .m. 

1 
30 m1nu1e1. 

Ill" :a.m. JO minutes. 

J • 

r nrensiry and Remarks. 

Black smnke dri(u sourh. En.prion brc•. h•ll· 
way down mounn1n side u hie <tup1u1a 

Medium. ' 
Heavy. Lui:e volume o( dun and ll•>m. 
0-" Very heavy. Cl11<1J1 ri$inc IO,h o '" 

I 12.000 fttt. accompanied hy lo.id rumh11nc1 
buini: until dukncu obscured ..;.,w: • I 0-" Sreamtnc heavily all day-.1.,i1c hrc• 

I 
after su~,duwn . Rumblini;s heard frum I 
ta S p.m. 

0-" Sc .. minc all day quire huvy. R11ml.1inc• 
, heard durin~ afrcmoon." 
I Medium. 
I D-" mack smoke lurinir !~ hcur.'' 
. 0-" A sre:ady clow or liahr M:en M '""'""' 

I at 9 ro 10 p.m. 
_ Eru!'""" dunnc nicht. Ash" (ell u f,.rhu 

I 
River Meadows. 

He:avv. 
0-" Large. Smoke 10 sourh." 

( Q-4'Hravy: • 

1 Medium. 
Huvy. . • • 
Lar1e. Smo \:e went htah 1n rhe •tr, 
~lcdiu1n. 

266 ..•... 0 ...• -- _, • 

269 . ••.. D . • .. . • 
270 .. D .••• ... 

3 
3 I 

1•20- p.m . 

1

..... . . . 
s• :a.m. JO minutes. 
t•30'" p.m • .•... . .......••..• 
~ lCJ: p.m. I' .. 

Dlacl: smolte went hi ch in the •ir. 
Sm21l <rrupuon-..-hirc steam. 

271 .•. D, 0 • • . ·1 271 , .• D ..•••• 
2iJ •. 0 ... . .. . 
27-' ... D,O ... .. 

275.... D. 0 .... 1 

276 . ··-1' u ..... . 
2ii ..... D,O ... I 
278 .... . .. 0 ... . 
279 .• •••• , D •.• ..•. I 
280 ..• . D . ..... 
281. ...... D, 0 .•. 

281 ...•.. 
283 
28" . 
285 ••• 
286 ... . 

D .. . . . .. : 
0 .... ....• 
0 ,0 .... .' 
0 ... . 
0,0. 

293 ..•.. D .... .. . 

3 . 
J ' 
3 ' 
~ · 

:a 5> p.m • • 
;•I;'" p.m. 
11•21r p.m. 
;•10- a.m. 

-' I 10' :a.m. 
4 1•.W-p.m. 
4 6•5o- p.m. 
6! i"~2.m. 
6 ;• :a.m. 
6 1 1• pm. 
:s I 2•J01a p.m. 

8 ~pm. 
10 Jh pm. 
:?J I. 2•:ro-o p "'· 
2i {)1115'" a.m. 
29 J' P·"'· I 

1918 

1~19 
Jan. ? 3• 

I 
p.m. I 

I 

10 I. ... . ....... . 

!j minutes. 
1.; m1nurcs. 
13 minutes. 
.W minutes. 

20 min11tcs. 
30 nunutn. 
.10 m1n111cs. 

1 hoot. 
I huur. 

20 minutes. 
2 houri. 

13 minutes. 
All afternoon. 

I hour. 

I hex;,_-

I hour. 

I hour. 

292 ...... 

1

1 D . .. . . . . 

m ...... D .. . .. .. . APJ· 8 
9 

5•30- a.m. -• .. 
295 ..... i D .• . .. . 6' a.m . ......... . . ..... . 

s• 
Itµ!) 

296 ·····1 0 •• ··· ··' Oct. 2~ 
297 .•..•. D . ••.• . • 

1

: Oct. JO 

1

, ;• 

10'1 
298 ...... I D .• • •.• , Feb. 7 I i• 

a.m. ! 10 houn. 

:a.m. 11 houn. 
I 

un. I j huun. 

Small ~rupnan--whicc srum. 
Small rolumn hich in air. 
Small 

I D-" Lar;e. made smoke 1hausand1 "' fttt 1n 
21r .. " 

, Q--"Li1ht." 
l Smoke high in air. 

0-'"He:lY)"." 
He:a ,.,. s1nake risinc abo111 10.000 rcc:r. 
Black ;molte larcc. 

D-"Ternble eruption. Smoke went nunl1." 
0-" Huvy. Faur hours.'' 

I Sm:all, whiu eruption. 
Medium. 
Licht. Sn1oh went non:h. 

1 Medium. 
1 

.. 
0-" 1.ari:e. lllack smoke dnCred nonh I ....., 
0-.. ~lcdium." 

I 
Na erupttons reporuJ (or 1918. 

Small smol:c:-ev:apor:11cd short Jistancc abo•·c 
mount21n. 

Small smok-vaporared 1hon: J istanc• .1 ... ,., 
mount:un . 

nlaclt sm oke Jnr1ed south until i :a.m. 
Sm:all qu:antuy of whire smoke drifnnc ..,..,h . 

Qu:antirr o( biotic smoke nsinit rapt.II)' •nJ 
dnftin1 south. 

Sm>ll smuL:c 2n1in, slowly di,.appnttd .i ''""" 
m1t or pe:al;. 

Gre:at duuds o( whitt ucam issuini: (ro111 
•••rcrn liuurcs. 

·"'Olt.-The newtpapen of ReJ Bluff' and Rcddini: in rhe Sacr:amenro \" allc\· h:ave reported :a number o( cr11rt"'"' 
durin11 the ye:in sinec lllli rh:ar •ppur ro have b<en cloud b>nncn about l.aucn Pule ruhcr rhan erup11uns uf •1••m 
The latest eruprion ncn b)• G. \~ . Olsen, the observer ar Chesrer, was Aue. 2J, 1917. 

-..._ 
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INDEX. 
Acid sulph:ites, in s:ik incrust:itions, 117 (t:ible), 

q.6. 
:\ci,t, sulphuric in hot spring w:icers, 11;. 
Acid, sulphuric in porous ground, 140, q::, q4, 

q5. 
,\,l:ims, L. H., 17.+-
All!:lC in hot spring w:itcrs, 89, C)O, 99. 
,\lii:nmcnt of hot spring groups, 87. 
Aluminum s:ilts: 

Discussion of occurrence, J.f+ 
In hot sprinit w:iters, 110, I 11, 11:: (r:ible ; ) . 
In incrust:i.tions, 117 (t:ible 4) . 
Minerals formed by, 118. 

. .\(unite. occurrence in hot sprinp:s. 1 ::o. 
Alunite, deposits in hot sprinp: are:i.s. 141. 
. .\lunogen, occurrence in s:ilt incrust:itions, 118. 
Ammonium salts, in hot spring w::ters, I I 1, 11 l. 
Ammonium s:ilts, m incrust:itions, 117 (t:ible). 
Analyses of l:ivas, 37, ;9, 41, -i.S. 
Andesite, occurrence. I, J7• .p, 4:, #• 51, 73: 
Ash: 

Clouds, 31 
Composition, .j.O, 41, 4:. 
Inclusion, 53. 

Aurousse:iu, M., l, ;6, .j.O, 48, 81. 

B:is:ilr, Occurrence, 36, 37• 81. 
Biorite: 

Effect of hc:icing, 43, 49, 50. 
In bombs, 71. 
Occurrence, .p .. 
Sii:nilic:mce, #· 49, 50. 

Boiling L:ikc (l.:ike T:m:irus), 5. 
Elcv:ition, 88. 
S:ilt incnist:itions, I q, 117. 
Sc:ison:il therm:il ch:ingcs, !55, 156. 
Skctch-in:ip, 11+ 
Spring w:iters, 111. 
Tcmpcr:iturcs, 105. 

Bombs, 68, 69, 71. 
Boric :icid. :imount in hot sprin~ w:iters, 111, 11::. 
Boric :icid, dcrennin:ition of, 110. 

Boulders, Transported by Mud Flow, ::. 
Bowen, N . L., 81. 
Bre:id-crust surface$, 45, 47, 51, 6<}, 70. 
Brccci:i, 5:, 68, 71. 
Bump:iss Hell, 5. 

Elev:ition, 94. 
~·l:tximum temper:itures, ¢ . 
Roel: :ilrer:ition by fum:irule g:ises, 94 
S:ilt incrust:uions, 114, 117. 

Bump:iss Hell.-Co11/. 
Sketch-m:ip, 95. 
Sm:all b:is:ilt :ire:i, 87. 
Spring w:uers, 11 ::. 
Temper:iturcs, 107. 

Bynsen, R. W ., 87, 1::6. 134, 139, q6, 163, 167. 

C:ipill:aritv, inRuence on pcnetr:ation of water 
into decp-sc:ited rocks, 174-

C:iuses of m lcanic activity, 31, 71, 76, 63, 84. 
Ch:ipin, W. H., 110. 
Chemic:al Composition of L:iv:is, 37, JCJ, 41, ~S, 

77. 
Chemic:al processes. :is source of he:it in hot 

springs, 1 SL 
Chlorides: 

Fumarole product in the crater of J.:issen 
Pe:ik, q6. 

Gener:il :ibsence of, u the hot spring waters 
110. 

Presence of, in M01 ~an's S1nings, 100. 

~hristensen, 1 :6. 
Cinder Cone, 1, 3, 36, 43, 61. 
Cl:irke, F. \V_, -1-1, 137, 145, 147. 
Conclusion, 175. 
Crensh:iw, J. L., 137, 138. 
Culmin:arion of :icti\•ity, 14, 16. 33, 7;. 

D:icite, occurrence, 1, 3, 37, 41, 41, 51, 71, 73. 
D:ina, E. S., 118. 
D:iy, P . C., 15-1-. 
Debus. H., 145· 
Devil's Kitchen, 5. 

Elev:irion, 91. 

Hc:it c:irricd :iw:iy by Wamer Creek, 15+ 
Occurrence of recent pyrite, 1::1. 
Pyrite mirrors on pools. 1::. 
Recent c:h:rnges in thcnn:il :ictivity, 158-

161. 
Salt incrustations, 1 q. 
Seasonal changes in therm:il activity, 155, 

156. 
Sl:etc:h·m:ip, 9:. 
Spring ''':iters of, t 11. 
Temper:itures, to6, 107. 

Therm:il :ictivity in dilforent years, 136- 157. 
De,·ille, Ch. Stc·Clairc, 47, 139. 
Differe1m:it1on of L:issen lavas, 1, 39, So. 
D11ler, J. S., I , :, 3, .j., 6, 10. 11. 1 :. 31, j6, .j.l, Gt, 

6:, 63, 64, 65, 73, 81, S7, SS, toB, 119, 1:0, 
t.p. 
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Dines.Alice, Posrmistress M:mton, 1_:;, 17, ;;, j-4. 

6;, 176. 
Dr:i!.esh:iJ-scc Dr:ike's Springs. 
Dr:iL:c's Springs: 

Absence of s:ilt incnist:itiuns, 113. 
Elcv:ition, 90. 
Prev:ilcnce of :il~:ie, 90. 
Siff'ord's c:imp, 91. 
Spring w:iter, 112. 
T cmperatures, l o6. 
Use of w:ucr for b:::ithing, <)I. 

Dum:is, J. B., 140. ' 

E:irthqu:::ikcs. Elf'ecc of, 82.. 
E:::iton, F. M., 11;, 161. 
Ejecta: 

Ch:ir:ictcr of, 31. 
E'·idcnce of Fluid, 16, 17, 18. 
Tempcrnure of, 8, u, 13. I 
Volc:111ic bombs :ind brccc:1:::1, 68, 69, 70, 71. 

Elev:ition, Lassen Pe:ik, ; . 
Eruptions, pt·riodicity of, <), j 1, j4, S :. 
ElCplosivc activity, j, 11, :S, .i I, 67, i5· 
Explosion cr:iters, 8, :8, :!<), 31, jj. 
Eyewimesses, dependence upon, 13, 16. 

F:::iulcs, rcl:::ition to hot springs, S7, 150. 
Fenner, C. N., +3· I 
Ferric r:1tio, *• +8. ' 
Field worL:, 86, 1°'4--
Fishcr, Osmond, 17+ 
Fissures, crater,;, S, 31, .p, 63, 6+, 65, 67, 81. 
Flow, l:::iva: 

Discussion of, 59, 61, 6:z, 75· 
Evidence of, Hr 50, 5:. 
Reports of, 1:, 16, 17. 

Forest Service, 3, 6, S, u, 13, q. 
Fum:::iroles, 7, 7:. 

Action on b.v:is. 1.p- 1+7. 
Expcction:illy hot one Bump:iss Hell, ')6, 
Hydrochloric :iciJ within L:::issen crater, q.6. 
Occurrence, 88, 93, 9~ 
Salts from fumarole :::iction, i+; et. uq. 
Se:ison:::il variation in \•olume of steam. 155. 
Signific:::ince :it temperature of boiling w:::iter, 

liJ. 
Sulphur dioxide :::ilong e:iscern rim of cr:::ttcr, 

145· 
Upper limit to m:igrn:::ttic w:iter, 173. 

Fumes, 11, 1:, 16, 7+ 

G:::is content of conduit l:iva, +6, +7, 51, 5:. 
G3ses, volc:inic: 

Analyses of, 1:+ tt. uq. 
Collection of, 1 : ; , 1 :+ 
Compo~ition of, 130-136. 
Com p:irison with ocher loc3lities, 1 J+, 1 H · 

G:iscs volc3nic:-Cont. 
Fornier distribution, Rurnp:iss Hdl, 94, 14.1. 
H vtlroc:hloric: :icid within crater, q6, 147. 
Hydroi;cn sulphide. method of determina-

tion, 1 :4, 118. 
Hydrogc:n sulphide, oxid3rion to free sul­

phur, 13•), 1-'o. 
HyJroi:cn sulphide, oxid:aion to sulphuric 

3cid, qo. 
Hydrogen sulphide, v:iriacion in springs, 

13+· 
Occurrence in hot springs, 150. 
Oxygen not :m original constituent, 130 fl . 

uq., 135, 136. 
Signific:ince of inert constituents in hot 

spring!<, 134, 135. 
Soluble i;:ises from L:isscn crater, 1+5· 
Source of, J 50. 
Sulphur d ioxide on cr:icer rim, •+5· 
Sulph-tr diolCide, rel:ition to volc::inic: ac-

tivity, q6. 
Geological Relations, t . 
Geologic:il Survey, 36. 
Geyser, 5. 

Elev:acion, SS. 
Temp•~r:::imres, 105. 
V :::iri:ihle :ictivicy, 88, IS 5. 

Geyser ;ic ~forg:m's Spring!, ')9. 101. 
Gl:::tss: 

Glass -:ontcnt of conduit l:av:i, +l• p. 
Gl:iss in bread-crust surfaces, +5· 

H:igue, Arnold, 1, 36, 39, *' 118, 13+, 16o, 163, 
167. 

H:::ilotrichite in soft incrust3tions, 118. 
H:impton, E. N., I+ 
H:irker, A., 36, 37· 
He:ac: 

Chemic:il processes 3s source o f he:ac, 1; 1-

153. • 
Conduction through roe!., 171. 
From ch;inge of state in su rl:ice w:iter, 171. 
He:it tlerivcd from m:igm:i, 153. 
Loss from Devil's Kitchen, 153. 
R:idinaccivity as source of he:it, 150. 
Source of in hoc spring~, I 50. 
Transfer by magm:icic steam, 170. 

Hillebrand, W. F., +o. 
Holway, R. S., 1:, 18, 11), 10, 6:z. 
Horizonc:il Bl:::tscs: , 

C:iuse of niud Aow, 3+ 
Effects, 19, :u, :5, 66. 
Prostration of trees, :J. 
S:ind bl:isting effects, :~ 
Source, 67. 
Temperature, 56, 58. 
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189. 

l lnr sprin1u-see Sprini:s. 
I lvdnt\:hlnric acid-see G:ises vulc:inic. 
H)·rlrni:cn-sce G:iscs vok:mic. 
Hr droi:cn sulphidc--scc G:15cs \'olc:mic. 

Jchlini:s. j . p,, I, 16, J<) • .µ. 
Iron, ~r;1rc of oxitl:ition in hot warcrs, 112, 113. 

Jal!i::ir, T . A., exrerimenrs :ir Kil:iue:i, ti•· 17:. 
Jillson, W. R., 1. 

Johnsrou. J., 137, 17+ 
Juvenile g:ises, ;:, 6o, 6;, 1·h 8:. 

Kaolin, i:enesis, 1.p. 
Kaolin, occurrence in hot sprinl? sediments, 119. 
Kemp,]. F., 17+ 

J.:icroix, A.,. 73. 
l.:irsen, E., 13 7. 
L:issen Pe:il: : 

Hydrochloric :icid, q6, q7. 
Hydroi:en sulphide, 1+5. 
Pent:ith1on:ites in s:ilts, 11 ;, q;, qG. 
S:ilts from fumarole :iction, 1 H-• 
Soluble ~:ises, q5. 
Sulphur dioxide, q.5. 

L:issen volc:inic ridge, rel:ition to !tot sprini:s. S7. 
L:iv:is: 

Cl:issinc:ition, j6, 37. 
Composition, 137. 
Decomposition by it:iscs :ind hot waters, qo 

rt. ul/· 
Lav:i Flow-see Flow, lava. 
Lindgren, W., 141. 
Loomis, B. F., 1;, 19, :5, 26, 33, H• 63. 

M:igm:i : 
Cryst:illization of, 77, 79· 
G:is pressure in, So, St. 
Rebtion to, 76, 83. 

~fai:m:itic water-see W:iter. 
M:ips: 

Boiling L:il.:e, 11+. 

Bump:us Hell, 95· 
Devil's Kitchen, 91. 
Lassen Pe:ik Region, 5). 
Sl:etch, prep:iration, lOf. 

M:irc:isite, absence from Lassen Springs, 138. 
~lcL:iurin, J. S., l+)· 
Merwin, H. E., +9• 71, 113, l IS, 119, 1:0, l,i.+ 
Milford, G. R., 16, 18, 59, 61. 
Mill Creek Springs, 98. 

Elev:ition, 107. 
Temper:itures, 107. 

::Vlont Pelee, j, 10, H· 51, 7:. iJ, ~. 
Morey, G. \\I_, 76, 164. 
Moore, R. B., 150. 

Morg:in's Sprini,:s, 5. 
Ali,::ie,99. 
Sinter, 99. 
Tcmper:itures, 100. 

Mud flows: 
C:iuses, 15, :6, H· ;J<, 75· 
Compo5ition, 40, p. 
Effects, 19, ':l. 
Orii:in, :o, :1. 

~.uJ pots, R9, 'JI, 9+. 96, 101. 
Collection of w:iter from, 109. 
Collection of J?:lScs from, 1 :+. 

;o.fod volcanoes: 
F orm:ition, 103. 

Rel:mon to fum:iroles, 155. 
Relacion to mud pnts, 103. 

N:isini, R., lJ4. 
Norms of Lassen lavas, +o. 

Opal in hoc sprinit seJiments, 119. 
Opal, l:ist product of rock decomposicion, q:. 

P:irk. James, 138, 139, 163, 167, 168. 
Penc:ichion:ite-see S:ilr incrusr:itions. 
Periodicity of entptions. 9, J 1, 1+. 81. 
Perret, F. A., 47. 
Phillips, F. C., 135. 
Pickeringite, 118. 
Plug, uphe:i,·:il of, 33, +.:, 57, Gz, 64, 66. 
Posni:ik, E., r.µ. 
Precipitation (r:iin :ind snow) in hot sprin1t Jis• 

triers, 154, 1 ;;. 
Pressure, g:is in m:iitm:i, So, Bt. 
Prestwich, Jo~cph. 6. 
Pumiceous :indesitc, 4:, .i.;, .µ, +7• 5:, 68. 
Pvrice: 

· In bl:ick and i:r:iy muds, 1:2, u;. 
Recent occurrence, 93, 1:1, 1::. 
Recent, observed crysc:il forms, 137. 
Scums :ind mirrors on pools, 11:. 

Qu:irn b:ualc, occurrence, 36, ;7, 6t. 

Radioactivity as s;;iurce of heat in hnt .~prinJ!;S, 
150. 

Rhyolite, occurrence, 1, 37, .j.1 . 

Richtofen, F. von., I. 

S:ibcck, A., 1+1 . 
S:ilt incrust:icions. 11;-115. 

Chemical analyses, 117. 
Microscopic a11:ilyses, 1113. 

Formation b\ waters :inti i;:ises, 143, l ,i.+ 
:vCincr:il constituents. 118. 
Pent:ithio11nrc:s in, 115 - 11!!. 
Rc:l:ition to ur.·ncss nf i:round, 137. 
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Schlundt, H., 150. 

Schneider, F., 163. 
Se:iso11;1\ ch:inges, inAucncc Oil hot srrings, 155. 
Sediments in hot springs, 119. 

Shtphcrd. E. S .• .JO, .J6, .J<}, SJ, 6o, 6:, 125, q,;. 
Sinter at Morgan's Springs, 99. 
Snow, parricip:uion of, :o, :1 , :6, 30, 31, p , .;;. 

56, 58, 8+ 
Sp:iuliling, W. H., observ:uions, :o, 63. 
Spouting springs, 17%.. : 
Springs hot: , 

Ch:mi;cs in volume :md temper.mire, 155. 
Composition, 110-11 :. 
Fluctuations in composition, 161, 16:. 
Methods of :in:ilysis, 109, 110. 
Presence of m:igm:itic w:icer, 16:. 
Rd:icion of acid to :ilk:iline, 165-169. 
Relation to fumaroles, 164, 173. 
Source of hut, see he:it. 
Source of water, 15.J tt uq. 
Spouting, 100. 
Tempcr:mm:s, 105-108. 
Types, 100. 
V :iri:itions in tcmper:iture of, I iJ· 
V:irious groups, 87. 

Sce:im-sce W:itt:r. 
Steam cloud, height of. 10, 3 I, H · 
Stokes, H. N., 139. 
Subsidence, :6, H· 
Sulph:ites in w:ners, 110. 
Sulphur: 

Formation from H:S, 1~0. 
Occurrence, q3, 9~, 97, 99, uo. 
Oxidation to H,SO., qo. 
With pent:ithion:ite, 117 (footnote). 

Sulphuric :u:id: 
Action on bolin, l.J.J· 
Action on \:ins, 1.;o. 
Fom1ation, 138- q.o, q6. 
In hot spring w:uers, 113. 
In salt incrusc:1tions. 117, 1-l+ 

Surface w:iter--see \V:iter, surface. 
Sup:in's Springs, 51 96. 

Alunite :u, 1~1 . 
Sulphur deposit, 97. 
Temper:itures, 97, 1o8. 

-

Tartarus T.:lki:-See Boiling L::ikc. 
Temptrarure of Hot Sprinizs, 10+-1c3. 

lnAucnce of harometric pressure, 10+ 
Temperatures Volc::ino: 

Evidence of hi.1th temper::itures, 7+ 
Flow ccmper:irure of andcsite, ;o. 
Horizontal bl:ists, 54-
l ndications from bombs, 70, 71. 
Summit temperature durmg :ictivity, ,;9, 62, 

64. 
Uphe:ivcJ plug, 49, ,;:z. 

Therm:il :iccivitv: • 
C:iuse of v;riations, t6o, 161. 
Recent l·h:inges in Devil's Kitchen, 158-161. 
Se:isnn :ii d1:1ngcs, 15 5. 
V:iri:1tions in different years, 156, t 57. 

Thion:ites. char:icteristic re:ictions, 116. 
Thorkelson, J .. 1:6, 135, 150, 163, 171. 
T imber, dcstrcyed, :z:, lj . 

Trees, prostr:ucd, :3, 34, 67. 
Trets, sanJ-bbsted, :+ 

Undercooled m:igm:i, 83. 
Uphe:iv:il of vdcano plug, jj, .J:, 57, 61, 6-t, (,(, , 

Viscous movement, .Jl, +3• 61, 6:, 65, 76. 
Volc:inic G:l~es-see Gases. 

W:ickenroder, H., 145. 
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