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pears to be several miles from Niihau because the curvature of the 
earth hides the low northern plain of Niihau. As determined by the 
U.S. Coast and Geodetic Survey ( 15, p. 42), the triangulation station 
on the summit of Lehua lies in longitude 160° o6' 03.722" \Vest and 
latitude 22° 01' 19.592" North, "Old Hawaiian Datum". Lehua is 
readily visible from Kauai as the distance between the two is about 18 
land miles. Soundings show a depth of less than 500 fathoms in 
mid-channel. 

Kaula lies about 38 miles southwest of Lehua, or about 23 miles 
west-southwest of Kawaihoa Point, a recent volcanic cone at the south 
end of Niihau. Soundings show depths of as much as 877 fathoms 
between Kaula and Niihau. Kaula has not been occupied as a tri
angulation station. but the location of its highest point is given by the 
U. S. Coast and Geodetic Survey ( 15, p. 44) as longitude l6o 0 32' 
39.34" West and latitude 21 ° 39' 28.83'' North. 

PREVIOGS STUDIES 

So far as I know. no intensi,·e study has been made of the geology 
of either Lehua or Kaula. Brigham (3) apparently confused the 
islet of Kaula with Kawaihoa Point. for he descriLes Kaula as seen 
from Waimea, Kauai, from which place it is not visible. He makes 
the strikingly good genernlization that Kauai, Niihau, and Kaula con
stitute a single rnlcanic structure. He also suggests that :;\' iihau was 
once a part of Kauai and that it was separated from the Napali coast 
and moYed southwestward some 35 111iles. Such a horizontal shift 
seems improbable. 

Bishop (2) circumna\'igated both Kaula and Lehua and gives 
brief descriptions of them as remnants of asymmetrical tuff crater 
rims. He found about 200 degrees of crest line arc sun-iving on 
Lehua and about 140 degrees on Kaula. Some of his party rowed 
200 feet into the ca Ye on Kaula. Dana ( 6), Hitchcock ( 1 1), and 
Bryan (4) giYe abstracts of Bishop's findings but add no new data. 
Dana ( 6, pp. 3 1 1-3 12) noted the alinernent of the soutlrn·est cliffed 
coast of Xiihau "·ith the northwest (:\'apali) coast of Kauai and 
thought they were genetically related to a single line along which 
dom1 faulting had taken place. There is 110 e,·idence that he thought 
in 1&Jo that Niihau had been torn fro111 Kauai, though he "·as of this 
opinion earlie1· (6; 10, p. 52: 17. p. 514). The short article by Fried
laender ( 8) is based on a sketch 111ap and photogTaphs furnished him 
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hy Mr. :\. E . .-\.rledge, then Superintendent oi Lighthouses. Fried
laender speaks of numerous unconiormities ( ·•,·ielfach diskorclanten 
Schichten ··) but there is only one uncon f orn1ity on 1':aula. Palmer 
( 16) circumna,·igated and photographed .Kaula in 1923. and studied a 
iew rock and soil specimens collected by ;\fr. Frederick .-\. Edgecomb 
and Yarious photographs taken by :-Ir. Edgecomb in 1925. Rele1·ant 
data a re t·epeated in the present paper. Hinds ( 1 o) shows dearly that 
.Kauai. l\ iihau. and Kaula are independent ,·olcanic do111es. together 
constituting a unit in the structure oi the Tlawaiian i:,lancls . .-\!though 
unable to Yisit Lehua. he describes it briefly and llf)tes the wan~-cut 
bench. The ltnited States Coast Pilot '.\otes ( 18) gi,·e,- a hrief 
description of Kaula and Lehua. The l'. S. Coast and Geodetic Sur
,·ey Chart .. p 17 sho\\·s both I-::aula and Lehua. and the 1 o. 100. and 
1.000 iatholll submarine contour lines arciuncl them. 

For the field wurk on Lchua a new map ( lig. 2) was 111ade by 
using an 18 by 24 inch plane-table and a light explorer·s type aliclade. 

Orientation ""as hy uacksighting un the ··Ga111·· triangulation ,tati,,n 2¼ 
miles away nn \'iiha11. 1\"ine point~ \\"ere luca1c,I on the inner shore line of 
l.cl111a hy the depression angle method. \\·urking from t\\"o points on the crest 
line. Six points \\"t're similarly located on the ,011tlt uutcr shun:. The rest oi 
the shore line was taken irom the L". S. Geological Sun·ey mar ( h:ii ,ht:et) 
with some ;ulj11stmc11t. Tlte co11tu11ri11g oi the 111n<.:r sl11pc ancl part "i the outer 
slnpe \\·as C•>rltrullcci hy i11tl·rseninn.; 1,11 12 points and :,,tarlia n1ea~urenh:11ts to 
27 pnints. :'d 11ch oi tilt' ,,uter ,I .. pe i, difficult oi access ancl ntTer, pr .. blems in 
vi:-,ibility bccau~t' 11( tht· prc,nounccd cnnn:x cun·ature: S•J i,.>r thi:-- rq~ion the 
c,,111,.11ring \\as taken ir11111 the L'. S. Ge(,l.,gical :::un·cy map with a littlr 
obviou=--ly necc-.:sary cthcration. 

The rhp, and ~triki:s ,,i the tuff beds. the c,,ur,cs oi the 11nc,111iurrnities, 
and the 1na!!11vtic declinati .. ,,- \\·,·r..- uh,en·L·rl n1dcpende111ly 11i the pL111c-table 
,,.,rk and \\t'rc later t1l·cl in hy J,,ca111,11-. has(:d 1,11 hare,ntt:tric ch.·,atHJttS and 
b_,· back;ig-h1,; ,,11 three .. r m,,r,· kn•m11 points. Tht' h<·;1rin~, 11111,; taken are 
··111ag1wtic·· hearing-, but applica11011 .,j tit" .. thr,·r-pni111·· [)rnbkm made their 
1.:,,n,·cr:--ir,11 to .. true .. hcari11g~ fairly :--iniplc. 

The 111ap ,1i 1-(aula t lig. 3 J 1,·a,-prc:pan.:d 'Jllitc: <liffcrc:ntly. 

.\ ,·ert1cal airpl;im· ph .. 1, !!raplt ""' t;,k.-n 1,y tht.: Eln·,·nth Ph,.t., :-:,•ctiun. :\ir 
l'11rp,. L". S .. \rn1y. ,111 July 10. 1•1.?➔ t )11 lhc.: ba:-,1'.'i ,,i a pa11t11_!.!raph t:nl~rgi:mc-nt. 
tl1~ study 1 ► f ,·ari, th 1,,thl·r ph11tc,graph,. an,J =-•·lllt' tra11;-.it \\1,rk in Jul~·- 1c125. ;\fr. 
Frt·<h.·rick .\. Ech~c-c,,111h prt:pan:<I ;1 l°1111t,,ur map 1111 a ~cak oi 20·, iL"l"l to the 
1nd1 wi1h a '"·1111t1111r i11h.·r,·rtl 11i _;o it·t·t The 11rit·rn.tti1,11 11i tl11:--111ap \\'t,5 drter-
nuneci hy IK<1n11g-, t~tkL-11 hy :he li!!hth,,u,t' tt:11d1.:r A"u{· ,i. Thi'.' 111;q, i ... iu ~t·nt'ral 

, t·r,· satt,i~tL'ltif\'. I {11,\'c.:,·,.::. ;;.i1u:,.-a frw t• rn:c.:ti,,11-- 't·c·rnt·cl p11:-... d k anrl a 
nn.:.t1n111a,·il!:tt11 !; ,,i tht: 1:--lancl :-howt'd that the g1..·1,l,,~1c .. ,ru\."ture \\ti:-- rdatively 
:--i1nple. it ~,-a'.'> dt:t.'idc:d 111 de,·11tc 1111 "'l 111· the ti1111..· :l\·;1d;dJlc tn dH:rkintr the.: 
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10 poj!'raphic map. Flags were set at 11 points including one near _the summit 
in a pipe set in concrete by ~Ir. Edgecomb 111 1925 and one wedged 11110 a crack 
in the wave-cut bench on the inner side of ::C-Jorth Horn. This last Rag was not 
occupied as a tramit station. but the other ten Rags were. as was also a flag(ess 
station. Orientation was by backsighting onto the highest point of Lehua which, 
unfortunately, was at no time during the work sharply outlined. So far a, 
inten·isibility allowed. azimuths and ,·ertical angles were taken fro,:n each of 
the 1 1 stations to each of the others. The measurement of a base lme on the 
curving rim of a tuff crater is difficult. The procedure adopted was to measure 
three chords connecting four of the stations and to compute from each s~ort 
chord the length of the longest chord joining the most remote of the tour 
stations, which was to be used as the final ··base line". The length finally adopted 

21° 39' 28.83 "N. 
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for this hase line was an average gotten by weighting the computed kn;!ths in 
i11\'ersc proportion to the numher of times it was necessary to "break chain" in 
measuring the short chord on which the computed length was based. \\"orking 
from this base line the latitudes and departures of the 11 Ragged stations and 
the one Ragless station were computed in the office. In addition, 29 points along 
the inner shore of Kaula were located by depression angles working from four 
crest line stations. The positions of the t t stations on the crest were pl,,tted on a 
sheet of drawing paper. A lantern slide had been made from the apprnximately 
Yertical airplane photograph and was projected onto a drawing board arranged 
in an approximately vertical position. After con,iderable adjustment of the 
stcreopticon. the image was made the right size. and iurthcr tilting and turning 
oi the drawing board and paper got the image of the crest line into satisfactory 
agreement with the plotted positions of the crest line statinns. In the absence of 
complicated apparatus this method provided ior reasonably good rectification of 
the photograph. The images of the shore line. crest line, cliff tops. and gulches 
were then traced off onto the drawing paper. This gave a good rendition oi the 
outlines oi Kaula to which the contours of figure 3 were added on the basis of 
field notes and measurements made on numcrt1us photographs of the i,let taken 
from the K11k11i as well as from points on the islet. 

.-\c K J:\01\"I.F.DG)l f.:,.; TS 

The field ,,·ork 011 Lehua was begun during a reconnaissance on 
September 22. 1928. and ,,·as completed 011 April 18-24. 1931. The 
field work on I-::aula \\'as done on .-\ugu;;t 11-19. 1<132. I am deeply 
indebted to the Superintendents oi the .:'.\ineteenth District of the 
C. S. Lighthouse Sen-ice for the opportunity of ,·isiting 1.ehua and 
l(aula and fur permissiun to tra,·el on the tender /{11/.rni. ent:"aged in 
constructing light;; on these i,;lels. i\Ir. R. R. Tinkham arranged for 
the 1928 \\'Ork. and his successor. :.Ir. Frederick .-\. Edgecomb, for 
the 1931 and 1032 \\'Ork. Many fa,·ors rendered by ,·arious members 
ui the J{11J.:11i'., personnel arc gratefully acknmdedg-ecl. :\Ir. Edward 
I.. Cau111. author of a paper on the botany of Lel111a and Kaula (5), 
rendered ,·aluable help in connection ,,·ith the mapping and photo
graphing. 

TOPOGR.-\PHY 

Gi:;-.;ER . .\L FL\TL"RES 

Lehua and Kaula arc barren and pos;;ess little econu111ic ,·alue, 
except as lighthouse sites. .-\s described by Caum ( 5 l. the ,·egetation 
i;; ,cant,· hut the bird life abundant. 

On ·the ::,Outh slope of Lehua. near the cliff edge at an ele,·ation 
of 60 or 65 ieet. i;; the platfonn built ni rock, \\'hich :\Ir. l,enneth P. 
Emury tells 111c ,,·as pr0bably built by bird hu11ter~. pus,ilily by fish
tn11en. X o other i eature,- "i archeologic or eth111Jl11gic illlt'rest were 
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seen on Lehua. On the crest of the north rim of h.aula are three or 
four incolltplete. 10\\-. stone enclosures. which seem to be \\·indhreaks 
built and u:;ed rather recently. and perhaps still used at times hy the 
fishermen \\'ho signal the positions of schools of fish to associates out 
on the \\'ater. On the inner slope. a short distance belO\\. the \Yind
breaks. se\·eral \\'alls haYe heen built part way across the fronts of 
caYes eroded by wind in \\·eaker heels of tuff. Bits of charcoal imli
cated occupation of at least one of these ca\·es. 

In trade \\'ind \\·eat her it is easy to land on the IO\\. w;n·e-cut bench 

011 the south side of Lehua. The upper slopes are inaccessible from 
below. except \\·here small \'alleys cut down through the cliffs that 
back all parts ui the bench and iorm the shore \YhereYer the bench is 

• Jacking. The cliffs back of the landing are from io to Go feet hig-h. 
Gulches on the inner side of \\"est Horn permit ascent from the bench 
to the upper parts of Lehua. but it is probably impossible to land on 
this part of the wa ,·e-cut bench except in s,Jutherly \1·eather. 

On the 11·e,;t side of Kaula where it i,; possible to land in ;;teacly 

trade \\·ind \1·eather. the Lighthnu;;e Sen·ice has constructed a nrngh 
trail of ascent i r,)m the fragment of \\·a \·e-cut bench. Pins ha ,·e been 
grouted intn the rock and foothold,; cut in the tuff near the water line. 
A rough hcnch at about 100 feet ele,·ation is reached hy means ni 
these pins for handholds and. for part of the way. Ill· a hea,·y chain 
hanging cl01rn a gully in the tuff. The derrick and tank house ()f the 
lighthouse installation are <Jll this he11ch ( pl. -4. /-,). .-\ substantial 

ladder lead,; f ro111 here to the upper slopes. l n snme 1wathcr it is 
possil,!e to bnd on I(aula 1111 the inner side of ~orth Horn. \1·hence 
a strenul1us cli111b leads tn the end of :\"nrth Horn at nearly 300 feet 

ele\'ation . 
.-\n automatic ga;; light 1Jf the l·. :S. Lighthouse Sen·ice \1·as estab

lished rin Lehua un .-\pril 2-4, t <13 t. and 011 Kaul a on . \ugust 1 8. 11JJ2. 

For a rrtJud 111an1· year,; lieinre l.ehua \\·,ts tran,;ferrecl In· the Teni
tory or"' Ha11·aii t.", t.hc icderal gun:rlll11ent iur a lig!tthnuse.rescnation. 
it was leased frn111 the Territ,Jr~- h~-the o\1·ners oi the i~land ui :\"iihau 
who. to a considerable extent. prntected the ::;ea birds that nest there. 
and also eradicated \Yeecb which on 111igratio11 might damage the 
grazing lands uf \: iihau. 

Seen fnim a cli,;tance. Lehua and Kaula han: u1i,;ynm1t'lrical. coni
cal outlines. Fr11111 nearby. ho\l·e1·er. each is a crescentic ridge com
prising the aho1·c 11·att:r part uf the rim of a luff crater \1·ith ~teep 
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slopes leading out1rnrd to the open ocean and i1111·ard to a hay. The 
original s111ooth slopes built by constructi,·e 1·olcanic action haye been 
modified by the clestructi\·e \\"Ork of 11·inds, wa\"('.S. and runni11g-water. 
The a,·erage slope of T.ehua is about 30 degrees a,; detenninecl by 
the 111ethod of Finstenrnlcler ( 20) : if the horde ring sea cliffs are 
excludccl the a,·eragc slope is about 2 1 degrees. The a,·cra~e slope 
of Kaula is about 36 degrees or 28 degrees if the sea cliffs are ex
cluded. Corresponding figmes ior the outer slopes of Kaula are 38 
degrees and 21 degrees: for the inner slopes. JJ and 31-l degrees. 
Cliffs modify the Yalues for the outer slopes 111ore than inr the inner 
slopes because the cliffs on the outer side are much higher. J nasmuch 
as the surface of each island is largely hare rock or only slightly 
11·eathered. it is possible to reach all parts of the islets e:--;cept the 
cliffs and parts of the wa,·e-cut bench hel<J11· the cliffs. The steep 
slopes. ho\,·e\·e1·, make the going arduous and in places dangerous. 

LEHl'A 

According to the planimeter 111east1re111ents of the dra11·ing-repro
dt1ced as figure 2. Lehua has an area of about 2<11 anes at sea le\'el. 
\\.ith the remarkably great a\·erage slope of 30 degrees the total sur
face. if flattened out. would he ahc,ut 15 percent (-4-4 acres i greater. 
The arcuate crest line of Leht1a is about 9.250 feet long. The great
est "'idth (about 2.600 feet) lies along a line !,earing '.\. 22° E. 
through the su1rnllit point. the ele,·atiun of 11"11ich i,; gin·n by the 
L'. S. Ceological Surn:y ( :\"iihau topographic sheet) a;; 102 ieet. 

From the summit the crest line extends as t\l·ll ··h,nn,·· ( fig. 2). 

\\.e,;t H"rn ( pl. 3 . . -1) extend,; 11llrtl111·arcl ior -4.000 feet. Ir narrows 
rather abruptly to a 11·idth ui alic,t1t r,oo feet and drupe; rapidly to a 
crest ele,·atirm oi 250 ieet. It is ga,;hed <m its inner <Jr ea~tern side 
hy se1·eral sharply inci~ecl. miniature canyon~. One of the,e has cut 
crn11pletely throt1gh the ridge leaYing a natural bridge ur arrlt with a 
thickness of about 30 ieet and a span nf about 25 feet. Ea,;t Horn of 
Lehua ( pl. 1. R) extends east\1·arcl irom the ;;u1111nit ior al,,,ut 1.-;50 
feet. ialling gently in ele,·ation tn ahout 500 feet. Thence it cun·es 
through northea,;t t,, north for 2.000 ieet. 11·ith a clrc,p in cre,;t ele1·a
tion nf unly 15 nr 100 ieet. The ren1aining 1 ./~oo feet (J[ ihe crest 
line includes a clrnp of from 400 ieet t<J sea le,·el. East H11rn has a 
rather unii1Jr111 11·iclth of about 1.500 feet. The tip~ "f the t11·0 horns 
are al,out 2.900 feet apart. aud the reentrant haY extl'nd, in\\'ard 
about 2.200 feet f rnm the line joining the tips. 
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. - L I I ·idian· crest line e:xten.-1;; 1.65o 
From the sun11111t ot e nia a su i,, - • • . 1 . 1· .. 

l- ti e • ·kt 'l his ,\I is1< ia1, S - , \ \' to the sottth \\·est corner o ' t:- • • .• - -

feet I: i~S "·hi~h offers th.: lea,;t arc.luolls rullte tn tht: :-t11111111t 1ro111 te 
crest "1 • . .. t a,·t ot· the crater rim but is a break or topl)grap ,,c 

th • 1ore ,,, no \l · • S \ 
sou ,;ormi~y separatittg t\\·o suriace;; of quite cli~~n:'nt on~1n. ~ o_ut i-
unc;i f it i - ~he ttormal southward sloping depo,;1t1onal surtace o t t:1e 
eas o ,, ,. ·ti . t i,t· it is a surface which ha,; been cut aero,-,; tie 
tu ff cone. . "'ut 1" t::, . . .. 

. tl1e tt1tt·· h_,. some sort oi lancblicling or fau\t111g p,ocess. 
bedding ot 

K.\L"LA 

1 Kaula has an area at 
. -\ccorc.ling- to the planimeter measuremen ;; 
1e,·el of about I i6 acres. .-\s the a,·eragt: slope is about 30 de-

sea I I . -i~ce area if Aattened out. "·otild be about 2-4 per-
grees. t 1e tota ,:.t\1 ' ' • . . - • t 

( 
- , . ) o-reater The :,;u111111it eleYat1,m is ahottt :,-40 tee:. 

cent 32 acres ,., , • . . I (fi« 3) 
The cun·ing crest line ui Kaula is about 5-S~O tee~ ong ,. •.• 

Tl t e ·t "·idth oi the islet ( about I .(,50 teet) ,:- along a \me 
1e gr.ea " • • \ t the ,um . . I t ..... -s· F throun·h a point \ 50 teet soul l O .. -

beanng ,\ >uu ·"'· 1 •• " • r I I ·•.,.at-
. ·\. I .. -6 degree-. different frum the hean11g o .e llla,, "'1e, 

m1t. " l\C 1 \:, :i • . .. k • •· :-;: orth Horn .. and a 
t ·idth It ;;cem:- appropriate t<> :-pea ot a - I 

es "I '-.l . .. 1-~,,1~ \:,irth H,irn ,ii Kaula e~tencb 11,irtlrn·arc 
"Solltl 1 ,1111 011 '-•' , .. • . 
f , -oo feet irom the ,-\ltlllllit. It clr,Jp;; rather_ qu1ckh· to_ ;~h\lttt 
: f~:t e\e,·ation and then yery gently to the 2~ I o11t high ~ltfl that 
➔ t , tht end. It i,; ,-.i111ilar itt i11r111au,,n t" \\ e,-.t Horn ot Lehua. 
trunca e. 1~ • \·ahle ,ea 
Near the end oi the outer :-icle <Jf \:11rth orn _,,., a remar_,. • ' 

. ( I ' (.-) South Hurn ui Kaula e:xtellc\,.: hr,t ""uth\\at <I. then 
ca, e P • ... • · f I t 3 ooo 
southeast\\·arcl. and finally ea:-t\\·arcl fur a t,ital d,,,~ance •i a ,ou • • . 

f (. 1 , ) Tht: crest line drops ratht:r 1111t!1Jrt11ly to the tnp ot eet p. -4 .. , . . . 
the terminal cliff. which i:; ah1Jttt ,oo ll'c-t h1g-h. 

I l• 1· I •,,., ·1h11t1t 3 '00 fet"t ;ipart. The i'i >:, oi the two iorn,; o '-au a ' c ' .•• - . : . 1 · I I t ,0 o ieet tr11111 the \me Jutn-and the reemrant extt:n<b ,11warc a ,ou I.-

ing the tips. 
};:aula lie:- near the :,;r,uthc:a:-t end oi a ,.:h11al I tig-. I) ah11ut 8 lane\ 

I 1 111ik:- wide. 1,earin~ \\·t:,t-11<,nh,\e,t. 
miles long and a H ,ut -4. ! 

(JR(TL.\RITY 

1 ( fi - , , -I-) ,11'-'<•1>t, th.tt the rim,; _-\,; a rapid glance at t 1e 111a1i,; ~"· -· .,. • ,..,.. • . _ . 
of the craters. or the crc,-,t line:- oi the t,,.,, i,.,\et,. a1'1_'r11:x1111ate _arc,., 01 

• 11· - • t a tn•e circle a, circle,,_ it ,-.ecmed intc:rc,t 111~ tn try t11 t an ,11 c " • . 
c\oseh· a:; pn~:,il>le tn each. The i,,!l,J\\111~ re,-ult, \,ere ,,l,ta1necl. 

12 Bcr11icc P. Bishop .l!Hsc11111-0crnsio11al Papcu .\"II. 13 

The cn:"t line oi l.ehua is e,·er~" here ,harp and di~tinct. It i1:.:ludes the 
main curn.- iullowin~ the crater rim and appniximatcs an arc oi a circle. A 
trial circlt \\'ith a radius oi about 2.025 feet \\as selected by in,pection in the 
attempt t◊ fit a circle to the cre,t tine. The ineYitable error, were dealt with 
,nathematicatty. whereby th<: area, benn,en the cre,t line and the trial circle 
\\·crc mt•asttr<:d by ptanimeter. S,n111: oi these area; lay inside the circle and 
outside the crest line. These were added and compared with the sum of the 
areas ,.f the other parts-those !~·in::-"utside the circle but inside the crest tine. 
In the first trial, the areas in,ide the circle exceeded tll()se outside by 435,500 
square fect. \\'hich indicated that th<: trial circle was too large. Th.- !'xcess of 
-135.500 squdt e fc.:t \\'as clistrib111ed along the 9.250 feet of the crest line, which 
then gaye about -17 ,<1uare icet of excess area fnr each linear foc,t ,,i crest tine. 
C,,11s.-quently. a circle oi -l7 feet te,s radius. or 1.978 feet seemed i11dica1ed. As 
it \\'a, impossible tn pl,,t ,·ery closely. a circle of about > .975 feet radius was 
chflscn with its center 2. 180 feet t\. 27° E. uf the triangulation statiun at the 
summit. The crest li11e fotlm,·s this circle clo,cly through an arc <•f 259 degrees . 
The <kpanure of cre,t line from arc a,·erages less than 90 icet a11d 11uwhere is 
as much :1, 270 feet. The areas outside this second circle exceed th.,,e inside 
by 011ly abnut 5.000 square fret C J<y.).O:JQ - 390.750 = 5.:?50 sq. it. l : or 0.57 
square fc1:t per lineal iunt ,,i crest line. 

~imilar trials fnr Kaula tc,l to the ,electic,n oi a circle with a raclius of 
1.7_;0 feet. with its cemer 1.~20 iclt :-;: . 86° E. ni the summit. Sudi a circle 
departs on the averag-e about -16 fe!'I f rnm the crest line thruughout an arc of 
1(") degrees. The departure ,wwhere e"ceeds 97 ieet. The areas ,,ut,ide this 
circle exceed those in;iclc 1,y 10._;l,o square iet:l. or .z.05 ;quarc ieet per lineal 
i,,"t uf the: an:. 

Constructional ~urfacts. 111ade by the acc11111ulatirJ11 oi n,ck. are 
represented nn l .ehua and Kaula solely hy tuff-1,uilt :-uriace:- which 
iollo,\· the upper surface ni rhe ,-\opini; liecl:-. such as the :-1111n1th parts 
ui rhe <Juter ,;lopes of each islet. \\·here ialling ash iouncl J,,dg-111ent 
on the slopin~ surface "i earlier iallen ash (pl. 3. P. ). There ;,re other 
c1J11:-tructin: ,-.uri ace,- on tht inner !--lnpe!-, of these i,.,\et,; where thin 
\·enet:r,- oi a,;h found !1,d~nH:111. In some places 1111 rhe i1111n slopes 
either a,;h ne,·er fell ,ir ha,.: :-ince ialle11 inr11 the bay. Thcrt' are small 
area,; oi i11\\·anl ,-,Jopin~ t11fr ,uriact·:- on the inner ,ide 11i Ea,t Horn 

1111 l.ehua ( pl. 1. R). 

On the we,-t iact: oi l.ehua 11'I. 1 .. J) the archi11~ heels 11i luff are 
cut off abruptly. It i~ l>clie\·ec\ that the,c arch,·,- ne,·er e,tcndecl 
farther ~ca\,·ard l,ut that ~ll]')lf•rt iro111 1111clcr11eath had hl'l·n elimi
nated hy earlier d,,\,·11faulti11g- !'11 that a~h iound 110 permanent lodg
mc·11t ancl ,-.\id off inro the !-<:a. Tim, the:: supp<,rte,\ pan,- 11i the tuff 
1,ecl~ ha\·e remained to make the-e a:-t1Jt111cli11g arche,. ()11 tlit: upper 
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parts of the inner :-lope:- of Leht1a ( pl 1. R) the edge,; ni ll!any 
parallel beds of tuff are rncaled \\'hich ha,·e been mt off hy landslid
ing or by lack of lodg111ent of ash. On Kaula a great joint suriace. 
trending ::-:. 50° E .. hounds the south\\'e,;t side of a reentrant fro111 
"·hich a block of tuff has e,·idcntly fallen int<J the sea Cpl. -1. R ). 

\\"arn-(TT SL'RFACF.s 

\\'incl has produced no major changes 011 either Kaula nr I.ehua. 
but on both it has cut intricate and fanta~tic detail:, ni the rock sculp
turing. I3y abrading "·cak bits oi !.uriace rock \\'herc,·er they may 
be, the \\'ind has produced ,;uch pits as those ~ho\\'n in plate 2. H. 

STRF.A~-ccT ScRF~cr.s 

I3ecat1se the areas oi Leht1a and Kat1la are !-lllall and the surface 
slopes steep and mostly hare oi n:gctation. the strca111s are ~ll!all and 
strictly ephellleral. The l(J\\' elerntion makes it prnhahle that the 
annual rainfall is scant. ,~rhaps ahot1t 20 inches. Co11:::eqt1c111ly the 
work accomplished hy running \\·ater is slight. The ,mly iactor fa,·or
ing acti,·e stream work i;; steepne:,:; which gi,·e!> tht· strea111s hi~h 
yelocity. On buth i ... let-- the outer and the inner !>lnp1> ha,·c heen 
trenched hy radial strea111s. The large,,1 trench 011 Kaula heads ahout 
550 feet S. 8° \\'. 1,i the Sllllllllit and is ali1>11t 750 feet long. It is 
some 30 feet ,ride and 20 ic<:t ckep for 111uch 11f its len;.:th. l.thua 
is far le~s tn:-nchecl than haula ( pl. 3. n l. 

On the :-11uth ,,idt' uf f.thua. the dip:- •Ji the wff l,eds ne;-ir the 
shore arc decickdly le,,, C 20::::' l than th1J,-e high1:r up C .L\J: l. ,;., 

that there i, a lfatt1:ning oi the ,-1111~- Chance irre)!'ulari1ib h:i,·c 
brought togl'tht'r in 11nc place the tl,rn· 11i ,-eH·r:il :,hallo\\' radial 
stream::- and cli,encd the111 into chann1.:I... parallt:I t,i the ... h11rt'. The,e 
strea111-., han: cut g-11llic, fnn11 10 to 20 fett deep. ~1.:,tral ,uch periph
eral Yallt'y, are inclicati:<I hy reentrant, 111 the co11t11ur line, ,,i the 
Lehua map C ti~. 2). 

In gt·nnal the 1111rthea,t :ind ea,t ,-idt', ,,i the I fawaiia11 i-land.; :ire 
the 1110,.1 attacker! 1,y \\:1,·<·~ 1,ecau,e 1110,t t'Xp11:,ed t,, the trade "·ind,;;_ 
The southerly ,i,lt'., an: u:,ually 1,rotcctecl. l,111 durin~ tht· ~,111thed~
C h·o11a) ,tnrm~ they may u11cler!_!'11 \Try , igc,run, "a,·c auack ico1· 
short peri,,cb. I .ehua i, pr11ltcltd fr,1111 ,-uuthtrly ,111n11,-hy \"i1h;-iu 

1-1 ilc'l"11i,·c I'. Rishnp .l/11s,·11111-0cc<1sio11a/ l'at..,-s .\"/!. /3 

an~I fn~111-e~_st~rly storms I_,_,· the hr11acl mass of Kauai. the nearest 
P<>111r ''~ "h1ch 1,-; only 18 n11les away. 1,;:aula is iulh· exposed .. ·\I 
1he enun: - 000 i 1 1• . • most 
_ . t • oot s mre 111c nf the mner curn: oi Lehua has 

"~,e-c'.1t bench or terrace rangi11g in height iro111 5 to 10 feet and i~ 
\\'Jclth tro111 o to 30 feet (fig. -1- t,- 1,b I Rand, ') . · - . _ . • • • • • ., •• -, a,,. bt1111ated 1 ro 1'.1 p<'.in~,, ahm·e. .'.hu_ut 11111e tenth,; of the -1-.-1-00 ieet oi tlit inner 
cunc ot Kaula hm·e s11111lar htnch fro111 10 to Ro feet -· I . I f 
-1-to 8 f I • J • ' " 1< e .tnc rom 

cet 11g 1. a,; est1111atecl f ro111 a nwtr,r boat :it close ranKe ( pl. 
-1- . --I ) . 

N 

. 
1
. Fic.L·Ri: -1.-Skt:tch maps of Cal Kaula anrl (bl Ldrna Tht· lican· Jines 

111' 1<.:.tlt: part, , f the sh,,rc, with "·a · • • I I I J · • · • ·rrt· 1 .. . • H•cut >t'.11c1 ;enc I 1e l11;ht l111c,. parts where 
c • , Jl un~c cl,r .. ctly 11110 tht' 1-ct:an. 

Le.,,., accurate c,l,,..en·ati 1111s wen: 111ade (JII the outer curn·, of these 
111.·u crr:-ce11t-,:,haped i,;land-. I 111\\e,-,.r tl1ti·e 1• ~ • ·1 b I _ • ~ . " .. ,-11111 ar enc 1 

al~ng- (1al I or t\\·,, third-. "i the \\'e,t "h"rc .,j 1.eln:a. \\'hich is some 
-+·• 00 lt:ct Inn~. Th1: l1e11ch al1111!f the 1111rtht:r11 part 11f 1h1.: 1-ast shore 
and the ,,mthta,t -,h11re i, ·I · I I I · _ _ • • puo1 _, r L.'\ c fl)lt'< and I ra•'1111.:11tan· for 
3-2 50 itt:t ln,111 the tip flf Fa,t H11rn Fr11111 till' ,-<,utlH:<:,-t ,.,r~er of 
l.ehua t'a,1ward ic,r , -oo j et · I I I . • ,)·.:> t' ,1 • 111.!.! t 1e ,-out 1 ,hore tht bench is 
-.plenr~iclly cit·, el11ptcl "·ith an clt·1 a1i1111 "i 2 11) -I feet alun·L. ,-ea le,·el. 
Ii-. ,ndth rt'aches a 111a\:i11111111 11i ;ilu,111 100 iet·t. 1 'tL ·,I· , 1 

I H • I !>. -· ."I 

anc J. • l fn iact. the 1,t:'nch i, \\t•l1 dn1:l,,p1:rl 1111 all :-11lt, 11i Lehua 
t\:Ct'pt that irn,,-.t t.:'-p11:,t?d l•• the 1•n·,ail1nl!' wind,, ( fig-. -l- /•J. The 
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. 1· 1· 11~ . ,·en· little htnch. The best fragment. lying 
outer shore o t '-a11 ,t "" • • • I . 1 . t l -o feet Ion" o to 20 teet IY!C e. 

1t\111·est of the !-'11n1mit. is a >u11 ::! ,.,. 

sot I ' to 6 i eet a ho Ye ,;ea le1·t:I (.fig. -l- <I). The hen ch i ~ 11-cll cle
anc -. 
·eloi>ecl alon" the \\'hole length of the inner c11n-e. 1 1 "' 1 l 1 .. • ( , 1 , 1 , ) that t 1c 

I I .. cc11t\1· l>C"ll -;u,,.rcstecl 11· n 111::-un 1-. .,. .., t ,a,- 1 e ~ • "'" • • I 
.· I • - 1~11a~io11 oi e;o;.1>n,;cd \\'aYe-cut suri,tces. as due tn tic 

clas~1ca exp " . . • I • . 1 • 
o·ence ui s11l,111a1·ine benches cut at ,tn earlier t11nc ul re at11 e ~-

en1er" , 1 . • ·t ·t\\y the 11·ork nt lei·el. i,:; errc,m:uus ancl th,tt t 1e) arc ac tk • 
higher sea . . . , ln·el In other 11·onl:-. Tohnson holds that 
·torm wa 1-e,; at pi c,,ent ,-.e,1 • • 1 s . )t old fe·ttures bein" clestro1·ed. but that they are mnc crn 
these a I e rn ' • " • 
features being- enlarged. _ . . 1 1 

l [ the bench is the 11·ork of present day storn_1 IY,n·e,, it ,,hoult . ,e 

I I 
. l )11 t\1,i--e 1>arb of the sh.,re line 11·h1ch are most cxpo,-ecl 

best t eYe upc< < J ' • - • • I • 
... - ~11cl \e·t,t c\eycJ01,ecl on the sheltered "hore 11111::,. I. 

to stonn II a, e,- " ' • . . • .,. 1 _ 
on the other hand. the liench i,; an ulcl leature 11011· undeq::-u111"' _< e __ 

. . ·\ 11lcl ha1·e ,;11n·in.:cl most on the sheltered shore l111es 
struct1on 1t ,, iu ' • . • ·1 •. 
and least nn the expu,-:ed shore lines. < ln h1>th i,-~e-ts tl_,e_ 1:~;1<:"1 _1" 
nearlY or quite cu11tim1<n1s un the inner cun·es h11t l,11 gel~ l,tck.n,_ ~:1~ 

• . . . (.>n both the inner iacc:,; hal'e 1he g-cntler hut 1,u 
the 011te1 cun e,,. • . 1 • 1 • \· .• l ,--1,·e, l-!1111·en:r. a, t 1e .. • ·t"ilt •itt·1ck o t t 1e t1 a< e 11111<. 1 • • • more pe1 ~i,- ~ ' • . • , . . ., (l 
· r ·e 1·. -

1 
J,~,· 1·1 tc:ncb t,, di,,-111ate th1: e11eq;1· ut the 11a1c. • 11 

mner cu 1 ,. • ". • • . • ( 
Lehua the a111111111t oi 1Y;11·e em:rgy crus,;ing 2.!JOO 1_1near. led. the:_ 

• \ -er - ooo t eet "I the 111ne1 
distance bet \\Tell the t 11·11 horn,;) i,; :-.prea< o1 . , • . . . .· 
shore line. Un Kaula the energy of 3.200_ led ot 11·a1·cs i,;(\i,-t~1h
uted 

0
,-er -l,-lOO i tel 11i ,;h11re line. a,; pointed <iut by 1?a11~ (: )_. _ 

Thus the cner,,,. 11i 11·a,-e attack ,,11 the 11111er cun·e ,cl l:ch11,t 1~ 
· "·_ .. t ( •c;oo -ooo --,.: 100=-ll <, J ancl llll l'-aula. to 

d1l11te,l to -ll 1't:1u:n - 1 ,. • . . • • . 

00 X 
1
00---,'; J This clilutHJll 1,-q11ahtat1Yel: 

73 percent ( _voo -l-l -i .l • . . . . 1 . 

b 
· t li ~1-,-ar" 1111 either i-det clur111g trade 1nncl 1n:athe1 • t 1e o 1·1011" , , u ,.~ , · • • . I 

impact uf the ,,·a,·t',-. i,; 1111t exre,-.,-.in:. Thu,; _1~1e ,1_cle,, i:x_l''"_<°',< 
111 

• I 1 · · tl"l ·k1:c\ l he --1c\e, e"\'""ecl \Ii track \\'incl \\'it\ c,. art' 111c\ 1·11c en\: •1 • c • - • 
the occa,,ional ,·i11lent ,-011therly ,-t.,rn1, han: :--ufferr:d mure. 1t 

1
1h1.:re-

1 I I ~ 1 c1·e~tc the 11e11ch 
f · · tl1at tur111 \\'a 1·e, <. c,tro1· rat 1er t 1«1 " • ore a ppea 1 " , " • • • • · • . . I . 

The inner ,-h<1re line,; 11f j..;._aula and Lcl1ua are ,·cry ,111nl.u-t ic 
benches are nmch alike--1,ut the t111ter or ,;11u1herly exp,1,ed ,;)1<,re 

lines contra,;t ,-:tn,ngly. l,aula. 11·ith 1111 prc,tecting i.-1,rnd t11 the ,out;L 
has Yen· little 1,ench on it, ,-.11utherll' ,-h11re. l.1::h11a. 1d11ch 1, 11art: 

• \: .. I I • I 1 nch protected in, 111 ,;11u1hc:rly ,-t,_cri\1 \\';11·e,-l,y. 111a11. 1a,, a 111te ,e • 
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So again. storm \\'a\'es seem to be clestn,ycrs rather than creators of 
these benches. 

The le1·el surface of the bench has heen determined by some level
ing control_. and sea le,·el is the only concei,·ablc one. The bench 
suriace in most places c11ts across the beds of luff though in some 
places the bench folloll's the becl<ling of the tuff 11·here a \\'taker layer 
has been stripped from a stronger layer. The usual hcYeling of the 
tuff heds by the bench is \\'ell sho1,·11 along the south shore of Lehua 
( pl. 2 . . --l). Herc the heds strike east-11·est ( parallel to the shore) 
and dip south (sea\\'arcl) about 15 degrees. 

The upper surface of the bench is in general ,·ery smooth. though 
grooYed a little \\'here ll'eaker heels ha,·e been more abraded. The 
sea,,·anl edge of the bench is a plunging cliff. rather frayed out in 
detail. From the way in \\'hich 11·ayes strike the edge of the bench it 
:ippears that it is 11011· being destroyed by \\'a Ye attack. The heha,·ior 
of ,,·a,·es approaching shores with steep underwater slopes is as 
follows: 

As the trough of a .wa\'e apprn;iches the hench the water drop, and recedes; 
the succeeding cre,t. ;is it appr,·,;,chc;, is o,·c.:rsteepened and seems to be tripped 
up hr the receding- water oi the trough, so that it slides cl0\n1 the incline of 
the wa,·e iront and de!i,·ers most of its bh;"· at the base oi the plunging cliff. 
thus tending- t,1 undercut the cliff and drive.: it hack .. .\iter rleli,·erin!{ its blow 
at the base of the cliff the ioamy \\·ater surg;cs up\\·ard al"ng 1he cliff and a 
li11le frnth may fall fnrward ,,nto the hcnch. \\·a\'e attack 011 the seaward 
margin of the bench is helped app1·eciably by the borings oi ,ca urchins. They 
cling to the rocks in ,,.me \\·ay aud. by tlwir jaws. nr their moYahk ,pines, or 
both. \\'Car small pits and l!r<"n·es in the luff. ( See pl. 1. C. l 

\\'hereYer ,,·a,·es cut a bench. they must of neccssit,· abo make a 
raYe or a cliff at the hack oi the bench. .-\t first a 1eentra11t notch or 
shallo11· caYe is cut. This may he deepened localh-. especially if the 
ruck:; are of Yaried rc,-i~tance. and a rather deep caH· hrmtcl. Ca,·es 
at sea le,·el are the deepest of the reentrant notche,; ( pb. 2 . • l; 3, B; 
-l- C) partic11larly 11·here the attack has been localized al1111g-,,·eak 
heels or structures. .-\t a ca,·e 011 I,aula (pl. -l- CJ the 11·aye attack 
has been localized through the \\·eakening by ,,·eatiirring ui an older 
series oi tufi,; belo11· an unc.,niorn1ity. The l>n,ad can: 1,11 Lehua 
( pis. 2 .. ·l and J. lJ) is due tr1 localization of w:i,·e .}!tack hy a \\'eakly 
cemented bed or group of heels oi tufi. Un \\'est Horn ni Lehua a 
ca,·e has been deYelopecl into an arch or natural hridg-e due to the 
narro1n1ess of the ridge and the process of 11·eatheri11g al,_,ng-a 111ajor 
joint. 
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Cliffs on both i,-lan<l:, are prominent ieature;; (pis. 1. N: 2 .• -l: 3. 
.-l; 3. B; 4). Thu,;t: along the inner cun·e of r .drna range i rom 40 
to JOO feet high. and those along the outer cun·e. irom 30 to 200 

feet. On Kaula the ,·ange is 50 to JOO ieet on the inner cun·e and 
JOO to JOO feet on the outer cun·e: on the \\'Cst side \\'here a great 
joiilt block has iallen out. the cliffs reach 350 ieet (pl. 4. B). 

Se,·eral of the small islet,; near the north end nf Xiihau are com
posed of e,·enl_,· heclclecl tuffs that dip ,·ery slightly soutl111·arcl. Their 
Aat upper surfaces appear t•> he original depositional surfaces. hut 
they might conceirnhly he remnants oi a bench cut along- a resistant 
bed "·hen sea le1·el was higher than it is IH)\\·. These islets are bor
dered by plunging clifis. \\'hich arc no\\' being cut hack hy \\·a,·e 

erosion. 
~TRL'CTL'RE 

K.\L'.\I. ;\JJHAL', A:Sl) KAL'LA 

Kauai. \:iihau. and Kaula \\'ell illustrate the ~eneral principle;; 
that ,·olcanic centers tend to lie along straight lines and that the 5'pac
ing het\\'ecn them tends to be uniform. Strung erosion has rem1H"ecl 
the original :--ummit crater oi Kauai. hut fur the prc,-ent cli-;cu,-sion it 
is assumed tu ha,·e been near \\'aialealc. D<1\\'niaulting and \\'aYe 
erosion h;wc rem,,n:d the original ,-.u111111it crater of :\'iihau. hut it ,,·as 
probably a fe"· miles east ,,f Pueo P11int. at the south end ni the t:ast 
coast nf \:iihau. The origi11al :-;u11m1it crater 11i the Kania dome is 
assumed tu haYe bec11 al,uut the center uf the -,hnal nutlined Ill· the 
100-iatho111 line::. 1 Sec fig. 1.) 

.-\ straight line j(Jining \\'aialealc to the center oi the Kaula ,-hoal 
is 74 l;incl 111ile,-lung and hears S. ()(J' \\'. f'ul'n l·'uint i,- 3 mile,-,_ :\'. 
57° \\'., from the middle point of thi:, li11e. The original summit 
crater oi :\'iihau i, probably as cln,-,e 11r cl,,.,cr v, the miclilk point. 

Suundin).!-, 40 miles or 1110re iro111 tht: -..hore,; oi the Ha\\·aiian 
island::- are alu.,ut .!.~oo iarhnm:-. and 111d1cate the depth oi the ::-ta 
bottom plat i c,rm nn "hich the Hawaiian n,lcanic st n1cture i, :--upcr
pose<l. The 1.000 iath11m line ,-urro11111l-; Kauai. \:i1hau. and Kau!a 
in one cl,,:--c:d cun·e. \\·hich i,-, separate iroun the 1.000 iathom line 
around Oahu. Thus the 1.000 iathom 1111c inchcatc~ that thc,e three 
island:. are clo,t:ly related in origin and are mani it'-tation,-, 11i a line 
of weakne:;,-, bearing '.'(. 69- E .. and cro~:.i11g-at an angle ni about 
-10 cleg-rce, the gc-neral trend oi the Jla\\ai,an i,land~. \\hich j., ali1111t 
I\. 10° \\". The ,-,ub111arine ~ad<lk 1,ctwten l,auai and Oahu prnha!,ly 
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i, cro,-sccl hy the 1.6oo-fathn111 hut nnt by the J .;oo-iath,m1 t·ontour 
line . 

The spacings het11·een Kaula and Xiihau and between '.'(iihau and 
Kauai are about 37 miles. which is considerably greater than the 22 
to 25 miles 11·hich Friedlaencler (•JI gi,·es for the anrage in the Ha-
11·aiian islands. If a C)OO-fathnn1 contour line were drawn it would 
prohal,ly connect Kaula to Xiihau. for the deepest !'ounding lictween 
them is 877 iathoms. Similarly. a 500-fathom contour line would 
connect :\'iihau to Kauai. 

KAn.A AND !Ts SHOAL 

.-\s shown in figure 1. Kaula lies near the southea;:.t end of an 
irregular. oblong-shaped shoal outlined by the JOO-fathom linl'. about 

8 land mile,; long on the we::.t-northwest axis. and ..i.½ miles wide. 
:\bout 27 square miles are cnclosecl hy the 100-iathom line. which 
probably outlines a 11·a,·e-truncated la,·a dome and the surrounding 
hank built oi its detritus. The la,·a dome presumably hacl a sea le,·el 
horizontal section some 3 hy 6 mile~ and a height oi approximately a 
thousand ieet. On Kauai and Oahu there are tuff cones ancl craters 
\\'hich are much young-er than the la,·a,; forming the hulk oi these 
i:;lancls. and \\'hich \\'ere not erupted until g-reat ,·alleys hacl heen cut. 
.-\ like length of time 11·01ild ha,·e permitted the complete truncation 
,,f the 111uch smaller la,·a pile of Kaula. Kaula appears tn he a sec-
011dary tuff ,-;tructure huilt nn a 11·a,·e-cut platior111 rather than on a 
st rea111-erocled surf act. .-\ :-ingle -.(Jtmding nf 5 i athom,; ri,es from 
the ~eneral 35-fathom le,·el at a p,,int ahout 3 111ile,-:\'. r,o' \\·. of 
Kaula and may he either another ;;cc,mclary ,-tructure which clid not 
t't'ach ::-ea len.·I or a residual not rt111m·ecl in the pla11ati11n of the 
,shoal. The bottom at this point is repnrted a, "rock·· on the chart. 
The gent:ral depth of 35 iathom,- <111 the shoal :;m-r,iuncling I,aula is 
perhaps clue to 11·aye planation during a 1011 ~ta1lCI ni ,-,ea Ind in one 
nr mort> of the Pleistocene glacial !'taj!e:,. 

.-\111tmg-the hlock,- emheclcled in the tuft of Kaula are many frag
ment,- nf reef nick. 1d1ich would 111cl1catc that the ::,hoal had been 
populated l,y lime-~ecreting plant-, and animal, prior to tilt' eruption 
•)i the a,-h. :\lo~t oi the hlocb of ha-.alt m the Kaula tutf art· angular 
and pre::-en-e the ,;hape~ that they had II hen torn i rom tht conduit 
11alls l,y the uprushing- ga:--charg-ecl magma. Some oi thl'm. how
c,·er. are "·ell rounded like bt:ach 1Jr "tream pthhle:-;. The,;e probably 
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presern: shape;; gi,·cn 1he111 hy battering and alira,-iun ll\" wa,·e m)rk 
on the shoal. Thus. it ma,· be rnncludccl that the E.aula ~hoal fur
nierly had a more or le;;:; cuntinuou,; mantk of beach boulders. and 
that. at some time. it caniecl more nr less reei. 

l.E II L\ .\XO :'.\ 11 II,\ l" 

Lehua lies some rJ miles north-northwe,;t of the supposed position 
of the original sun1111it crater of :\'iihau. to whid1 it hears the struc
tural relationship of a secondary tuft crater. :\Ir. John :\lcComhs. 
Engineer of the Bishop Estate. reports that Cape: Ka,rnihoa at the 
south end of ::\'iihau ancl the hill known as ··Kaeo ... ne:i.r the middle 
of ::\'iihau. are also secondary tuft structures. I .ehua Channel. be
tween Lehua and ::\'iihau. is only 3.800 feet "·ide allll some I fathoms 
deep. Tuff irom Lehua has made a numlier pf tiny islets clnse to the 
north shore ui :\'iihau. .-\ccorcling t<J :\[cComhs. tufr. iur which 
Lehua seems to he the only source. c·xtends seYeral miles ~<rnth along 
the west shore of :\'iihau. 

CR.\Tf.R Rn1 STRu.:TL·Rr-: or Lr:H l".\ AXL> K,\l.1..-\ 

Lehua and Kaula ha,·e si111ilar origins and therefore ha,·c similar. 
though not identical. strucwres. Each has heen built hy explosin: 
volcanic action in which the propnrtinn of gaseous to lir1uicl matter 
is great. The cxces,-in: an1c.1unt:; oi gas in their ,\\·ift upru,-h 1,reak 
the la,·a into small particle,-. \\·hich are carried high int<J tht air and 
which ~olirliiy hefnre finishing their descent. Thus sm:h :in truption 
is a sort of rain of a,-h nr la,·a particle,;. The trade \Yimb drift tht 
ash so that there is more accumulation on the lce,,·ard ~icle of the 
vent than on the ,,·ind,,·anl ,-.ide. J11 :::uch eruptiuns the wind ai,;o sorts 
the ash. causing the finer ash particle,- t11 drift ianher while the 
coarser fall hack near the ,·em. \"arying "·ind strength and i11ten11it
tent erupti(l)b IH·,1h cau,-e ,·ariations in the coar,-ene,-;s oi the ash fall
ing at any giYen point and thu,; gi,·e a heclrltd or la_,·ererl character to 
the ash. Hcddecl in with the ash are l1l11ck, oi ,,Icier la,·;1,- and oth<:r 
older rocks turn ir<Jlll the ,,·alls (Ii the c1111d11it. S11,111er or later after 
the eruption the a,-h 1nay l1econ1e cenitnted t11 ir,rm tutL Un h,,th 
Lehua and 1-.::aula th<:re "·ere ,e,-cral eruptiun,; sn that c .. 111:,, "·ith 
craters ,,·ere formed ( fig. 5. /,). Howe,·er tht inner ,-.1<,pe, rJi the 
craters ,,·nc ,-o ~1eep that lllu~t of the a!,h ialling hack ( fig. 5. t I could 
not find lorlg111e11t alun-c::: ,-.ea lc,·el and ,-.lid down into the ,ea-tilled 
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center of the crater. Ina~llluch a,- the~t: i;;lets are cli~tinctly a,ymmet
rical. clue tu strong ,,·ind clri iting. the craters ha,·e ahYay~ ht·,·n open 
to the sea and \\·a ,·es ha ,·e entered and remoYed the ash. There are 
only thin Yencers of small extent on the inner slope:; uf both I.ehua 
~nd 1':aula ( pb. 1. H. and -1. _-J ) . 

HA 

b 

G d 

F1c,t HE 5.-Diagranunatic structure St"Cti,m:-- ni ,·ari,,us kinds uf pyroclastic 
c:111e,: "· crated<:ss cnne i11r111ed hy th.: accumula1i,m oi a,h aiter a ,i11;::le erup-
11~•11: /t. cone· ,nth nater blown n111 by ,ucn·,si,·e eruptions; .-. <kp,>-i1i .. nal anti
d111<" or arch.:<! ,tructure <>i IJl•dding ir,rnwd by a<h ialling hack ,,n 1,uth inner 
and ulll<'r ,J,.pcs ,.j cone: d. strai!!ht cliff i,,rmed by faulting-. with sl,,pe too 
sl<"t'P l11 allnw a,h to st·llf.::. 1h11, breaking tht' C<111li11uitr of the luff b,·d,. 

l.ehua i,- C<J111po:<ed of three ~erie.; nf tuff heds. The ~cries which 
ionn:-. the :-,un1111it of the island and which therefore ma,· lie called 
the --s11111111it Tuff .. ha,- the greate:<t n,lume. The S11nJJ11i.t Tuff also 
f orn1;; the cre,,t and miter and inner ,-J. ,pc:-- except ft1r ,-111all areas. 
The end oi Ea:;t H<Jrn and the part oi \\·e,-t Horn near the --arch .. 
are cn1nposed of a y•Jtmger ;;eries ui tuff heels. the .. Pr,,-t-Summit 
Tutt"·. Pan,, oi the ,-uutli ,-hure lll'ar tilt landing expose tile older 
•• f'n:-Su111111it Tuff .. beneath the ~11n1n1it Tuff. 

The rnrious ~mall i,-le1.; cl.,,-c tn the north ,-.h,,re .,f :\"iihau are 
iornu::d <Ji lwrizontal lierb of tuff 11ndu11btedh· deri,·ed in,111 Lehua 
a.; ll•J other possible :<uurce is ,·i,ihle. _\,.the S;1111111i1 Tuff i,, 1he most 
abundant on Lehua it ,;tem,, likeh- that the ,;a111e tuff,, \\·nuid extend 
ianhe!>t and that thc::;e i~ltts an:: o.i the ~11111n1it Tuff :-erit~. 

The Pre-S11n1111it tuth arc expn:--cd at a nu111l,er of placl's in the 
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streams ll'Ollld ru,;h at time~ of ~ufticient rainfall. folloll'ing c .. mses 
pt:rpendic11lar t11 the sh.,rc line and cutting g11llics that foll11II' the 
steepest slope. Holl'eH:r. the gullies do not folio\,. the steepest slope 
hut di,·erge greatly t11 follnll' \\'eak heds .,f tuff. If iaulting- had 
occurred prior t,) the eruption of the Summit Tuff. a rather straight 
cliff \,·oulcl ha\'e been made. facing we:-,t\\·ard and OYerlooking a down
sunken block. Both the higher. eastern block and the lower. western 
block "·otild he co111posed of Pre-Summit Tuff. On the rene11·al of 
w,lcanic acti,·ity the Summit Tuff would fall on both blocks. hut more 
abundantly on the nearer. higher. easten1 hlock. Some of the tuff 
woHld fine\ permanent lodgment on the ea:-.tern block. hut that west 
of a surface sloping U\)\\'ard at about 35 degrees from the t"clge of 
the block would he beyond the angle ui repose and would slide doll'n 
into the deeper water to the west. as sHgge:-.tecl in fig-ure 5. d. Thus in 
a section at right angle,-; to the fault line the continuity oi the t11ff 
heels would be broken. 1-'aralld to the fault line. lw1YeYer. then· \\'Ould 
he arched heels ii the ,·ent \\·ere uppo:-ite the iault and not too iar 
a\\·ay. If the ,·ent \\·ere farther away the hecb 111ight dip 011t· way or 
the other in,-;tead 11f in both direction,; parallel to the fault line .. -\s 
the trade wind crosses this fault obliquely it has a southerly compo
nent of mution parallel to the iault. The1·ciore more ash \\·uulcl be 
drifted to the :;outh slope making the heels thicker south oi the anti
clinal axi:; than north of it. 

The tuff that iouml per111ane11t l,,clgn1ent t•n the hi.l!lwr hlock 

"·oulcl become hardened tir::-t. and it is belie,·ecl quickly on the ~11riace 

where air and "·ater find most ready access. Un the edges oi the luff 
heel;; thus expu:-,ec\ alioYe the fault there would he ;i selecti11n of cer

tain bed,-; for greater harclening ancl oi others fnr le:-s. depending 
Hpon their te.-.;ture and cumpo:-,iti,Jn. fn the course of timt· ahrasion 

hy "·ind and hy running water ,nrnld can-e mu~t deeply int" the less 
hardened beds regarclle,;s of their attitudt. The resulting iurnms or 

gullies ,mule\ not necessarily follow the steepest gradient li11t ll'Ould 

iolloll' the \\'eakest heds. 
Such a proce,-;s ha,; ne,·er lieen 111>,en cd: it "·11uld il1\·11h·e cen

turie:; l•f time. This explanation is. thc-rciore. acl111itteclly largely 
cledtKtiH·. hut it correlate:; ( 1 J the straightness oi the west ,bore of 
Lelma. ( 2) the gullying iollo\\·ing heclcling- in,,tead of graclil·nt. ( 3) 
the ,·iew that hardening uf a;:h t•J tllfl occurs suon aiter dq111sitio11. 
and ( -4 \ the ,·iew that the hanlening- i~ at lirst smticial. 
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The tuff,-, <Ji l.el111a are tra,"l'r,;ecl hy 11u111ercn1s 111i:111r j,iim,-; i11r 
which no n:g-ular ,-,yste111 oi po,;itinn could 1,c a,;certained. There a11: 
in aclclition a number oi major n:nical j,Jint,-,. mnst of \\·hich are 
approxin1ately radial in tn:ncl. .\IJcmt 12 lli the joint:i arc ,-,ur111ounted 
h\· 1111)1md,; 2 to 6 ieet high "·here they ere,,;,; th(' cre,;t line oi East 
Horn ( pl. 1. H). Prcs11111ahly the joints. hy gi,·ing air and ,,·att:r 
better acce:--s. ha,·e permitted greater hardening ui the tuff adjacent 
to them. The mounds are in turn clue to the greater hardrn.:,-,,; ui the 
tuff. Yet the joint,; abo create region,; oi wealrne,~ which haYe heen 
eroded out as narrow gashes iound alr,ng- juint,; that are surmounted 
by mounds as well as along moun<lless joints. 

The ,-,tnKture oi Kaula i,; mun: :,in1ple than that oi l.elllla. The 
tuffs almo,;t uni\l:r,;ally strike parallel t<l the :-uriace (Ji the gru1111d. 
both on the nuter and inner slopes. ( )11 part oi ~ orth Hnrn the crc;;t 
is s111oothly rci1111clccl and the herb arc nearly horiz.,ntal. T1l\\·ard the 
bay the bed,; dip ,-lightly ill\rnrcl until a 111axi11111111 r,f about 5 degrees 
is reached at the brink oi the steep inner ,;lope. Uut\\·ard frrnn the 
crest the out,1·ard dip,- increa,-;e to ahout 25 degn:e,-; and then decrea,-,e 
to about 20 degrees at the hrink of the outer cliffs. :.\[o,-t of the cn:,-;t, 
ho"·e,·er. i,-; ,-harp and ,-;cparate,; the ,·cry steep inner ,-;lupe,-. rm which 
edge,; oi tuff bed,, crc,p 11ut. iro111 the ge11tler. 1Jt1ter ,;J,,pl'"· "·hich are 
largely dip ,-lope-.. I."cally tht eclg-e-. 11i the 111ff l:ed-. 1111 the i111wr 
slopes art 111a11tled hy thin ,·enee1·,-; of cuff dipping- Yery :--teejtly t,Jwarcl 
the bay. 

The ,structure ui tht: 111iclcllc: part of the outer iacc of :\orth Horn 
on I(aula and it,- ,.,,uarely cut uff end is different iro111 that oi the 
rest ,,f the i,.la11d. Here an unccn1i.,nnity ,-eparates the 111ai11 scrie,-; 
of tuff bed,, ir11111 an older scrie~. The 11lder l,ed,; ~ec·111 tCJ ha,·e 
fon11ed a rather flat-11111ped i,-,let 11111ch oi \\·hich i,; nc,\\· buried. The 
east and ,;outh Hank,- ::,lope e,i,-tward and ,;out!l\1·ar<I. rcspc.:ctin:ly. at 
abom -IS degree-. a11rl ha,e 1,een c11,·erecl In· y,11111_!_!'<:r tuff,-. the 1111\·e,-,t 
beds ui 1\'hich are rathe1· j11111lilccl hut \\'hich an: 11,'l'rlaid Ii_,. 1111n11ally 
arranged luff lte<k ll,,th these IJ<lunclarie, r,i thl' i:-let ,,i old tut'! 
are places ni \\·eakne::,,- int., \\'hich ca,·e,- ha,·(' lil't'n eroded. Thl' ;,·eak
ness is pre,u111al,ly due to the "·eathering- r,i the ,,Jrl,-r tuff pri11r t11 the 
depo,-iti1111 oi tht' y111111ger tuft. Thl' ca,·e 1111 the.: l'llrl oi \:r,nh H11rn 
is '-hallcl\\·. 1,ut the CJllt' ,,n the "·c:,-,t ,ide i,- a ,-pl'ctac11lar c;1,·e i11t11 
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\\'hich a whale boat may be ro\\·ed for a hundred feet or 1111,re (pl. 
-1-. C). The mouth of the ca,·e appears to be about 50 i eet \\'ide at 
sea le,·el and 50 feet high abO\·e sea leYel. .-\s seen from a m11tor boat 
off the can~ ·s mouth. the "·ater inside appears to he + fathoms or more 
deep. 

The older tuff beds a1·e abo exposed in a triangular area . ..jOO feet 
long at the water's edge and 125 feet high. extending north from the 
pronounced reentrant on the "·est side of Kaula. These heds dip 
southward about 20 degrees. The outcrop is cut off at its northern 
end by an unconformity that clips about -10 degrees north\\·ard. These 
unconfonnities crop out on nearly Yertical cliffs. 

LITHOLOGY 

Tt:HS 

The tuffs of Lehua and 1-::aula are in general Yery !"in1ilar. The 
included blocks oi older rocks. ho\\'eYer. differ considerably. 

.-\II the tuffs are medium gray when fresh and \\'eather tri Yarious 
shade;; ,,f brown by the iormat ion of hydrous nxiclc,- of irc,n. .-\s the 
surface,:; are in general well "·eatherecl and ha,·e ,:cant ,·egctation. hoth 
i,;let;: are rln111inantly a hnJ\nl colnr. except for the \\·an-cut bench 
and sea cliffs "·hich haYe the colnr oi fresh tuff. Here and there are 
white coating;; and seam:; of calcareous matter. Cnn:-iclerahlc areas on 
Kaula and ~mailer areas 011 Lehua lnok \\·hitl.'.\\·ashecl hy the l'XC'rcment 
oi numerous sea bird:::. 

\\"hen: small depre,,,;ion,; ha,·e accumulated soil. deri,·cd irom dis
integ-ratecl tuff. it is pl),:sihle to collect iairly representati,·e material. 
From one ,-uch place ,,11 l.ehua there \\·ere identified palag,mitized 
g-la,;,-, dark gray. stony lia,alt. and small grain,- of 11li,·ine. '\,) grains 
~i ickbpar. ~11gite. or magnetite \\·ere io1111d. 111,r \\·as magnetite 
detected b,· the 11,-,e oi a !"trong- hur,;e,;hoe magnet. 

.-\ si111ilar soil ,sample i rom Kaula. collected hy :.\Ir. F n·clerirk ,.\. 
F.dc:ecomb. "·as si ited and the ,·aricnt:5 grades examined. the coarser 
"·i;h the naked eye ur hand-lens and the liner with a 1,inocular 
micr,,sci,pe. 

. .\II the grains \\ere angular. ~1",t cof the co~r;c,t irrain:: ( ."+ 111111 > were 
in.:~h ur altt:rt.·<l n,kanic ~la:-!>. tint"-gnlined ba~cth. and frag111e11ts c11· l11rd bones, 
along- with a it'\\ bit!' ni ,.,li,·ine .. \ c,,unt ,A {,t.,9 ~rains ht:t\\ een o.s ;tnd 2.0 mm 
g .. ,·e ahn11t 13 perct"nt mairm·tite. 10 percent .,li,·inc. 10 perc,111 t,,.nc. 1 per· 
cent augite and 66 ptrC<"<ll m1rlet,·nni11ed. It wa, 1huught that the 111uk1erm111ed 
grain~ were J;irg-ely ht:t,alt and g-las~. In the fi11e~t n1att:rial _only 111a.!.!•h~~ite and 
olinne ,n.•re icle111ifct:<I. It j, 11c,1 ,urpri,ing 1h«1 little augite and n,, teldspar 
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were identified alth0ugh these are the chiei con,titutnts coi the Ha\\aiian ha,-alt,. 
for they arc soiter and lighter than the magnctit~ and ,,Ii"inc·. and thereiorc 
suffer more \\"ear and are mrire ea,ily bluwn or "·ashe<l away. :\lo1rc:o,·er the 
good clea\"age oi au~itc an<l it:ldspar iav0r their dc.-struction. The residue. how
ever. suflice, to show that the parent material wa, ba,altic in composition. 

Further studies of the constituents of the tuff::-. \\·ere made on th1-ce 
crushed samples from Leh11a and on !>ix from Kaula. 'fhin sections 
were studied for the three Lehua specimens and ti,·e of the Kaula 
specimens. 

Oli\"ine wa, foBnd in all nine ,pccimen~. but it \\·as nc,t abundant in any oi 
them. 111 three there \\t're megascnpic grains ui ,,Ii,·ine. The color ran~ed irnm 
pale yellt>\\" to pale gretn. Limonite rims \\Cre iairly common. as \\·ere inclu
sions oi magnetite. Snmc of the uli\"ine grains were them,ch·es inclusions in 
basalt or in g-la,s, hut others were iree and prubably \\ere ejccte<l as discrde 
cr\"stals. 

• :\Jagnetite was sc·parated in small amounts irom scn!n of the eight crushed 
samples that Wl're tried nut \\ ith a !\trong l111r:-«.::--h1,,.>e nltlgnet. The 111agnt.·t abo 
pulled out grains of g-las,. ba,alt. a11<l c•li"ine "·hid, prc,umahly container! incln
sions oi magnetite. In the thin :-t'ctions npaque grains. \\"hich "·ere uncloubtedly 
mostly mag-netite. \\"ere scc·n not c,nly as inclusion,. but also as indep1:nrlcnt 
grains . .-\II wer.: n·ry ~mall . 

.-\ugite wa, detccte<l in r,nly t\\·o of the ,pecim,-n,. and .,nly in the thin 
sections. It is the u,ual pale H,I\\ aiian augit1:. In the ,,·ct ion ,,i 1111e ,recimt'n 
it was found in inter,.:rtal rdati,,n t11 plag-iocla,e lath, in a ba,alt l~1pill11,. In 
the other there """' a <ingle. indl'pell(lent augite grain. 

Plagi,,cla,e felcl,p,,r "·ith the narro\\· parallel lamdlac oi albite t\, inning
was notc:d c,nly in the 'fll'Cin1t11 with the inter-..ertal c-tutitl·. ):11 grain w;t-- :-,, 

oriented a::; to gi,·l' 11~;,hlt: t.·xtincti1111 an!,!lt•:-.. 
!'\on-mineral grai,1, i11cl:1tkd ha,alt. g-la;,, and pal,,g .. nitl·. Ha,alt lapilli 11i 

\'arious types \\ere i• u11d in ,ill thl' ~PL·ci111c-n~. 111 the h~1"alt grain::; plagi,.da:--c. 
augite. oli, ine. arnl ma!?"netite \\'t'r,· irlentili,·,I. .·\ it>\\" ha,alt grain, c,1111ai11tcrl 
enough 111ag-11di1e I" h,· m,,,·ed hy tlw hor,t:,h"e ma~net. \\"hero: th,· ha,alt 
grains arc- ,,n:r 1111t.· tar t,,., 111i1li111ttc·r:::. in :-izl' and arc ahun<f..ntt the~ g"i,·t: tht· 
hand spcrimen a 11111t1lc-'1 .-,r ,1Kcl<lecl appt:arancc. ~•>nw h<"cls r,111,i,t d1idl)· ui 
basalt lapilli. 

Basalt !!la» "·a, j.,m;cl in all th<: ;peci1m·ns. Tu th" 11:il<..-d <')"<' nr unckr a 
hanrl-len:, the gl;1,, i, hlack. hut in thin ~l·t.:tinn it i~ 1111\ l' hr,,\, n. !,!ray hr11w11. 

dark brown and clcourl~ with tiny inclu,inn,. pale- !,.!n·,•11 "r pale oliYc grec:11. 
J..lost oi the g-b1~;,; i.:. r,,nti1n1ou, hut '.'-,,11:e gla~, !!rain~ :,rl' ,·esicular. lnclu-..i(,11, 
of magnetite and "' ,,II\ ine an: 11111 u11c111111111,n :\l;u1y t,i the :-.1naller !!rain, arl" 
fully palag:oniti1.e,1. :-,:.,1111c f•i tht~ larger !:!ritllb are irt·,h thr1,u!.:h1_,ut. Inn 1nn,t 
are alttrecl to t:ithl'r paLt!!·••nite 11r h1111,11ih .. • at thl·ir ri111 ... 

Pala.c<,nitc w;,~ i11u11d i11 ;ill "i the ~ru:1111L·th. 1,ut 1n , l1r~ in:.! t:111111u11t,. It 
gi,·es the \\"cathererl rcock it, !,.!s·n,·ral rusty br"""" tnn,- Tlw indi, iclu,d _!!rain, 
are yt-ll<iw hr,,,,11. br,,\\11. 11r n·d bn,w11 a, ,c:t:n 111t·_;!:1::-:c:,1pJCaliy. In thin ~l·Cth•ll 

the palag11nitc i, yc·ll,,w cor ~ dl11\\ -11ran!,.!'c. Pala!!•111itc· ha, iull, rq,l;,co:d the 
smaller grain~ ,,l J!)it ..... hut thl'." htr!,!xr grrlin~ prl-:-l·f\t" irc::--h center, 1n,idl: ,,i 
palagonite rim,. 

Cakite i:::. the Oh•:--t c11111n1t,11 ,,i thl· 't'C1111d;in· 1ni111..ral-... and \\·a, i1n111d hy 
HCI tc~l in ti,·t· ,.j thl· 11111t: ,pc:ci111l.·tl'-. Fillin~:- ui \l."'Kk~ in 411lc,: ~pl.·c111Kn 

I) 
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,ho"· the high hircfringt:ncc: an<l clea,·age ui calcite. Calcite abo "ccurs as 
fillings c)i small inter,tices between grains, and as ,·eins and seams up tu 10 mm 
thick. In three specimens there \\"as noted a 111i11.:ral uccurring a, radiating, 
acicular agg'rcgatcs. The index is less than that uf Canada balsam. the birefrin. 
i::cncc is lu\\". the extiucti,m is parallel, and the clon:ration is negati\"C:. Some of 
this is clear and some is milk-white. 

One tuff specimen from Kaula hacl on its surface a number vi \"cry perfect 
though tiny crystals of halite presumably deri\"ed from the t:,·ap,iration of salt 
spray. 

Ixol.-R.\TIOI\ OF THI:'. Tt:FF 

Three lines of e,·idence indicate that sollle time elapsed between 
the fall of ash and its consolidation into tuff. 

1. Depre,siuns made in ash beds by the impact oi large bo111b; t•r blocks 
when the,· fall are common on Lehua and Kaula as shown in such miniature 
quaqua,·e~sal synclines or basins. callc<l ··bomb sag-s· by \\"ent,n>rth ( 19), as 
appear 011 cliffs and \'alley sicks. In many oi these. part or all oi tht: indenting 
block remains. On dip slopes. due to the cliffercntial erosion ,,f till" quaquaver
sally in<lipping tuffs, they app..-ar as C(lncentric. annular rirlges and grcir,\"eS. Such 
structures could 1101 b.: made in firm tuff \\'hich yil'lds to tht: impact of the 
falling block by fracturing rather than by a rnrt of Aowage. Th1: depressions 
therefore imply that the ash remains unconsolidatecl until at Ie.1,t a few beds 
ha,·e iallcn. 

2. Fe\\" of the indenting hlocks are broken. In 111a11)· clays fidd work on 
the,e and uthrr tuff structurt:s in Hawaii. I ha·.-e 1111tc·d but i,w indenting 
blocks that were themseh·es iracturecl. These cxct'pti1111s wt:rt: pr .. hably almost 
ready tn fall to piere, ancl nee,kcl •ll1ly a small him,·. ,uch as t,.,,c ash might 
~i,T. in 11rder t" ,hattt·r. \"on-~hattcring uf the ialling- bl,,cl<,. lih indentation 
.,f the a,h, imrlit:, l1111,cne,s .,f the ash inr a time a iter ialling-. 

3. . \ third critical p11i11t is the pri:,ence "i C1"t'1uilated bed- .,j tuff. At 
,·arious place, ,,n Lehua the crc,ts of the,e miniature fulcl, 1rc•1ul parallel to 
the strike oi the ~els. The distance i rom crc•-t w crc,t is 5 Ill 11 inches. and 
1he h,·ight 0i tht: iolcb. 1 111 2 inches. In ,ume place:, the .-r.-nulation is 
rc·strict~d to a sing-le bed oi tuff not more than 2 inches thick. .\t one place 
I pl. 2, n J cr,·nulati"n i, ,een clearly in three nr iour thin 21111~-which are 
separated by lt-ss "''" crt'nulatecl 11r t:,·en scomc:what jumblt'd b,·rl,. It would 
appear that \\l1<·n the a,h had be1:11 slightly cuns<ilidatt'd it ,lipped down slope 
a little 011 mure rigirl becl, hcnt>ath. Th~ sliding- bed mu,t ha,·e hacl ,ome cohe
sin: streng-th. Htherwise it wnuld merely ha,·c ~en badly jumbkrl. From the 
l'renulat i,ms it 111d, he cuncl uck<I tlldl indu1 at iun i:, a p,, tll.":-~ that t"k'°s some 
time and goes <111 • by dc~rces.' l"nc,-,n,-,Iirlalt'd heels ""ul<l jumhk ,~11 sliding, 



and fully co11soliclated heels wnulcl 11<>1 ,licle at all. Only beds that werr partly 
consolidated could deYelop such folds. It may it1rthcr be concluded that thi, 
partial induration occurs SCi<•n. aiter the a,;h ha; fall~11. for ii the sl!ding were 
delayed it should im·oh·e a thick ash bed rather than l,ne of nnly a kw 111chc,,. 

Induration of ash to tuff ~ecms to he to some extent surticial 
though by no means exclusiYely so. E\·iclence of this i,; the gouging
out of certain tuff layers on the "·est side oi Lehua (pl. 1. A). Here 
it appears that once the edge of a heel outcropping- on the steep slope 
has been relllo\·cd it is easy ior wind and occasional runnin~ water 
to gouge out more of the same heel. Other beds that preserYe the 
case-hardened suriace arc thus protected and persi,;t. Of course. it 

is also partly clue to differential re,-i,;tance throughout the heels that 
some are gouged out ancl others stancl up .. .\nothcr phenomenon sug

gesting that incluration is in part a surface or ~hallow process is 
found at the 11irn111cb on East Horn of Lehua ( pl. 1. R). The 111ouncls 
are clue to greater resi:-tance localized alnng joints. The explanation 
is suggested that early in their history the joint;; permitted air and 
moisture to g-et into the ash and to harden it near th<:: joint suriaces. 
Later. hO\\.t\·er. some of the;;e and 111any other joints ha\·e permitted 

air ancl water to enter tu perform destruct in: \\·ork. such as enlarging 
the joints. 

Search "·a,- 111.icle for mulcb ui tnmk:- and branche,- of trt:es 111 
the tuff just ah,,\·e the unconfcmnitie,- on l.chua. Such 11111ld,-arc Ytry 

abundant in th<:: unni11iunnity bet,n:en the t,,·c, sch c1i tuff in the 

Salt Lake Crater region. Oahu. and imply the cle\·el11p111cnt oi con
siderable soil and the e~tahli,-l1111ent of n:gc:tation in the time het\\'c:en . 

the two erupti\·e <:pi,;ocles. :S.:n ~uch 111olcl, \\·ere found on I .ehua. 
which indicate,- that in ii,- earlier ,-tagt,- Lchua wa,- pn,hahly at lea,-t 

as barren a,- it is nu\\'. :'.\o mold,; \,·ere \·i,-il,le at the di:<tance irn111 
which Kaula',, unconf11ro11ity wa::-,,een. but a clo,-e cxa111inatio11 could 

not he made. The tuff ht:111,,· each 11i th<:: unci,11i11r111itie, on l.ehua 
appears just as little "·eathered a,; rhat ahu\·e. The tuff belCJ\\' the 
unconformity ,,11 l,aula ha,- heen ~•1111('\\·hat weatherc-cl sn that it 
has weakened and i a \·ored ca \·e exl·a \·at ion. 
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BLOCKS 

On Lehua rock types noted among the blocks in all three series 
of tuffs include hoth porphyritic and non-porphyritic basalts of vari
ous shades of gray. Feldspar \\·as the only miner:il noted as making 
phenocrysts. Some blocks "·ere presumably originally parts of dikes 
01· sills. for they \\·ere without gas Yesicles. li.Iore. ho\\'eYer. arc vesi
cular; in some the Yesicles are nearly spherical as in pahoc:hoe flows, 
and in others more or less stretched out as is common in aa flows. 
Xeither frothy pahoehoe nor basaltic glass \\'as seen in Lehua blocks. 

Kear the hase of the Post-Summit tuff on \\"est Horn of Lehua 
are a number of blocks of reef rock. :'.\o reef rock blocks were seen 
in the Pre-Summit tuffs and only a single one in the Summit series. 
Such blocks imply that the conduit passed throu!{h a layer oi reef 
rock. It therefore appears that the region of Lehua bore nu reef till 
after the eruption of the Summit Tuff. which may ha\·e shoaled the 
crater enough so that the depth \\·as fayorahle for corals and asso
ciated organisms. 

The largest block of basalt noted on Lehua has a maximum 
diameter oi about -t feet. . .\nother block measures about J.1".? by 3 by 
23,~ feet and has a ,·nlume oi abnut 13.5 cubic feet and a \\'eight of 
some 2.100 pounds. The commonly noticed blocks range in size from 
a hen·,; egg up to a man's head. Howe\·er there are many blocks 
ranging in size f ron1 a pea to a walnut which are not con~picuous in 
the tuff. 

The blocks in the tuffs of Kaula shm\· a greater litholog-ic Yariety 
than in those on 1.ehua. They include many of reef rock. a few of 
coarse calcarer,us sandstone. and a iew of hrnken mnllu~can shells. 
;\lany of the blocks are composed almost entirely ni oli\·ine. having 
a coarse granular texture and a skinlike coating oi fine-grained 
basaltic la\·a. The largest has a diameter of 9 inches .. ·\ iew blocks 
haYe phenocrysts oi oli\·ine in a stony basaltic ground ma,-~. :::--Jeither 
feldspar nor augite was noted as forming phenocry;:ts. ='-' on-porphy
ritic basalts are common among the blocks and rnnge ,,·icli>ly in \·esicu
larity. hut none are "frothy" .. .\ few IJlncks are gla!i:;y in texture and 
ha\·e fair-sized \·e,-icles with clrusy crystalline linings. One block with 
;;e\·eral red garnet:; embedded in a stuny. basaltic matrix and another 
block \\·ith minute biutite phenocrysts in a similar matrix ~uggest that 
at least some oi the blocks came i ro111 great depths. The rather com-
111011 blocks composed oi aggregate:; oi oli\·ine grains art' also very 



Pa/111er-Gcology of Lc/111<1 u11d J.:aula 

likely iro111 great depths. \·olcanic blocks oi other lithologic type~ 

are presu111ably oi shallO\Yer origin. 
l\Iost of the blocks on Kattla are angular. reYealing the shapes they 

had when torn iro111 the walls of the \·olcanic conduit. A few. hm\·
e\·er. are well rottnded as if they came f ro111 a stream bed or a boulder 
i)each. Presu111ably these were rounded by \\"a\·e action on the shoal 
during its cutting. and \\·ere ton1 f ro111 about the same horizon as the 
blocks of reef rock and calcareous sandstone. 

C,n•sE OF THE PYROCJ,.\STIC ERL"PT!O:"\S 

In Hawaii pyroclastic rocks made by Yiolently explosi\·e \·olcanic 
action may he due to the e\·olution of great quantities of stea111 \1·hen 
water and hot magma or laYa come in contact \\·ith one another or to 
an unusually high inherent gas content ui the 111ag111a. The Ctintact 
of \1·ater and heated rock may result iro111 the access of ground \\·ater 
to a deeply receded mag111a colu11111 or i ro111 the entrance of a laYa 
flow into the ocean or a stream. On T .ehua and Kaula the eruptions 
were not caused hy access of water to a l,l\\·ered magma colu111n for 
such an eruption gi\·es almost ex<.:lusiYely stony ejecta. The pyro
clastics of both islets include a great quantity of glass and of 

palagonite. 
It is concei\·ahle that liquid la\·a t-111erged f nnn suh111arine Yents on 

the north flank oi :\"iihau nr on the waye-planed Kattla ~hual and 
generated great \·olumes nf sttperheated stea111. \\·hich rent the laYa 
asunder and httrlecl the frag111enh high inti) the air to fall back and 
build the craters." If t11ade hy this process the tuffs would contain 
few ii any xenoliths. I3ut the nut11erotts blocks included in the tttffs 
on both islets ar<' certainly the analogttes of xenoliths. The inclttsion 
among the block,-. of rock that presttmal,ly originated in great depths 
(garnet and l>iotite hearin~ basalts ancl the granitoid tcxturtcl oli\·ine 
nodules) i1111'lie~ the existence at grtat depths <Ji energy tnuugh to 

tear loose such f ragment:s. 
It is prohalile that the pyrnclastics hacl thtir source in a mag-ma 

of initially high gas content and therefore abo ,,i high 111nhility. 
Inasmuch as tht gas is supposed to ha\·e been inherent in the 111ag111a 
when it formed. it would he aYailable at the right time and at the 

1 A depth ,,f .a•• fath,Hni w,1u1,I pn .. ldm:e a l'rr-.. sure ,,( ,,8 lh:) /in~. wluch "'-'ul,I rai,c 
the boil:ng pu111t vi ,,,,lt:r t•J ahout 33.:• F_ ·rhi: re.;,uhmg <tc.';1111 ""111,1 ha,t: c.•11nsid~r;1hlc 
superheat ,,hid, ,,flultl ..:~uf.t: 1t tn e:-q1:uhl vi•>k1ttl~ ,,h<.·11 it ru,;;e tv h1glh:1 h:,d~ ,,hen:: 
the 11ressu re ,, as h: .. >. 
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right place t,J giYe enough \·elocit\· and enotto-h kinetic ener"\' to t I · - • » ,-._ ear 
a way )locks ot 1·ock I rom the conduit walls to make the analoo-ue 
of xenoliths. b s 

It appears that in the Hawaiian \·olcanoes the magmas sttpplyin 
t~~e u_sual q~11e.t lam AO\\"S nse so gently that they do not han'. enoug~ 
k111et1c enetg} to rend fragments from the conduit walk Hence th 
usual lack of xenoliths in Ha\\·aiian Ja\·a flows. e 

GEOLOGIC HISTORY 

LF.H L"A 

The chief e\·ents kn0\\·11 in tl1e g~olc,g,·c I • • I 1 ~ 11story ol .e 111a are as 
follO\l"S: 

t. Construction of t_he dome oi ::--liihau by th~ succ6si,·e outpourings of 
many la~a Ao~,-s. the earlier solely submarine. the later largely subacrial. 

. 2. Eruption from a ,·cnl nn the northern submarine slopes ni Xiihau f 
series of ash beds ( Pre-Summit Tuffs) to form for the first time the isl 

0
1 af 

l~huL e o 

_ J. Erosion of this first Lc:hua tu smaller size. \VaYes must ha,·e clone most 
ot the erocl,ng. but the only e\·Hlence presen·ecl is that .,f stream-cul ""t1ll" 
the snuth shore. o ies on 

-1- Downfaulting of a part ni Lehua on the west • 1 • r I :-,; _ tG' E. 51< e 01 a me xarin~ about 

S- Eruption from the same \·en! of a seconcl serie· nf a·h '-·· I- (S • T ff f - . • • , ' ,,.:r ' - t1mm1t 
u s_, lo nrm a !ar larger island. much like tht' prcst·nt Lehua. The total 

arc "a, pr,·,bably ot a_bou1 275 clcgn:es. lea,·ing about 85 clegn:es np.:n to the sea 
on _the north. Slumping or_ lancl_slicling of ash oYer the fault scarp caused the 
curu,us arches on the west side ul Lehua . 

. Ga. Reduc_ti,m_ oi this island by <!ream ancl \\a,·c n,.,,i,~n. hm particularlv 
b) the lanclshd111g 11110 the sea of the tip of East Horn and a part oi \\' -1 H • e:,, orn. 

Gb. Contcmporanet>u,ly with this r~duction there was ;omt· reei growth in 
the bay between the horns. that is. 0Yer the cl,,rmant n,tcanic ,·ent. 

. 7- Er~pti,'.n from the samC' Yell! oi a third ,eries of ash bt·ds ( P,,st-Summit 
1 uffs) \\ luch ,,.und lu<lgment in restricted arc:as. l•n each horn. 

_ . 8 .. Ern,ion to a slight extent by run'.1ing ,,·ater .iml wind. but str,,ng erosion 
nt a bc:nch ancl cliff by w;in,s working trnm a ,ca lt:,·cl between 10 and 20 feet 
lugher than the pre,ent sea level. 

9- Luwering oi "'a k,·cl by 10 t,1 20 ieet. so that the w;,n-cut bench 
emerged. 

10_. The present ep'.'ch ,,i erosic,n. moderatt'ly by "in,I and ru11nin1?: water 
bnt d11eA,- h,· waYe, wh1•·h are tl0 s1r •• th I I • ~ . . ~ , O) 111g t emcrgt·c ,ench and mak111g a new 
one bet., 11 pr~stlll <ea le_Yel Jhe ends oi the horns are panicnlarh· exposed, 
a,'.d ,,nee th~,r c111btruct11,11. Ea~t Horn has been cut back alx,ut .:?OO ieet and 
\\ e,1 Hnrn perhap, 300 it:ct. From its one time maximum s<"a len,1 area of 
3,0 acre,. l.ehua has been reclun:d t" 29, acres ( about ,9 p<-rc,•,11 l. 
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The geologic histories oi Kaula and Lehua include some similar 
events but abo ,-ome that are unlike. The chit:i e,·ents in the history 
of Kaula are a,- follows: 

1. Outpouring 1111 sea bollom of la,·a whereby a lava dome \\aS built. which 
it is believed extcmll-d 1 ,o::,o feet or so above ,ea le,·el "ith sea le,·el axes oi 

3 and 6 miles_ and an area oi some 1~ square mile5: . . 
2. Ben~l111g-h~ wa,·e eros1(,n, with some hdp I rom running "atcr aml w111d. 

producing a shoal oi some 27 square miles inclusive ,,f 1he marginal znne ,1f 
detritus. 

3. Grow1h c,j a reef 011 thi, shnal. I Perhaps 111,t u111il after evl'nt 11<1. -t). 

4. Eruptiun of an older series of ash heels. which now an· exposed nnly in 
inaccessible parts of :'.\ orth Hnrn. ( It is helie,·ed. but not definitely known, 
that these ash beds contain i ral!mcnts ,,f the ret'f.) 

5. Erosi,m. largely by wa,·es. of the tuff made by th,· induration of the 
older series of ash beds. 

6. Eruption of the younger ~c:-ries of a,h beds making a crtcs,·entic ridge 
along about 223 degrees oi arc. leaving- about 137 <legrees <,pen to the sea c,n the 
east. 

7. Sliding off along a joint suriace of a considerable part of the outer slope 
of North Horn. making a reentrant angk. 

8. Slight c,ro,ion by running water and "incl: ,trnng err,sion of a bench 
and cliff by wave, '"'rking from a sea level bet\\ ci:n 10 an<l zo foet hi:::her than 
the present sea le,·el. 

9. l.owerinA" ni s<ca lc,·el hy 10 tn zo i<-et s,, that the, wa,·c cut bench 
emerged. simultancou,ly ,u1 L<>l1Ua and :h:aula. 

10. The prese111 epoch n[ erosion, mncleratd~ h~ "ind ancl n11111in~ water 
but chiefly hy \\il\'eS which ha,·e destroyed nearly all nf the wa\'C c111 ht·nch ,,n 
the c:<pClscd rn11er curve. South H11rn has been cul ha,k ah .. 111 ~z~ it·l'I ,inn: it; 
construction and :-S:urth H .. rn. ah""' 1.000 it'd. 'l'ht' t .. tal art'a at ""' kn:I has 
been rcdut·e<I ir"m the uriginal 19, anl"S ll> 13'1 acr,·, t ah,111t '"J percent J. 
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PLATE 1.-Lehua: A, panorama of southern part of the west side showing 
depositional anticline of tuff beds; B, inner side of East Horn seen from the 
summit, showing wave-cut bench, uni form bedding of the upper slopes, and 
mounds on the crest line; C, tuff on wave-cul bench of south shore channeled 
and pitted by sea urchins. 
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PLATF. 2.-Lchua: .-l. "·aH·-cut cliffs. bench bc,·t-li11g wfi heels. ,,1111 cave on 
south sh,ire: IJ. clc:tail of tuff. sho" ing "·ind-etched ca,·itics near the top and 
crc111!1atecl beds c,i n,"fi 11<:ar the b11tt, ,111. 1 Phc,1,.µ-raphs by I::. I .. l"a11111.) 
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PLAT~ ➔--l(aula: .,J. inner side of South Horn: B, southwest outer shore 
showing a block. bounded by joints, which has fallen out; C. cave and uncon· 
iormity at the north end oi the outer side of North Horn. 


