GEOLOGY OF LEHUA AND KAULA ISLANDS
By
HaroLp S. PALMER

INTRODUCTION
LocaTiox

The islets of Lehua and Kaula are sma:ﬂ. uninh:ﬂ"»ited. and \'E?-
tually uninhabitable remnants of cresce‘r‘itic rims of tuff craters. ’I“lu:-.r
posiéons with respect to Kauai and lehau. the most westerly of the
inhabited Flawaiian islands, are shownn figure 1.
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pears to be several miles from Niithau because the curvature of the
earth hides the low northern plain of Nithau. 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° 06" 03.722" West and
latitude 22° 01" 19.592" North, “Old Hawailan Datum”. ILehua 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 Nithau. 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 160° 32
30.34" West and latitude 21° 39" 28.83" North.

Previous STUDIES

So far as I know, no intensive study has been made of the geology
of either Lehua or Kaula. Brigham (3) apparently confused the
islet of Kaula with Kawathoa Point, for he describes Kaula as seen
from Waimea, Kauai, from which place it is not visible. He makes
the strikingly good generalization that Kauai, Niithau, and Kaula con-
stitute a single volcanic structure. He also suggests that Nithau was
once a part of IKauai and that it was separated from the Napali coast
and moved southwestward some 35 miles. Such a horizontal shift
seems improbable.

Bishop (2) circumnavigated 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 surviving on
Lehua and about 140 degrees on Kaula. Some of his party rowed
200 feet into the cave on Kaula. Dana (6), Hitchcock (11), and
Bryan (4) give abstracts of Bishop's findings but add no new data.
Dana (6, pp. 311-312) noted the alinement of the southwest cliffed
coast of Niihau with the northwest (Napali) coast of Kauai and
thought they were genetically related to a single line along which
downfaulting had taken place. There is no evidence that he thought
in 18go that Niihau had been torn from Kauai, though he was of this
opinion earlier (6; 10, p. 52: 17, p. 514). The short article by Fried-
laender (&) is based on a sketch map and photographs furnished him
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Paimer—Grdlogy.ei Leliu by Mr. A. E. Arledge, then Superintendent of Lighthouses. Fried-

laender speaks of numerous unconiormities (*vielfach diskordanten

FF Schichten™) but there is only one unconformity on Kaula. Palmer
(16) circummavigated and photographed Kaula in 1023. and studied a
few rock and soil specimens collected by Mr. Frederick A. Edgecomb
and various photographs taken by Mr. Fdgecomb in 1925. Relevant
data are repeated in the present paper. Hinds (10) shows clearly that
Kauai, Nithau. and Kaula are independent volcanic domes. together
constituting a unit in the structure of the Hawaiian islands. Although
unable to visit Lehua. he describes it briefly and notes the wave-cut
bench. The United States Coast Pilot Notes (18) gives a brief
description of Kaula and Lehua. The U. S. Coast and Geodetic Sur-
vey Chart 4117 shows both Kaula and Lehua. and the 10, 100, and

- 1,000 fathom submarine contour lines around them.

Mars

Fur the field work on Lehua a new map (hg. 2) was made by
- using an 18 by 24 inch plane-table and a light explorer’s tyvpe alidade.

Orientation was by backsighting on the “Gam” triangulation station 214
miles away on Nithau. Nine points were lucated on the inner shore line of
Lehua by the depression angle method, working from two points on the crest
line. Six points were similarly located on the south ovuter shore. The rest of
the shore line was taken from the U, S. Geological Survey map (Kii sheet)
with some adjustment. The contouring of the mner slope and part of the outer
slope was controlled by intersections on 12 points and stadia measurcnients to
27 points, Much of the outer slope is difficult of access and offers problems in
visibility because of the pronounced convex curvature: so for this region the
contouring was taken irom the U. S, Geological Survey map with a little

obvivusly necessary alteration.
s N The dips and strikes of the tuff beds, the courses of the unconfaormities,
and the magnetic declinations were observed independently of the pliane-table
work and were later tied in by locations based on barumetric elevations and
by backsights on three or mare known points. The bearings thus taken are
“magnetic” hearings but application of the “three-point” problem made their
coniversion to “true” hearings fairly simple.

TLanoing

The map of Kaula (fig. 3) was prepared quite ditferently.

A vertical airplane photagraph was taken by the Fleventh Phato Scection, Air
Corps, UL S Armiy. on July 10, 1u24. On the basis of a pantograpl enlargement,
the study of various other phatographs, and some transit work in July. 1925, Mr.
Frederick A Edgecomb prepared a contour map on a scale of 200 feet to the
inch with a contour interval of z0 feet. The orient:ation of this map was deter-
nmined hy hearings taken by the lighthouse tender Kb This miap i< in general
very satisfactory. However, since a few corrections seemel prssihle and a
circummavigation of the island showed that the geologic Structure was relatively
simple. it was decided 1o devete most of the thne avaulable to checking the
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topographic map. Flags were set at 11 points including one near the summit
in a pipe set in concrete by Mr. Edgecomb in 1925 and one wedged into a crack
in the wave-cut bench on the inner side of North Horn. This last flag was not
occupied as a transit station, but the other ten flags were, as was also a flagless
station. Orientation was by backsighting onto the highest point of Lehua which,
uniortunately, was at no time during the work sharply outlined. So far as
intervisibility allowed, azimuths and vertical angles were taken from each of
the 11 stations to each of the others. The measurement of a base line on the
curving rim of a tuff crater is difficult. The procedure adopted was to measure
three chords counecting four of the stations and to compute from each short
chord the length of the longest chord joining the most remote of the four
stations, which was to be used as the final “base line”. The length finally adopted

160° 32’ 39.34" W.

21° 39’ 28.83 “N.
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for this base line was an avcrage gotten by weighting the computed lengths in
inverse proportion to the number of times it was necessary to “break chain” ip
measuring the short chord on which the computed length was based. Working
from this base line the latitudes and departures of the 11 flagged stations and
the one flagless 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 11 stations on the crest were platted on a
sheet of drawing paper. A lantern slide had been made from the approximately
vertical airplane photograph and was projected onto a drawing board arranged
in an approximately vertical position. After considerable adjustment of the
stereopticon, the image was made the right size, and further tilting and turning
of the drawing board and paper got the image of the crest line into satisfactory
agreement with the plotted positions of the crest line stations. In the absence of
complicated apparatus this method provided for 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 of the
outlines of Kaula to which the contours of figure 3 were added on the basis of
field notes and measurements made on numerous photographs of the islet taken
from the KNukui as well as from points on the islet.
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TOPOGRAPHY

GENERAL FEATURES

Lehua and Kaula are barren and possess little economic value,
except as lighthouse sites. As described by Caum ( 5), the vegetation
15 scanty hut the bird life abundant.

On the south slope of Lehua, near the clitf edge at an elevation
of Go or 65 feet. is the platform built of rocks which Mr. Kenneth P.
LEmory tells me was probahly built by bird hunters. possibly by fish-
ermen.  No other features of archeologic or ethnologic interest were
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seen on Lehua. On the crest of the north rim of Kaula are three or
four incomiplete. low. stone enclosures, which seem to be windbreaks
built and used rather recently, and perhaps still used at times hy the
fishermen who signal the positions of schools of fish to associates out
on the water. On the inner slope. a short distance below the wind-
breaks. several walls have been built part way across the fronts of
caves eroded by wind in weaker heds of tuff. Bits of charcoal indi-
cated occupation of at least one of these caves.

In trade wind weather it is easy to land on the low wave-cut bench
on the south side of Lehua. The upper slopes are inaccessible from
below, except where small valleys cut down through the cliffs that
back all parts of the bench and form the shore wherever the bench is

“facking. The cliffs back of the landing are from 30 to 6o feet high.

Gulches on the inner side of West Horn permit ascent from the bench
to the upper parts of Lehua, but it is probably impossible to land on
this part of the wave-cut bench except in southerly weather.

On the west side of Kaula where it is possible to land in steady
trade wind weather. the Lighthouse Service has constructed a rough
trail of ascent irom the fragment of wave-cut bench. Pins have heen
grouted into the rock and footholds cut in the tutf near the water line.
A rough bench at about 100 feet elevation is reached by means of
these pins for handholds and. for part of the way, by a heavy chain
hanging down a gully in the tutf. The derrick and tank house of the
lighthouse installation are on this bench (pl. 4. ). A substantial
ladder leads from here to the upper slopes. In some weather it is
possible to land on Kaula on the inner side of North Horn. whence
a strenuous climb leads to the end of North Horn at nearly 300 feet
elevation.

Anautomatic gas light of the U. 8. Lighthouse Service was estab-
lished on Lehua on April 24, 1931, and on Kaula on August 18, 1932,
For a good manv vears before Lehua was transferred by the Terri-
tory of Hawaii to the federal government for a lighthouse reservation,
it was leased from the Territory by the owners of the island of Niihau
who, to a considerable extent. protected the sea birds that nest there.
and also eradicated weeds which on migration might damage the
grazing lands of Nuhau.

Seen from a distance. Lehua and Kaula have unsymmetrical, coni-
cal outlines. IFrom nearby. however, each is a crescentic ridge com-
prising the above water part of the rim of a tuff crater with steep
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slopes leading outward to the open ocean and inward to a hav. The
original smooth slopes built by constructive volcanic action have been
modified by the destructive work of winds, waves, and running water,
The average slope of I.ehua is about 30 degrees as determined by
the method of Finsterwalder (20): if the bordering sea cliffs are
excluded the average slope is about 27 degrees. The average slope
nf Kaula is about 36 degrees or 28 degrees if the sea clifs are ex-
cluded. Corresponding figures for the outer slopes of Kaula are 38
degrees and 21 degrees: for the inner slopes. 33 and 38 degrees.
Clitfs modify the values for the outer slopes more than for the inner
slopes because the cliffs on the outer side are much higher. Inasmuch
as the surface of each island is largely bhare rock or only slightly
weathered, it is possible to reach all parts of the islets except the
cliffs and parts of the wave-cut bench below the cliffs. The steep
slopes, however, make the going arduous and in places dangerous.
Lrnva

According to the planimeter measurements of the drawing repro-
duced as figure 2, Lehua has an area of about 291 acres at sea level.
With the remarkably great average slope of 30 degrees the total sur-
face, if flattened out, would be about 13 percent (44 acres) greater.
The arcuate crest line of I.ehua is about g.250 feet long. The great-
est width (about 2600 feet) lies along a line hearing N. 22° E.
through the summit point, the elevation of which is given by the
L. S, Geological Survey ( Nithau topographic sheet) as 702 icet.

From the summit the crest line extends as two “horns™ (fg. 2).
West Horn (pl. 3. ) extends northward for 4.000 feet. It narrows
rather abruptly to a width of about Goo feet and drops rapidly to a
crest elevation of 230 feet. It is gashed on its inner or eastern side
by several sharply incised, mimiature canvons.  One of these has cut
completely through the ridge leaving a natural bridge or arch with a
thickness of ahout 30 feet and a span of about 25 feet. East Horn of
Lehua (ph 1. B) extends eastward from the summnut for about 1,750
feet, falling gently in elevation ta about 500 feet. Thence it curves
through northeast to north for 2,000 feet. with a drop in crest eleva-
tion of only 735 or 100 feet. The remaining 1.600 feet of the crest
line includes a drop of from joo feet to sea level. East Horn has a
rather uniform width of about 1.500 feet. The tips of the two horns
are about 2,900 feet apart, and the reentrant bhayv extends inward
about 2,200 feet from the line joimning the tips.
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From the summit of Lehua a suhsidiu_r_\' crest lms QBT:FEI-N'::R".‘ll.f)‘?-C\).
jeet S. 35 W.to the southwest corner ol the islet. ihh._.\u' :5‘1( nl_e
lin;:.h which offers the least arduous route to the summit from th
creitl shore. is not part of the crater rim but is a break or tn!wu)gsapluc
f:::o:l;ormi't_\' separating two surfaces 0.( quite diﬁ?“jn f,.‘il’!:_?l!l. ‘:::tu::;
east of it is the normal southward sloping c.lepnsmnn.\l :,Tu ac-e R
tuff cone. Vorthwest of it isa surface which has heen cut across

pedding of the tutf by some sort of landsliding or faulting process.
= b

KavLa

According to the planimeter measurements Kau'lal!u-l:; aut a:'gad':t
sea level of about 130 acres. s the average slope 1s r.;mu ;-, &
grees. the total surface area, if ﬁatte-ned out.‘ \\‘0}11(1 be a )_out f._‘_|.t1
cent (32 acres) greater. The summit elevation 1s a_!)out 340 ;:, ;

The curving crest line of Kaula is about 5.500 feet .10:l1g ir ,_,.l\igm;
The greatest width of the islet (al)m_lt 1.650_1eet‘) 1.\| a:fnﬁ,mamm—
bearing about N. 78" 15. through a point 1350 te_et :mfnl\ r; i (,.;.mt_
mit. which is 36 degrees different frum the h_earf.n_;; o .I(;m‘ :‘,‘b"(‘} .
est width., It seems appropriate to s:pe;\k_olva North ‘orn' la e
“Gouth Horn™ on Kaula. North Horn of Kaula e.\'tcaf(l]:l 1}1;-1“'\;;)1“{
for 2.500 feet from the summit, It drops rather- uick \‘ 1‘f1)'F}l tmh“
400 feet elevation and then very gently u? the _380- foot Tugh ¢ 1] . 7
truncates the end. It is similar in formation to W _est Horn n! I.le 1Em.
Near the end of the outer side of North Horn isa remnr‘ka’;o lse::
cave (pl. 4. C). South Horn of I\a}\la t:xtemls'hr:%t .srauEh\I\;nc : tu:o
southeastward. and finally eastward for a total xh.s‘mnce of about ‘7,.00{
feet (pl. 4. .4). The crest line drops r:uthc'r uniformly to the top
the terminal cliff. which is about 100 feet high. ) t

The tips of the two horns of Kaula are a‘huut. 3.200 1u.‘t apart,
and the reentrant extends inward about 1.200 feet from the line join-
5.
" It\!;tult; ﬂes near the southeast end of a shoal (fig. 1) about 8 land
miles long and about 4. miles wide, hearing west-northwest.

CIRCULARITY

As a rapid glance at the maps (fgs. 2. 3 1) suggests .th:\t the i‘l}l\:i
of the craters. or the crest lines of the two islets. :tp]_m'nxln'-:nc arcs of
circles. it seemed interesting to try 1o fit an arc of a true circle as
closely as possible to each. The following resuits were obtained.
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The crest line of l.ehua is everywhere sharp and distinct. It includes the
main curve following the crater rim and approximates an arc of a circle. A
trial circle with a radius of about 2,025 feet was selected by inspection in the
attempt to fit a circle to the crest line. The inevitable errors were dealt with
mathematically. whereby the areas between the crest line and the trial circle
were measured by planimeter. Some of these areas lay inside the circle ang
outside the crest line. These were added and compared with the sum of the
areas of the other parts—those lying outside the circle but nside the crest line,
In the first trial, the arcas inside the circle exceeded those outside by 433,500
square fect. which indicated that the trial circle was too large. The excess of
435.500 sqyuare feet was distributed along the 9.250 feet of the crest line, which
then gave about 47 square ieet of excess area for each linear fuot of crest line.
Consequently, a circle of 47 feet less radius, or 1.078 feet seemed indicated, As
it was impossible to plot very closely, a circle of about 1975 feet radius was
chosen with its center 2,180 feet N. 27° E. of the triangulation station at the
summit. The crest line follows this circle closely through an arc of 259 degrees.
The departure of crest line from arc averages less than 9o fcet and nowhere is
as much as 270 feet. The areas outside this second circle exceed those inside
by only about 5.000 square feet (395.000— 300,730 =75.250 sq. ft.}: or o.57
square feet per lineal foot of crest line.

Similar trials for Kaula led to the selection of a circle with a radius of
1.750 feet. with its center 1.220 feet N. 86° E. of the summit. Such a circle
departs on the average ahout 46 feet from the crest line throughout an arc of
160 degrees. The departure nowhere exceeds 97 fcet. The areas cutside this

circle exceed those inside Ly 10,300 square feet, or 2.05 squarce ieet per lineal
foat of the arc.

CoxsTtrucTioNaL Forwms

Constructional surfaces, made by the accumulation of rock, are
represented on Lchua and Kaula solely by tuff-huilt surfaces which
follow the upper surface of the sloping beds. such as the smooth parts
of the outer slopes of each islet. where falling ash found lodgment
on the sloping surface of earlier fallen ash (ph. 3. B). Therc are other
constructive surfaces on the inner slopes of these islets where thin
veneers of ash found lodgment.  In some places on the inner slopes
cither ash never fell or has since fallen into the bay. There are small
areas of inward sloping tutf surfaces on the inner side of East Horn
on feehua (plo 1. B).

[LANDSLIDE SURFACES

On the west face of Lehua (pl 1. .4) the arching beds of tuff are
cut off abruptly. It is helieved that these arches never extended
farther scaward hut that suppert from underneath had been elimi-
nated hy earlier downfaulting so that ash found no permanent lodg-
ment and slid off into the sea. Thus the supported parts of the tuff

beds have remained to make these astounding arches. On the upper
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rts of the inner slopes of Lehua (pl 1. B) the edges of many

rallel beds of tuff are revealed which have heen cut off by landslid-
ing or by lack of lodgment of ash. On Kaula a great joint surface,
trending N. 50° E.. bounds the southwest side of a reentrant from
which a block of tuff has evidently fallen into the sea (pl. 4, F).

WiND-cUT SURFACES

Wind has produced no major changes on either Kaula or l.ehua,
but on hoth it has cut intricate and fantastic details of the rock sculp-
turing. DBy abrading weak bits of surface rock wherever they may
be, the wind has produced such pits as those shown in plate 2, B.

STREAM-CUT SURFACES

Because the areas of Lehua and Kaula are small and the surface
slopes steep and mostly hare of vegetation, the streams are small and
strictly ephemeral.  The low elevation makes it probable that the
annual rainfall is scant, perhaps about 20 inches. Consequently the
work accomplished by running water is slight. The only factor favor-
ing active streami work is steepness which gives the streams high
velocity. On Doth islets the outer and the inner slopes have been
trenched by radial streams. The largest trench on Kaula heads about
550 feet S. 8 W, of the summit and is about 750 feet long. It is
some 30 feet wide and 20 feet deep for much of its length. Lehua
is far less trenched than Kaula (pl. 3. 1),

On the south side of Tehua. the dips of the toff heds near the
shore are decidedly less (20=") than those higher up (33:= ). s0
that there is a Hattening of the slope.  Chance irregularities have
brought together in one place the flow of several shallow radial
streams and diverted them into channels paraliel to the shore, These
streams have cut gullies from 10 to 20 feet deep. Scveral such periph-
eral vallevs are indicated by reentrants mn the contour lines of the
Lehua map (fig. 2).

WavE-cUT SURFACES

In general the northeast and east sides of the Hawaiian islands are
the most attacked by waves because most exposed to the trade winds.
The southerly sides are usually protected. but during the southerly:
(Kona) storms they may undergo very vigorons wave attack for
short periods.  Tehua is protected from southerly storms by Nithau
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anfl from easterly storms by the broad mass of Kauai. the near

point of which is only 18 miles away. Kaula is fully exposed. -\hn::St
the entire 7,000 foot shore line of the inner curve of Le[m:; has :
wave-cut bench or terrace ranging in height from 5 to 10 feet and in
\i\-:dth tr.um 0 to 30 feet (fig. 4. b pls. 1. B and ; Ay axs ;;-ctimat;g
trom pomts above. About nine tenths of the 4.40‘0 feet of !i:e nner

curve of Kmt_la have similar bench from 10 to R0 feet wide and from
4 to 8 feet high, as estimated from

a motor boat at close range
oy ge (pl

—>>Z

) ‘fmrm-; +—Sketch maps of (a) Kaula and th) Lehua.
m_llu.ttc parts of the shores with wave-cut hench
cliffs plunge directly into the ocean,

The hicavy lines
and the light lines. parts where

Less accurate observations were made on the outer curves of these
two crc.-:c:t:m-::llaper! islands.  However, there s a similar bench
along l_mlt or twa thirds of the west shore of Iehua. which 15 some
4.800 feet long. The heneh along the northern part of the east ;llore
and the southeast shore is poorly :
5.230 feet from the tip of Fast Hon

Lehua eastward for 3.5 f
a eastward for 3.500 feet along the south shure the bench is

.~|':|en(!u!]_v developed with an elevation of 2 1o 4 feet ahove sea level
Its width reaches a maximum oi about 100 feet. | Sec pls, 2, A

developed and fragmentary for
v From the southwest eorner of

- bl ’ f - 3
and 3. B.) In fact. the hench is well developed on all sides of Lehua
except that most exposed to the prevailing winds (g, 5. h). The
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ater shore of Kaula has very little hench. The best 1'1-3;.;11\:&1{_ 1_\-‘-3111;;
zouthwest of the summit, 1s about ‘150 feet lu'n\g. o to fo_?ee\t- 1\; 1:1:..
and 4 to O feet above sea level -(hg. 4 a). i\—m bench 1s we
veloped along the whole length of the mner -cgr\ [ i

1t has recently been suggested by Johnson (_1.2. 13. 13) the e
classical explanation of exposed wave-cut :;urt.aces_. as (_lu.c‘t‘t)iye]i
ryence of sulnmarine benches cut at an earlier time ot w_:f ively
is erroncous and that they are actually the work of
; In other words, Johnson holds that

eme
higher sea level. e
S aves at present sea level
:::;21 ;::'z\ixt 0]:1 features being destroved, but that they are modern
f s being enlarged. _
ieatllliri;;)il@?cll 15 tl:e work of present (la}.r storm waves it .Sthfii(l‘_\:fl
best develuped on those parts of the shore line which are m :s';_u\l;. n.”
to storm waves and least developed on ti-le sheltered shore 1117(5. 1 ;
on the other hand. the bench is an old feature now umlergm‘\?g].r Ci
struction it should have survived most ou the shulzltcled .s}ulm_ ;l'lt;‘-a
and least on the exposed shore lines. On both islets the ‘lC}lL 1_,\.
; ite continuous on the inner curves but largely lacking ‘nl‘l
L aces have the gentler but far

the outer curves. (In both, the muer t ol
more persistent attack of the trad.c wind waves. #U“e‘_u_-,‘,' =
inner curve is a bay it tends to dissipate thcA energy ot _tht W ;1}(5. o
Lehua the amount of wave encrgy crossing 2,400 l-||1em"h:tt .(t lL‘
distance between the two horns) is spread over ,".00_() fect nl_t-lqux-m:‘t\
shore line. On Kaula the energy of 3.200 fect of waves .b.-(lbt'l_i )-
uted over 1.300 feet of shore line, as pm‘mcd out by I_)‘nhl (7 l_..
Thus the energy of wave attack on the inner curve ol !_,-c 1;1(1 15
diluted to 41 percent (2Q00 7000 b4 too‘:j;uﬁ_r ) -:uu'l. on l\_tm ('1_7 :u

ercent ( 3200 4400 X 100-=73" ). This dﬂutu,.m is qqualitatively
Z}?J\'[i)ous to u.‘h,\(:r\'ers on either islet durin,.g{ trade \\'u.}d \\'c:uhtt':!thc:
impact of the waves i< not excessive.  Thus -tllc !"‘l-(lCﬁ C\]\H'-.t(’l to
trade wind waves are not violently attacked, “l he sides exposed 10
the occasional violent southerly storms have suffercd more. It ‘!ljcr‘]c—
fore appears that storm waves destroy rather than crem«l_th}: |A|U‘I§.11..

The inner <hore lines of Kaula and Lehua are very sinular—the
benches are much alike—hut the cuter ar SHI:HhL‘-l’]}‘ exposed ,ﬁh“;t
lines contrast strongly.  Kauli, with no protecting 1-land to t!?r ,wu-t 1.-
has very little hench on its southerly dhore.  Tehna, which is parth

- Nithau, h i h.
protected from southerly storm waves Ly Nuhau, has a wide benc
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So again, storm waves seem to be destrovers rather than

creators of
these henches.

The level surface of the bench has been determined by some level-
ing control, and sea level is the only conceivable one. The bench
surface in most places cuts across the heds of tuif though in some
places the bench follows the bedding of the tuff where a weaker layer
has been stripped from a stronger layer. The usual beveling of _the
tuff heds by the hench is well shown along the south shore of Lehua
(pl. 2. 4). Here the beds strike east-west ({parallel to the shore)
and dip south (seaward) about 15 degrees.

The upper surface of the hench is in general very smooth, though
grooved a little where weaker heds have been more abraded. The
seaward edge of the bench is a plunging chiff. rather frayved out in
detail. From the way in which waves strike the edge of the bench it
appears that it is now being destroyed hy wave attack. The behavior

of waves approaching shores with steep underwater slopes is as
follows:

As the trough of a wave approaches the bench the water drops and recedes;
the succeeding crest, as it approaches, is oversteepened and seems to be tripped
up by the receding water of the trough, so that it slides down the incline of
the wave front and delivers most of its blow at the base of the phmging cliff,
thus tending to undercut the cliff and drive it back. After delivering its blow
at the base of the cliff the foamy water surges upward along the cliff and a
little froth may fall forward onto the bench. Wave attack on the seaward
margin of the bench is helped appreciably by the borings of sca urchins. They
cling to the rocks in some way and. by their jaws, or their movable spines, or
bath. wear small pits and grooves in the tuff. (See pl. 1. ()

Wherever waves cut a bench, they must of necessity also make a
cave or a cliff at the back of the bench. At first a 1eentrant notch or
shallow cave is cut. This may be deepened locallv, especially if the
rucks are of varied resistance, and a rather deep cave formed. Caves
at sea level are the deepest of the reentrant notches (pls. 2, 24 3, B;
4. () particularly where the attack has been localized along weak
beds or structures. At a cave on Kaula (pl. 4. C) the wave attack
has been localized through the weakening by weathering of an older
series of tuffs below an unconformity. The hroad cave en Lehua
(pls. 2. A and 3. B) is due to localization of wave attack hy a weakly
cemented bed or group of beds of tuff. On West Horn of Lehua a
cave has heen developed into an arch or natural bridge due to the

narrowness of the ridge and the process of weathering alung a major
jomt.
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Cliffs on both islands are prominent {eatures (pls. 1. B: 2. Hd: 3.
A: 3. B:4). Those along the inner curve of Lehua range from 40
to 100 feet high. and those along the outer curve. from 30 to 200
feet. On Kaula the range is 50 to 100 feet on the inner curve and
100 to 160 feet on the outer curve; on the west side where a great
joint block has fallen out. the clitfs reach 330 feet (pl. 4. B).

Several of the small islets near the north end of Nithau are com-
posed of evenly bedded tuffs that dip very slightly southward. Their
flat upper surfaces appear to be original depositional surfaces, but
they might conceivably be remnants of a bench cut along a resistant
bed when sea level was higher than it is now. These islets are bor-
dered by plunging cliffs. which are now being cut back by wave
erosion.

STRUCTURE
Kavar, N1iHAU, axXD Kavra

Kauai, Nithau. and Kaula well illustrate the general principles
that volcanic centers tend to lie along straight lines and that the spac-
ing between them tends to be uniform. Strong erosion has removed
the original summit crater of Kauai. but for the present discussion it
is assumed to have been near \Waialeale. Downfaulting and wave
erosion have removed the original summit crater of Niithau, but it was
probably a few miles east of Pueo Point. at the south end of the east
coast of Niihau. T'he original summit crater of the Kaula dome is
assumed to have been about the center of the shoal outlined by the
100-fathom line. « See fig. 1.)

A straight line joining Waialeale to the center of the Kaula shoal
is 74 land miles long and bears 8. 697 W, 'ueo Puint is 3 miles, N
57° \W., from the middle point of this line. The original summit
crater of Nithau is probably as close or closer to the middle point.

Soundings jo miles or more from the shores of the Hawanan
islands are about 2.300 fathoms. and indicate the depth of the sea
bottom platform on which the Hawaiian volcanic structure is super-
posed. The 1.000 fathom line surrounds Kauai, Nithau, and Kanla
in one closed curve. which is separate from the 1.000 fathom line
around Oahu. Thus the 1.000 fathom line indicates that these three
islands are closely related in origin and are manifestations of a line
of weakness bearing N. 6¢g° E., and crossing at an angle ni about
40 degrees the general trend of the Hawaiian islands, which is about
N. 70" W, The submarine saddle hetween Kauai and Oahu prohably
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is crossed by the 1.600-fatham but not by the 1.;00-fathom contour
line.

The spacings between Kaula and Niihau and between Niihau angd
Kauai are about 37 miles. which is considerably greater than the 22
to 25 miles which Friedlaender () gives for the average in the Ha-
waiian islands. If a goo-fathom contour line were drawn it would
probably connect Kaula to Niihau. for the deepest sounding between
them is 877 fathoms. Similarly, a s00-fathom contour line would
connect Nithau to Kauai.

Kavra ano Its SuoaL

As shown in figure 1. Kaula lies near the southeast end of an
irregular, oblong-shaped shoal outlined by the 100-fathom line. about
8 land miles long on the west-northwest axis, and 35 miles wide.
About 27 square miles are enclosed by the 10o-fathom line. which
probably outlines a wave-truncated lava dome and the surrounding
bank built of its detritus. The lava dome presumably had a sea level
horizontal section some 3 by 6 miles and a height of approximately a
thousand feet. On Kauai and Oahu there are tuff cones and craters
which are much younger than the lavas forming the bulk of these
islands. and which were not erupted until great vallevs had heen cut.
A like length of time would have permitted the complete truncation
of the much smaller lava pile of Kaula. Kaula appears to he a sec-
ondary tuff structure built on a wave-cut platiorm rather than on a
stream-eroded surface. A single sounding of 3 fathoms rises from
the general 3s5-fathom level at a point about 3 miles N. 60 W, of
Kaula and may be either another secondary structure which did not
reach sea level or a residual not removed in the planation of the
shoal. The bottom at this point is reported as “rack™ on the chart.
The general depth of 35 fathoms on the shoal surrounding Kaula is
perhaps due to wave planation during a low stand of sea level in one
or more of the Pleistocene glacial stages.

Among the blocks embedded in the tuff of Kaula are muny {rag-
ments of reef rock. which would indicate that the shoal had been
populated by hme-secreting plants and animals prier to the eruption
of the ash. Most of the blocks of hasalt in the Kaula tufi are angular
and preserve the shapes that they had when torn from the conduit
walls by the uprushing gas-charged magma. Some of them, how-
ever. are well rounded like beach or stream pebbles.  These probably
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preserve shapes given them by battering and abrasion by wave work
on the shoal. Thus, it may be concluded that the Kaula shoal for-
merly had a more or less continuous mantle of beach boulders, and
that, at some time. it carried more or less reef.

LLEHUA AND NIIHAU

Lehua hes some ¢ miles north-northwest of the supposed position
of the original sumnut crater of Nithau. to which it bears the struc-
tural relationship of a secondary tuff crater. Mr. John McCombs,
Engineer of the Bishop Iistate. reports that Cape Kawaihoa at the
south end of Nuhau and the hill known as “Kaeo™. near the middle
of Niihau, are also secondary tuff structures. l.ehua Channel. be-
tween Lehua and Niihau, 1s only 3.800 feet wide and some 7 fathoms
deep. Tuff from Lehua has made a number of tiny islets close to the
north shore of Nithau. According to McCombs, tuff, for which
Lehua seems to be the only source, extends several miles south along
the west shore of Nithau.

CrATER Riat STRUCTURE oF LLEHUA AND Kavna

I.ehua and Kaula have similar origins and thevefore have similar,
though not identical, structures. lach has been built hy explosive
voleanic action in which the proportion of gaseous to liquid matter
is great. The excessive amounts of gas in their swift uprush hreak
the lava into small particles. which are carried high into the air and
which solidify before finishing their descent. Thus such an eruption
is a sort of rain of ash or lava particles. The trasdle winds drift the
ash so that there 1s more accumulation on the leeward side of the
vent than on the windward side. In such eruptions the wind also sorts
the ash, causing the finer ash particles to drift farther while the
coarser fall back near the vent. Varving wind strength and intermit-
tent eruptions hoth cause variations in the coarseness of the ash fall-
ing at any given pomnt and thus give a bedded or layvered character to
the ash. Bedded in with the ash are hlocks of older lavas and other
older rocks torn from the walls of the conduit. Souner or later after
the eruption the ash may hecome cemented to form tufi. On hoth
Lehua and Kaula there were several eruptions so that cones with
craters were formecd (Ag. 5. h). However the inner slopes of the
craters were sa steep that most of the ash falling back (fig. 5. ¢) could
not find lodgment above sea level and slid down into the sea-flled

20 Bernice P. Bishop Muscum—Occasional Papers XTI, 123

center of the crater. Inasmuch as these islets are distinctly asvimet-
rical, due to strong wind drifting. the craters have always been open
to the sea and waves have entered and removed the ash. There are
only thin vencers of small extent on the inner slopes of both Iehua
and Kaula (pls. 1. B, and 4. A).

ZAS
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Fiaurre 3 —Diagrammatic structure sections of various kinds of mroclastic
cones: . craterless cone formed by the accumulation of ash after a single erup-
tien ; h. come with crater blown out by successive eruptions: ¢, depositional anti-
clime or arched structure of bedding formed by ash falling back on Loth inner
and outer slopes of cone: d, straight cliff formed by faulting, with slope too
steep to allow ash to settle, thus breaking the continuity of the tuff heds.

STRUCTURE OF [LEHUA

Lehua is composed of three series of tuff heds. The series which
forms the summit of the island and which therefore may he called
the “Summit Tuff” has the greatest volume. The Summit ‘T'uff also
forms the crest and outer and iner slopes except for small areas.
The end of East Horn and the part of West Horn near the “arch”
are composed of a vounger series of tuff beds. the “DPost-Summit
Tuff”. Darts of the south shore near the landing expuse the older
“DPre-Summit Tuff” beneath the Sumumit Tuff.

The various small islets close to the north shore of Niihau are
formed of horizontal beds of tuff undoubtediy derived from lLehua
as no other possible source is visible. As the Summit Tuff is the most
abundant on Lehua it seems likelv that the same tuffs wanld extend
farthest and that these islets are of the Summit Tuff series.

The Pre-Summit tufis are exposed at a numiber of places in the
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streams would rush at times of sufficient rainfall. following courses
perpendicular to the shore line and cutting gullies that follow the
steepest slope. However, the gullies do not follow the steepest slope
but diverge greatly to follow weak beds of tuff. If faulting had
occurred prior to the eruption of the Summit Tuff. a rather straight
cliff would have been made. facing westward and overlooking a down-
sunken block. Both the higher, eastern block and the lower, western
block would be composed of Pre-Summit Tuff. On the rencwal of
volcanic activity the Swmmit Tuff would fall on both blocks. but more
abundantly on the nearer. higher, eastern block. Some of the tuff
would find permanent lodgment on the eastern block, but that west
of a surface sloping upward at about 35 degrees from the edge of
the block would be beyvond the angle of repose and would slide down
into the deeper water to the west. as suggested in figure 5. d. Thus in
a section at right angles to the fault line the continuity of the tuff
beds would be broken. Parallel to the fault line. however, there would
be arched beds 1f the vent were opposite the fault and not too far
away. If the vent were farther away the beds might dip one way or
the other mstead of in both directions parallel to the fault line. As
the trade wind crosses this fault obliquely it has a southerly compo-
nent of motion parallel to the fault. Therefore more ash would be
drifted to the south slope making the beds thicker south of the anti-
clinal axis than north of it.

The tuff that found permanent lodgment on the higher block
would become hardened first, and it is believed quickly on the surface
where air and water find most ready access. On the edges of the tuff
heds thus exposed above the fault there would be a selection of cer-
tain beds for greater hardening and of others for less, depending
upon their texture and composition. In the course of time abrasion
by wind and by running water would carve most deeply mto the less
hardened beds regardless of their attutude. The resulting furrows or
gullies would not necessarily follow the steepest gradient hut would
follow the weakest beds.

Such a process has never been observed: it would invalve cen-
turies of time. This explanation is, therefore, admittedly largely
deductive, but it correlates (1) the straightness of the west <hore of
Lehua, (2) the gullving following bedding instead of gradient. (3)
the view that hardening of ash to tuff occurs soon aiter deposition,
and (4) the view that the hardening is at first surhcial.
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The tutfs of Lehua are traversed by nwmerous minor joints for
which no regular system of position could be ascertained. There me
in addition a number of major vertical joints, most of which are
approximately radial in trend. About 12 of the joints are surmounted
by mounds 2 to 6 feet high where they cross the crest line of East
Horn (pl. 1. B). Presumably the joints, by giving air and waler
better access, have permitted greater hardening of the wff adjacent
to them. The mounds are in turn due to the greater hardness of the
tuff. Yet the joints also create regions of weakness which have been
eroded out as narrow gashes found along juints that are surmounted
by mounds as well as along moundless jomnts.

STRUCTURE oF Katvna

The structure of Kaula is more simple than that of lehua. The
tutfs almost universally strike parallel to the surface of the ground.
both on the outer and mner slopes. On part of North Horn the crest
is smoothly rounded and the beds are nearly horizontal. Toward the
bay the beds dip shghtly mward until 2 maximum of about 5 degrees
is reached at the brink of the steep inner slope. Outward from the
crest the outward dips increase to about 235 degrees and then decrease
to ahout 20 degrees at the hrink of the outer cliffs. Most of the crest,
however, is sharp and separates the very steep inner slopes, on which
edges of tuff beds crop out, from the gentler, outer slopes, which are
largely dip slopes. Locally the edges of the it Leds on the inner
slopes are mantled by thin veneers of tuff dipping very steeply toward
the bay.

The structure of the middle part of the outer face of North Horn
on Kaula and its squarely cut off end is different from that of the
rest of the island. Here an uncomformity separates the main series
of tuff beds from an older series. The older beds seem to have
formed a rather Aat-topped islet much of which is now huried. The
east and south fAanks slope eastward and southward. respectively, at
about 43 degrees and have been covered by vounger tutfs, the lowest
beds of which are rather jumbled hut which are overlaid by normally
arranged tuff heds. Both these houndaries of the islet of old tfl
are places nf weakness into which caves have heen eroded. The weak-
ness is presumably due to the weathering of the alder tuff prior to the
deposition of the vounger tufi. The cave on the end of North Homn
is shallow. but the one on the west side is a spectacular cave into
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which a whale hoat may be rowed for a hundred feet or more (pl.
4. (). The mouth of the cave appears to he about 50 feet wide at
sea level and 50 feet high above sea level. As seen from a motor hoat
off the cave’s mouth. the water inside appears to be 4 fathoms or more
deep.

The older tutf heds are also exposed in a triangular area. 400 feet
long at the water’s edge and 125 feet high, extending north from the
pronounced reentrant on the west side of Kaula. These beds dip
southward about 20 degrees. The outcrop is cut off at its northern
end by an unconformity that dips about 4o degrees northward. These
unconformities crop out on nearly vertical cliffs.

LITHOLOGY
Tu¥rs

The tuffs of l.ehua and Kaula are in general very similar. The
included blocks of older rocks. however. differ considerably.

All the tutfs are medium gray when fresh and weather to various
shades of brown by the formation of hydrous oxides of iron. As the
surfaces are in general well weathered and have scant vegetation, hoth
islets are dominantly a brown color, except for the wave-cut bench
and sea cliffs which have the color of fresh wfi. Here and there are
white coatings and seams of calcareous matter. Considerable areas on
Kaula and smaller areas on Lehua look whitewashed hy the cxcrement
of numerous sea birds.

Where small depressions have accumulated sal. derived from dis-
integrated tuff, it is possible to collect fairly representative material,
From one such place on Lehua there were identified palagonitized
glass, dark gray, stony basalt, and small grains of olivine. No grains
of feldspar. aungite. or magnetite were f{ound. nor was magnetite
detected by the use of a strong horseshoe magnet.

A similar soi] ample from Kaula. collected hy AMr. Frederick A.
Edgecomb, was sifted and the various grades examined. the coarser
with the naked eve or hand-lens and the fner with a hinocular
microscope.

All the grains were angular. Most of the coarsest grains (3-+ mm) were
fresh or altered volcanic glass, hne-grained basalt. and fragments «f bird bones,
alomg with a few bits of clivine. A count of 609 grains between 0.5 and 2.0 mm
guve about 13 percent magnetite, 10 percent olivine. 10 percent bene, t per-
cent augite and 66 percent undetermined, Tt was thought that the wdetermined
grains were largely hasalt and glass. In the finest material only magnetite and
olivine were identificd. It is not surprising that little augite and no feldspar



Palmer—Geology of Lehua and Kaila 23

were identified although these are the chief constituents of the Hawaiian hasalts,
for they are soiter and lighter than the magnetite and olivine. and therefore
suffer more wear and are more easily blown or washed away. Maorenver the
good cleavage of augite and feldspar favor their destruction. The residue, how-
ever, suffices to show that the parent material was basaltic in composition.

Further studies of the constituents of the tutfs were made on three
crushed samples from Lehua and on six {rom Kaula. Thin sections
were studied for the three I.ehua specimens and five of the Kaula
specimens.

Qlivine was found in all nine specimens, but it was not abundant in any of
them. In three there were megascopic grains of olivine. The color ranged from
pale yellow to pale green. Limonite rims were fairly common, as were inclu-
sions of magnetite. Some of the olivine grains were themselves inclusions in
basalt or in glass, but others were free and probably were ejecterd as discrete
crystals.

Magnetite was separated in small amounts from seven of the eight crushed
samples that were tried out with a strong horseshoe magnet. The magnet also
pulled out grains of glass, basalt. and olivine which presumably contained inclu-
sions of magnetite. In the thin sections opaque grains, which were undoubtedly
mostly magnetite. were seen not only as inclusions, but also as independent
grains. All were very small.

Augite was detected in emly two of the specimens, and only in the thin
sections. It is the usual pale Hawanan augite. ln the section of one specimen
it was found in mtersertal relation to plagicclase laths in a basalt lapillus. In
the other there was a single. independent augite gram.

Plagioclase feldspar with the narrow parallel lamcllae of albite twinning
was noted only in the specimen with the intersertal augite. No grain was so
oriented as to give usable extinction angles.

Non-mineral grains included basalt. elass, and palagonite. Basalt lapilli of
various types were found i all the specimens. In the basalt grains plagioclase,
augite, olivine. and magnetite were identificd. A few basalt grains contained
enough magnetite to he nuwed by the horseshoe magnet. Where the hasalt
grains are¢ over once or two millimeters in size and are abundant they give the
hand specimen a mattled or speckled appearance. Some beds consist chiefly of
basalt lapilli.

Basalt glass was found i all the specimens. To the naked eve or under a
hand-lens the glass is black. hut in thin section it is wlive brown, gray brown,
dark brown and clowly with tiny inclusions, pale green or pale olive green.
Most of the glass is comtinuous but some glass grains are vesicular., Inclusions
of magnetite andl vt alivine are not uncommon. Many of the smaller grains are
fully palagonitizer. Somice o the larger arains are Tre-h throughout, but most
are altered to either palugonite or lmonite at their rims

_ Palagonite was found in all of the specimens. but in varving amounts. It
gives the weathered rock its general rusty brown tone. The individual orains
are yellow hrown, brown. or red brown as seen megascopically. In thin seetion
the palagnnite is vellow or vellow-oranwe. Palagomite has fully replaced the
smaller grains of gla~s, but the larger grains preserve iresh centers inside of
palagonite rims.

Calcite is the mazt common of the secondary mincrals, and was found by
HCI test in five of the mine specimens. Fillings of vesicles i1 one spechien
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show the high birefringence and cleavage of calcite. Caleite alsv uccurs a5
fillings of small interstices between grains, and as veins and seams up to 10 mm
thick. In three specimens there was noted a mineral occurring as radiating,
acicular aggregates. The index is less than that of Canada balsam. the birefrin.
gence is low. the extinction is parallel, and the eclongation is negative. Some of
this is clear and some is milk-white.

One tuff specimen from Kaula had en its surface a number of very perfect
though tiny crystals of halite presumably derived from the evaporation of salt
spray.

INDURATION OF THE TUFF

Three lines of evidence indicate that some time elapsed between
the fall of ash and its consolidation into tuff.

1. Depressions made in ash beds by the impact of large hombs or blocks
when they fall are common on Lehua and Kaula as shown in such miniature
gquaquaversal synclines or basins. called “bomb sags™ by Wentworth (19), as
appear on cliffs and valley sides. In many of these, part or all of the indenting
block remains. On dip slopes, due to the differential erosion of the quaquaver-
sally indipping tuffs, they appear as cencentric, annular ridges and grooves. Such
structures could not be made in firm tuff which yiclds to the impact of the
falling block by fracturing rather than by a sort of fowage. The depressions
therefore imply that the ash remains unconsolidated until at least a few beds
have fallen.

2. Few of the indenting blocks are broken. In many days ficld work on
these and other tuff structures in Hawaii. I have noted but few indenting
hlocks that were themselves fractured. These cxceptions were prohably almost
ready to fall to pieces and needed only a small blow, such as loose ash might
give, in order to shatter. Non-shattering of the falling blocks, like indentation
of the ash, implies looseness of the ash for a time after falling.

3. .\ third critical point is the presence of crenulated heds of tuff. At
various places on Lehua the crests of these miniature folds trend parallel to
the strike of the beds. The distance from crest to crest is 3 to o inches, and
the height of the folds. 1 to 2z inches. In some places the crenulation is
restricted to a single bed of tuff not more than 2 inches thick. .\t one place
(pl. 2. B) crenulation is seen clearly in threc or four thin zenes which are
separated by less well crenulated or even somewhat jumbled heds. It would
appear that when the ash had been slightly consolidated it slipped down slope
a little on more rigid beds heneath. The sliding bed must have had some cohe-
sive strength, otherwise it would merely have been hadly jumbled. From the
crenulations it may be concluded that induration is a process that takes some
time and goes on by degrees® Unconsulidated beds would jumblc on sliding,

“In g2y [ obeerved that the Iapilli at Pumpeii erupted by \esuvius i =g \. D. are
less well comented than ave the tuffs uf Tehua and Kaula which are pro older. In
answer 1o a auery written for me by Mr. William A, Fessa, Dr, Alessawln
Director of the Koval Vesuvian Observatory, informod me that the material erupted by
Munte Nuova in 13398 is not perfectly cemented aml is move friable than the material at
Pompeii. 13r. Harry 5. Ladd informed me thar shortly after the cruption ot IFalcon 1siand.
Tonga. in 1927, ling was very diffienlt hecause the ash was entirely loose wnd slid badly.
Pompeii, AMonte Nuove, and Falcon Island show increasing induration with age suggesting
that induration is progressive. However it 15 ilangerous to collate data frim such widely
separated places: Faleom Island has been built wp by eruptions aml destroved by waves
several times, while Maonte Nuova and Pompeii are situated away from wave attack.
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and fully consolidated beds would not slide at all. Only beds that were partly
consolidated could develup such folds. Tt may further be concluded that this
partial induration occurs soon after the ash has fallen, for if the slfding were
delayed it should invelve a thick ash bed rather than one of only a few inches.

Induration of ash to tuff seems to be to some extent surficial
though by no means exclusively so. Evidence of this is the gouging
out of certain tuff layvers on the west side of Lehua (pl. 1, A4). Here
it appears that once the edge of a bed outcropping on the steep slope
has been removed it is easy for wind and occasional running water
to gouge out more of the same bed. Other beds that preserve the
case-hardened surface are thus protected and persist. Of course, it
is also partly due to differential resistance throughout the beds that
some are gouged out and others stand up. Another phenomenon sug-
gesting that induration is in part a surface or shallow process is
found at the mounds on Fast Horn of Lehua (pl. 1. B). The mounds
are due to greater resistance localized along joints. The explanation
is suggested that early in their history the joints permitted air and
moisture to get into the ash and to harden it near the joint surfaces.
Later, however. some of these and many other joints have permitted
air and water to enter to perform destructive work, such as enlarging
the joints.

MisceErLLaxeous Features oF tus TUFF

Search was made for molds of trunks and branches of trees in

the tuff just above the unconformities on Lehua. Such molds are very

abundant in the unconformity between the two sets of tuff in the
Salt Lake Crater region. Oahu. and mmply the development of con-

siderable soil and the establisliment of vegetation in the time hetween

the two eruptive episodes. No such molds were found on Iehua,
which indicates that in its earlier stages Lehua was probably at least
as barren as it 1s now. No molds were visible at the distance from
which Kaula's unconformity was seen. but a close examination could
not he made. The tuff helow each of the unconformities on T.ehua
appears just as little weathered as that above. The tuff below the
unconformity vn Kaula has been somewhat weathered so that it
has weakened and favored cave excavation.
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Brocks

On Lehua rock types noted among the blocks in all three series
of tuffs include both porphyritic and non-porphyritic basalts of vari-
ous shades of gray. Feldspar was the only mineral noted as making
phenocrysts. Some blocks were presumably originally parts of dikes
or sills, for they were without gas vesicles. More, however, are vesi-
cular; in some the vesicles are nearly spherical as in pahoehoe flows,
and in others more or less stretched out as is common in aa flows,
Neither frothy pahoehoe nor basaltic glass was seen in I.ehua blocks,

Near the base of the Post-Summit tuff on West Horn of Lehua
are a number of blocks of reef rock. No reef rock blocks were seen
in the Pre-Summit tutfs and only a single one in the Summit series.
Such blocks imply that the conduit passed through a laver of reef
rock. It therefore appears that the region of I.ehua bore no reef till
after the eruption of the Summit Tuff, which may have shoaled the
crater enough so that the depth was favorable for corals and asso-
ciated organisms.

The largest block of basalt noted on Lehua has a maximum
diameter of about 4 feet. Another block measures ahout 3% by 3 by
214 feet and has a volume of about 13.5 cubic feet and a weight of
some 2,100 pounds. The commonly noticed blocks range in size from
a hen's egg up to a man's head. However there are many blocks
ranging in size from a pea to a walnut which are not conspicuous in
the tuff.

The blocks in the tufts of Kaula show a greater lithologic variety
than in those on I.ehua. They mnclude many of reef rock. a few of
coarse calcarenus sandstone, and a few of broken molluscan shells.
Many of the blocks are composed almost entirely of olivine, having
a coarse granular texture and a skinlike coating of fine-grained
basaltic lava. The largest has a diameter of 9 inches. A few blocks
have phenocrysts of olivine in a stony basaltic ground mass. Neither
feldspar nor augite was noted as [orming phenocrysts. Non-porphy-
ritic basalts are common among the blocks and range widely in vesicu-
larity, hut none are “frothy™. A few blocks are glassy in texture and
have fair-sized vesicles with drusy cryvstalline linings. One block with
several red garnets embedded in a stony, basaltic matrix and another
block with minute biotite phenocrysts in a similar matrix suggest that
at least some of the blocks came from great depths. The rather com-
mon blocks composed of aggregates of olivine grains are also very
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likely irom great depths. \'olca‘uic blaocks of other lithologic types
are presumably of shallower origin. . -

Most of the blocks on Kaula are angular, revealing the shapes they
had when torn from the walls of the volcanic conduit. A few, how-
ever. are well rounded as if they came from a stream bed or a boulder
peach. Presumably these were rounded by wave action on the shoal
during its cutting, and were torn from about the same horizon as the
blocks of reef rock and calcareous sandstone.

CavsE oF THE Pyrocrastic ERUPTIONS

In Hawaii pyroclastic rocks made by violently explosive volecanic
action may be due to the evolution of great quan_titles of steam when
water and hot magma or lava come in contact with one another or to
an unusually high inherent gas content of the magma. The contact
of water and heated rock may result from the access of ground water
to a deeply receded magma column or from the entrance of a !a\'a
flow into the ocean or a stream. On Lehua and Kaula the eruptions
were not caused by access of water to a lowered magma column for
such an eruption gives almost exclusively stony ejecta. The pyro-
clastics of both islets include a great quantity of glass and of
palagonite. .

It is conceivable that liquid lava emerged from stibmarine vents on
the north flank of Niihau or on the wave-planed Kaula shoval and
generated great volumes of superheated steam. which l_'L-nt the lava
asunder and hurled the fragments high into the air to fall back an_d
build the craters.® If made hy this process the tuifs would contain
few if anv xenoliths. But the numerous blocks included in the tuffs
on both i;iets are certainly the analogues of xenoliths. The inclusion
among the blocks of rock that presumably nrigix}at‘ed in great df{ths
(garnet and biotite bearing basalts and the gramt:_nd textured olivine
nodules) implies the existence at great depths ol energy envugh to
tear loose such fragments. _

It is probable that the pyroclastics had their source m a magma
of initially high gas content and therefore also of high maobility.
Inasmuch as the gas is supposed to have been inherent in the magma
when it Tormed, it would be available at the right time and at the

& " = fin? ¢ ol 1=
3 A depth of g0 fathoms would produce a pressure of 108 Ihs /fin?, ul.lxc.h w J“': :![.]:
the boiling point uf water to ahont 33:° F. The resulting steam would hl'n-r llll".ls"I e
superheat which would cause it to expand vislently when it rose to higher levels o
the pressure was less.
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right place to give enough velocity and enough kinetic energy to tear

away blocks of rock from the conduit walls to make the analogues
of xenoliths.

It appears that in the Hawaiian volcanoes the magmas supplying
the usual quiet lava flows rise so gently that they do not have enough
kinetic energy to rend fragments from the conduit walls. Hence the
usual lack of xenoliths in Hawaiian lava flows.

GEOLOCGIC HISTORY

LEava

The chief events known in the geologic history of Lehua are as
follows:

1. Construction of the dome of Nithau by the successive outpourings of
many lava flows, the earlier solely submarine, the later largely subaerial.

2. Eruption from a vent on the northern submarine slopes of Nithau of a

series of ash beds (Pre-Summit Tuffs) to form for the first time the islet of
I.ehua.

3. Erosion of this first Lehua to smaller size. \Waves must have done most

of the eroding, but the only evidence preserved is that of stream-cut gullies on
the south shore.

4. Downfaulting of a part of Lehua on the west side of a line bearing about
N, 16* E.

5. Eruption from the same vent of a second series of ash beds (Summit
Tuffs) to form a far larger island. much like the present Lehua. The total
arc was probably of about 2735 degrees, leaving about 85 degrees npen to the sea
on the north. Slumping or landsliding of ash over the fault scarp caused the
curious arches on the west side of Lehua.

6. Reduction of this island by stream and wave erosion. but particularly
by the landsliding into the sea of the tip of East Horm and a part of West Horn.

6b. Contemporaneously with this reduction there was some reel growth in
the bay between the horns, that is, over the dormant volcanic vent.

7. Eruption from the same vent of a third series of ash beds ( Post-Summit
Tuffs) which found lodgment in restricted areas, on each horn.

8. Erasion to a slight extent by running water and wind. but strong erosion
of 4 bench and cliff by waves working from a sea level between 10 and 2o feet
higher than the present sea level.

0. Lowering of sea level by 10 to 20 feet. so that the wave-cut bench
cmerged.

10. The present epoch of erosion, moderately by wind and rumning water
but chiefly by waves which are destroying the emerged bench and making a new
one below present sea level. The ends of the horns are particularly exposed,
and since their construction, East Horn has been cut back about 200 ieet and
West Harn perhaps 300 feet. From its one time maximmum sea level area of
370 acres, l.ehua has been reduced to 291 acres (about 7o percent).
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KarLa

The geologic histories of Kaula and Lehua include some similar
events but also some that are unlike. The chiei events in the history
of Kaula are as follows:

1. Outpouring on sca bottom of lava wherehy a lava dome was built, which
it is believed extended 1.000 feet or so above sea level with sea level axes of
3 and 6 miles and an area of some 14 square miles,

2. Beveling by wave erosion, with some help from running water and wind.
pmduciug a shoal of some 27 square miles inclusive of the marginal zone of
detritus,

3. Growth of a reef on this sheal. (Perhaps not until after cvent no. 4).

4. Eruption of an older series of ash beds. which now are exposed only in
inaccessible parts of North Horn. (It is helieved. but not definitely known,
that these ash beds contain fragments of the reef.)

5. Erosion, largely by waves. of the tuff made by the induration of the
older series of ash beds.

6. Eruption of the younger series of ash beds making a crescentic ridge
along about 223 degrees of arc, leaving about 137 degrees open to the sea on the
east.

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

8 Slight erosion by running water and wind: strong erosion of a hench
and cliff by waves working from a sea level between 10 and 20 feet higher than
the present sea level.

0. Lowering of sea level by 10 to 20 feet so that the wave cut hench
emerged, simultaneously on Lebua and Kaula.

10. The present epoch of erasion. moderately by wind and running water
but chicfly by waves which have destroved nearly all of the wave cut hench on
the exposed outer curve. South Horn has been cut hack about 423 feet since its
construction and North Horn, ahout 1,000 feet, The total area at sca level has
been reduced from the original 167 acres to 139 acres (ahout 0y percent).
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Pratg 1.—Lehua: 4, panorama of southern part of the west side showing B
depositional anticline of tuff beds: B, inner side of East Horn seen from the
summit, showing wave-cut bench, uniform bedding of the upper slopes, and
mounds on the crest line; C, tuff on wave-cut bench of south shore channeled
and pitted by sea urchins.
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! tuff, showing wind-etched cavities
ted beds of tuff near the hottom.
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Prate 3—Ichua: i i AW
N LATE _T.d.'..u o zeneral view of West Horn <howine the une i
oetween the “Summant™ and “Post-Summint™” wffs: B i g g o
hia s ) t-Sum tuffs: A south <lope of Lehna ir
the chas note the radhal eullies, w ut chifis, hen n ek 35 R
= ch wnch, caves, and remnants

fancdhngs are made at 1

of tuff {
! It o:f the view (photograph

by E. L. Canino.
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Prate 4—Kaula: A, inner side of South Horn: B, southwest outer shore
showing a block, bounded hy joints, which has fallen out; C, cave and uncofi-
formity at the north end of the outer side of North Horn.



