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Technical Bulletin No. 752 + February 1941

Rock Weathering and Soil Profile Develop-

ment in the Hawaiian Islands

By G. J. Houcr, assistant chemigt, and P. L. GiLE, senior chemist, Division of
Sotl Chemistry and Physics, and Z. C. FosvEn, assislani seil surveyor, Division
of Soil Survey, Burecu of Plenl Indusiry
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INTRODUCTION

In a previous bulletin (?) * dealing with Hawaiian soils, particular
attention was given to the kinds of colloidal material developed under
high and low rainfells. The analytical data reported were obtained
from seven profiles developed under rainfalls ranging from 20 to 104
inches snnuslly. Fourteen more profiles have since been anslyzed.
These include examples of exceedingly youne, young, and old profiles
exposed to rainfolls of 18 to 273 inches. It is the purpose of this
bulletin to show what the available dats indicate s to the general
course of soil weathering in the Hawailan Islands and the chemical
types of soil profiles developed.

It is realized that the deductions made here as to soil wesathering
and profile development in the Hawalien Islands are not comprehen-
sive or conclusive. But even if they should ‘prove to be erroneous,
t may help to develop the subject by directing inquiry er the
ageguisition of more data. An adequate treatment of such a subject
isusually obtained only by growth.

~A review of the literature dealing with the chemical composition
of_Hawasilan soils is given in the previous bulletin (7) and in the book
ofiFlawaiian soils compiled by Moir et al. {11).

3%1111&0:1 for publieation June §, 1040

1t Itelie numbers in parentheses refer to Literature Clted, p, 430
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DESCRIPTION OF THE PROFILES

The analytical date pertaining to the seven profiles published pre-
viously are used in e recalculated form in many of the tables shown
here. The profile numbers 15, 16, 17, 18, 19, 20, and 21 in this
bulletin refer respectively to the profiles numbered 1, 3, 7, 6, 2, 4,
and 5 in the previous bulletin (7).

The 14 new profiles selected for differences in their ages and in
the rainfalls to which they are exposed were collected by L. R. Smith,
formerly of the Division of Soil Survey, and by Z. C. Foster, of the
Division of Soil Survey, Bureau of Plant Industry. Their deserip-
tions of the profiles are given below,

ExceepineLy Younc PrOFILES

Prorrue 1, LasoraTory Nos. C1610 1o C1612.—Kilauea Spe-
cial. Rainfall, 100 inches; elevation 3,800 feet; parent rock, volcanic
cinders and clinkers from very yvoung ejecta. Samples taken May
16, 1936, from a semivirgin roadside location, on & gently sloping
gspur of Kilauea Voleano in the Kilauea truek-farm region on the
1sland of Hawaii.

C1610, 0 to 7 irches, frinble or soft friable, dark grayish-brown light clay loam,
with poorly defined crumnb structure; when moist, pressing out into Y4-
inch layers. Easy augur twist and pull; large number of small roots 2od a
few worm channels.

C1611, 7 to 18 inches, frinble, brown light ¢lay loam, with poorly defined crumb
structure; when moist, pressing out into M-inch layers. Ilasy augur
twist and moderate pull. Moderate number of small roots and a few worm
channels.

CI1612, 18 to 27 inches, friable, dark reddish-brown lopm, with peoorly defined
coarse-crumb struecture. Lasy augur iwist and moderate pull. oderate
number of small roots below 27 inches. Cinders and clinkers.

ProFiLe 2, LaBoraTory Nos. C1613 anp C1614.-—Oloa clay loam.
Rainfall, 150 inches; elevation, 75 feet; parent rock, Aa lava rock,
geolo cally recent. Vegetative cover consisted of guava and lantana.

ample taken May 14, 1936, on Kinoole Strect extension, at Villa

Franca, Hilo, 1sland of Hawail.

1613, 0 to 9 inches, mellow, granular, dark grayish-brown cley loam mixed
with roeck f{ragments, Moderate number of emall roots and a few worm
channels.

C1614, 9 to 24 inghes, soft, friable, granular, yellowish-browz cley mixed with
fragmentary rock.

ProriLE 3, LaBoraTtory Nos. C1615 anp C1616.—Ohia special.
Rainfall, 175 inches; elevation, 1,000 feet; parent rock, moderately
dense pahoehoe lava rock. Sample taken May 14, 1936, from a
gently sloping area on Oloa plantation, Ohia; on a side road 2,429
feet from highway between Olhia and Eleven-mile Fomestead, Ohia,
Olaa, island of Hawaii.

C1615, 0 to 7 inches, soft frinble, dark brownish-gray light silty clay, with moder-
ately well-defined, comrse-crumb structure, plastic upon crushing. Large
number of small roots and a few roct channels.

C1616, 7 to 15 inches, soft friable, dark yellowish-brown siity clay with slight
reddish cast, moderately well-defined crumb structure. Small number of
emell roots. Moderately dense prehistoric pahoehoe lava rock below depth
of 15 inches.




ROCE. WEATHERING IN THE HAWAITAN ISLANDS

Young ProrFILES

Provrice 4, LasoraTory MNos. C1627 o C1620.—Waikiki. Rain-
fall, 20 inches; elevation, 2,630 fect ; rock materinl, voleanic ash.
Vegetative cover: Alda, unhalon, tarweed, clover, rattail, Natal grass.
Sample taken May 12, 1936, on moderately sloping land at edge of
shallow dry gulch, 4.4 miles towards Kons from Waikiki turn-off at
prisor camp on main road. South Kohaln, island of Hawaii.

C1627, 0 to 10 inches, dark reddish-brown light sandy clay loam. Friable,
moderately well-defined corrse-crumb structire. A large number of small

roots.

1628, 10 to 21 inches, dark reddish-brown light sandy clay loam. Triabie,
moderately well-defined, large crumb structure, breaking down to 2 mellow
material. A mederate number of small roots,

C1629, 21 (o 40 inches, dark brown with reddish cast, light loam. Meliow,
moderstely well-defined small nutiike structure. A few worm channels.

Proriie 5, Lasorarory Nos. (1617 7o C1621.—Moaula light clay
loam. Rainfall, 50 inches; elevation, 1,600 feet; parent rock, voleanic
ash over lava. Taken May 18, 1836, 1 mile west of Pahala on slope
of Mauna Loa, Pehala; Kau, island of Hawaii.

1617, 0 fo 6 inches, dark grayish-brown light clay loam.
C1618, 6 to 23 inches, yellowish-brown silty clay lonm. Poorly defined fing-crumb
structure, soft and frinble,
C1619, 23 to 42 inches, strong yellow-brown silty clay loam. Poorly defined
small-crumb structure, soft and frinbie, Contains remnaents of scoria,
C1620, 42 to 75 inches, reddish-brown or reddish-yellow silty elay. Moderately
well-defined coarse-erumb, brepking down to finc-crumb structure, Soft
and friable, but sticky when wet.

1621, 75 to 96 inches, strong reddish-yellow silly clay., Moderately well-defined
erumb structure. Soft and friable; rolls to & sticky condition,

Prorice 6, LaBoratory Nos. C1607 To C1609.—Honokohau silty
clay loam. Rainfall, 65 inches; elevation, 1,500 feet. Parent rock,
at 25 inches moderately dense prehistoric pahoehoe lava. Vegetative
cover: Crotelaria, honohonu, hilo grass, tarweed, guave, and coffee.
Taken May 4, 1636, on slope of Mauna Loa, 317 feet north of entrance
to Hall’s hotel on main highway. Honokchan, Kona, island of
Hawnaii.

C1607, & to 9 inches, grayish-brown silty-clay loam, soft, friable, with noderately
well-defined small nutlike structure; bresking down to poorly defined granular
strucbure; when damp, pressing out into %-inch layers, Large number of
small roots, moderate number of medium-sized roots, and & few root, channels,

1608, 9 to 17 inches, yellowish, mellow to plastic, oilty clay; with moderately
well-defined fine nutlike structure; brenking down Yo poorly defined small
crumb séructure; pressing into ¥-inch layers when damp. TFew roots and
few root channcis.

C1809, 17 to 25 inches, brown, meliow to plastic, sifty clay; with poorly defined
small-crumb structure; when moist, pressing into ¥-inch layers. A few
smell roots.  Underlain hy moderately dense pahoshoe lava.

Prorire 7, LanoraTory Nos. 1633 vo (1 636.—Kaieje heavy silty
cley. Rainfall, 175 inches; elevation, 900 feet; parent rock, voleanic
ash. Sample taken May 14, 1836, on gently sloping side of s small
knoll, 1.96 1 cs from inland on main cane road, Pepeekeo plantation,
317 feet towards Hilo on 8 branch rosad ; Pepeekeo, Hamakus, island
of Hawail.

C1633, 0 to 6 inches, pale yellowish-brown heavy silty clay; frisble to plastic,
granular.

1634, 6 to 18 inches, darl. yellowish-brown clay: soft, friable to plastic, with
poorly defined eratab ftructure; when very wet, pressiug into ¥-inch layers,
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1635, 18 to 25 inches, brown clay, friable or plastie, poorly defined crumb strue-
{ure; pressing inte Y-ingh layers when very wet.

C1i836, 28 to 38 inches, reddish yellowish-brown clay. Soft, {rieble to plastic,
poorly defined erumb structure; very wet, pressing into }{-inch lnyers.

Prorine 8, Lasorarory Nos. C2271 ro (2277 —Hilo silty clay
loam. Rainfall, 188 inches; elevation, 200 feet; volcanie ash over
lava. Vegetative cover: Grass with guava shruobs. Sample taken
Qctober 9, 1936, from g pit opposite Kelooa garage on main road, 1
mile north of Papaikou, island of Hawail.

2271, 0 to U inches, pale medium-brown silty clay loam., The structure in
plaees is o medium crumb, bound into soft lumps by the numerous grass
roots, The lumps are ensily friable under moderate pressure, but ribbon
roughly under hard pressure, The material is slightly plastic. It is wet,
but the wetness is not apparend unlil pressed.  Roots are plentiful.

{2272, 9 {o 28 inches, yellowish-brown silty clay tinged with red. Moderately
well-defined, irregniar putlike sbructure that is very easily frisble to well-
defined frm flaky crumbs,  These large crumbs may be erushed o a soft fine
crumb under moderate pressure. Under strong pressure the materipl is
slightly cohesive, and very sliphtly plastic. This layer is wetter then the
surface Inyer, although the wetness is nob appareni until pressure is applied.
Roots are plentiful.

2273, 28 to 31 inches, grayish-brown clay, containing numercons fragments of
rotten rock. The rock vavies in color from grayisii brown at 28 inches to
rusty red at 31 inches. The material digs out in moderately firm, irregular
chunks that may be crushed to medium crumbs under moderate pressure.
This horizon is moderately plastie and much more firm and cohesive than the
Inyer sbove. Welness is similar to the laycr above., There are numerocus

rOOLS,

2274, 31 to 42 inches, yellowish-brown silty eclay that digs out in irreguler
chunks easily frinble to a weli-defined, medium-crumb structure under
moderate pressure,  The ecrumbs may be broken down to very fine particles
if care is taken, The maferial is slightly plastic and is not strongly cohesive.
The apparent wetness is preater than that of any layer above. Roots are
present in moderate amounts.

{2375, 42 o 72 inches, dull yellowish-brown heavy silty cley or clay, The
material digs out in irregular chunks, the vertical cleavage plones of which
have & glistening sheen and horizontal planes of which are dull.  The mass
is very slightly vesicular, The chiunks are less easily {riable than the horizon
anove, lo & roderately well-defined, mediumn-sized crumb that may be crushed
further if care is taken, The materinl is moderately plastic and more sticky
than the layer above. It is similar in most physicel chargeteristics except
color and the presence of rotfen rock to the material immediately above it.
Roots are present.,

2276, 72 to 78 inches, reddish-brown (splotched with vellow and yellow brown)
sandy clay. The materin] digs out in irreguinr, soft pieces that are very
ensily friable to gritty, slightly granular crumblike fragments, The material
is seturated with waier. It is not plastie. There are numercus rotiten rock
frapments that hre the color of the soil. Roots are few to none.

{2277, 78 to 88 inches, yellowish-brown silty clay or clay with a raddish hue.
The material dips out in irregolsr nutlike pieces that are moderately friable
io slightly cohesive medium-sized crombs, These crumebs cannot be broken
down further under patura)l moisture cotditions. The material is slightly
plastic, Tt is very wet, but the wetness is pot apparent es in the layer above.
Roots are sbasnt.

Prorire 9, LasoraTory Nos. 02278 ro ©2285.—Kaiwiki silty clay
loam. Rainfall, 273 inches; elevation, 1,150 feet; parent rock,
voleanic ash overlava. Samples taken from caneland with an aversge
slope of 12 percent, 3.2 miles north of Hakalou, icland of Hawaii,
2278, 0 to 9 inches, preyish-brown silty cleyv loam having a reugh nutlike strue-

ture that casily breaks down to crumbs. The immediate surface has a
granular structure. Debydrated particles are noticeable throughout. Very

wet, slightly sticky, but not plestic,. Some of next layer mixed in, due to
deep plowing.
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2279, 9 to 14 inches, yellowish-brown silty cigy with & reddish cast. Crumb
structure that smooths out with pressure. Vesieular, friable. Apparently
not as wel as surface s0il. Low volume weight, numerous roots.

2280, 14 to 26 inches, dark-brown plastic silty elay with an irregular nutlike
structure that breaks to a crumb and finally smoocths out with pressure.
Vesiewlar. Slightly sticky. More eohesive than shove layer. Plastie but
not strongly eohesive. Sticky and slightly wetter than sbove layer.

C2281, 26 to 31 inches, dull-brown %o dark-brown silty clay containing some
fragments of a light, porous rocklike, material, locally called scoria, Strue-
ture about seme as layer above. Plastic but not strongly cohesive. Sticky
and slightly wetter than above layer,

C2282, 31 fo 36 inches, slight yellowish-hrown or buff-colored silty clay with a
large irregular nut gtructure breaking to a crumb, destroyed by slight pres-
sure, Vesicular. Laosely frisble but sticky with pressure.

2283, 36 to 42 inches, yellowish-brown silty eley with same structure as above
layer but more frinble. Apparently not as wet. Maore vesicular,

(2284, 42 to 51 inches, brown silty clay splotehed with light gray. Poor nutlike
;)r poor erumb structure. Wetter, less friable, and less vesicular than above
ayer.

C2285, 51 to 66 inches, massive gray elay with light specks of undecomposed
rocks and white specks resembling fungus growth. Plastic and stiff. This
layer is underlain by lava.

Ovp ProriLes

ProrFiLe 10, LaBoraTory Nos. C1646 to C1648 —Pulehu. Rain.
foll, 18 inches; elevation, 1,450 feet; parent rock, lava with probably
some alluvium. Vegetative cover: Opuntias and several unidentified
xerophytic plants. Sample taken May 18, 1936, on a gentle slope
at break of roadside ditch, 2.58 miles down old Wailuku road from
Pulehu, island of Maui.

CI1646, 0 to 10 inches, dark yellowish-brown clay Joamr with slight reddish east.
Hard, friable, moderately well-defined large-crumb structure ; breaking down
into poorly defined granules. Large number of small roots, average number
of medium-sized roots.

C16847, 10 to 45 inches, pale-brown silty clay, with n slight cast of red. Hard,
frizble, to hard moderately well-defined clod structure, breaking down sue-
cessively to coarse nutlike and erumb structure; stiff upon moisiening.

C1648, 45 to 60 inches, dark prayish-brown silty clay. Hard, friable, moderately
well-defined eoarse-crumb strueture, plastic and sticky when moistened.

Proriue 11, Lasorarory Nos. C16535 to C1657.—Ewa. Rainfall,
22 inches; elevation, 97 feet; parent rock, alluvium from old residual
materials. Sample taken May 20, 1936, where an alluvial terrace
breaks into & gulch 317 feet upstream from road, just below and parallel
to main highway to Walanae, island of Oahu.

1655, 0 to 12 inches, light grayish-brown cley with slight reddish east. Mellow,
moderately well-defined fragmental strueture, brenking dowu into poorly
defined granules; moderate number of small roots,

C1666, 12 to 32 inches, hard, friable, moderntely weli-defined frapmental struc-
ture, breaking down into hard-crumb structure. Dark yellowish-brown with
slight reddish cast silty clay. Small number of small roois,

01657, 32 to 50 inches, dark yellowish-brown clay with slight reddish cast.
Mellow, poorly defined fragmental structure; breaking into poorly defined
granules,

ProriLe 12, LasoraTory Nos. (1652 To C1654.—Kipapa. Rain-
~fall, 36 inches; elevation, 540 feet; parent rock, basaltic lava. Samyple
taken May 20, 1936, on the break of a level platean to s gulch located
on north side of main Kipapa guleh, southwest of bridge on old
abandened road grade, Wahiawa, 1sland of Oahu.

C1652, 0 to 14 inches, dark-brown chy with a slight reddish cast. Mellow,
moderately well-defined fragmental structure, breakiug down into poorly
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granuler; dry, easy to smear, siiff plastic and tight rolling upon moisiening.
Moderate number of small roots.

C1653, 14 to 27 inches, yeliowish, reddish-brown clay. Meliow, moderately
well-defined fragmental structure; breaking down into poorly defined gran-
ules; stiff plastic when moist. _

C1654, 27 to 50 inches, reddish-brown clay. Hard, friable, moderately well-
defined frapmenial structure; brenking down into hard moderately weli-
defined coarse-crumb struciure.

ProriLe 13, LasoraTory Nos. C16843 ro C1645.—Laupi. Rain-
fall, 100 inches; elevation, 1,000 feef. Parent rock, lava. Sample
taken May 18, 1938, on a moderate slope from a cut bank scraped
back to natural moisture conditions, 0.5 mile south-southeast from
triangulation point on Kaum _O Kamelmeha about haliway between
rain gages located on Puimalei and Lupi camp, island of Maui.
(1643, 0 to 10 inches, yellowish-brown clay; stiff, plastic, with moderately well-

defined small nutlike strueture; when very weti, pressing into ¥-ineh layers.
Large amount of small roots, and p modernte nunber of medium-sized roots.

C1644, 10 to 25 inches, strong yellowish-brown cluy with slight reddish cast;
stiff, plastic, with moderately well-defined small uuoilike structure; when wet,
pressing into ¥-inch layers. Moderate number of sinall roots.

Cib45, 25 o 40 inches, pale yeollowish-brown stiff, plastic clay with slightly
reddish casi, with moderately well-defined frogiuentnl structure; breaking
dowz into moderately well-defined ecrumb strueture; when wet, pressing into
¥-ingh layers.

ProriLe 14, Lasorarory Nos. C1649 ro C16561.—Wahiswa Forest.
Reinfali, 140 inches, elevation, 1,360 feet.  Parent rock, basaltic lava.
Vegetative cover: Nodding club fern, paperbark, species of Puspalum,
hilo grass, guava, horsetall, and Koa. Sample taken May 20, 1936,
on o moderate slope about 30 feet north of the road, 1,341 feet inland
from the forest reserve gate, east of Wahiawa, island of Osahu.

(1649, 0 to 10 inches, grayish-brown, stiff clay, with moderstely well-defined
coarse-cruiub structure, breaking down to poorly defined finer erumb strue-
ture; when very wef, pressing info ¥-inch loyers. Large amount of small
roots, and moderate amount of medinm-sized roots.

1650, 1¢ to 25 inches, stitf, reddish-brown clay, with modcerately well-defined
coarse-cr-irab structinre; breeking down inte plastic poorly defined granules;
when wet, pressing into ¥-inch layers. Bmall pmount of small roots.

C1651, 25 to 40 inches, vellowish-brown, stiff clay, moderately well-defined fine
nullike structure; breauking down to moderately well-defined ecrumb strue-
ture; when wet, pressing out into ¥-inch layers,

THE ANALYTICAL DATA AND METHODS

Chemical anealyses of the soll material in different layvers of the 14
profiles are shown in table 1. This table 2lso contains three analyses
{C1810A, C16134A, and C1616A) of lava fragments that were too large
te be part of the sod muterial anslyzed. These were picked from
profiles 1 to 3 and are presumed to represent the parent material of
these profiles.




TaBLE 1.--Chemical analyses of sorils
EXCEEDINGLY YOUNG PROFILES
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:Ifava fragments from same layers as soil samples C1610, 01613, and C1618, respectively,
Trace.
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TABLE 1.—Chemical analyses of soils—Continued

YOUNG PROFILES—Continued

Or-

Profile | Nature of parent ! - .
No. material N A103 | MgO | Ca0 | K20 { Na,0| TiOs r%%rtltigr

w
kel

Per- § Per- r- | Per- Peér-
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Analyses of the colloidal materials isolated from the soil materials
are shown in table 2. In both tables the analyses are divided into
three groups according to the ages of the profiles, and within each
group the profiles are arranged in order of increasing rainfall. The age
of 5 profile as exceedingly young, young, or old was estimated by the
soil surveyor who collected the samples. The estimations were based
lorgely on geological evidence and probably partly on observation of
the soil profile itself.

250057 —41—»




TasLe 2.—Chemical analyses of colloidal materials
EXCEEDINGLY YOUNG PROFILES
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No mechanical analyses of the samples are reported, as the results
obtained by the usual analytical procedure were found to be quite
erroncous in many instances. Modifications in the standard pro-
cedure needed to give accurate results in the case of these soils have
not yet been developed, but that the standard procedure is inade-
quate for soils of this kind is shown by the following facts.

Most of the samples from profiles 8 and 9 seemed to contain less
than 10 percent of clay or colloid and n high percentage of fine gravel
when analyzed by the usual method. Yet nearly 50 percent of
colloid was isolated from most soils for analysis, and the undispersed
residue was found on microscopic examination to be madc up chiefly
of colloidal materinl.

There is no doubt but that these soils are made up almost entirely
of colloidal material.  Soil C1618, profile 5, contained about 4 pereent
of colloidal materinl according to the usual analytical method,
whereas 8 pereent of colloid was isolated for analysis. Mechanical
analyses of the sample were then carried out with the standard pro-
cedure modified to include agitation in the Bouyoucos high speed
rotary stirrer in nddition to the customary shakmg overnight in a
reciprocating shaker. When nagitated for 1 hour in the Bouyoucos
maching the pereentage of clay was 13 pereent; when agitated for 8
and 10 hours the percentages of clay were 34 and 40 percent, respee-
tively.  The percentages of combined bases in the sample indicate
that morve than lialf of the sample is colloidal material. Tt scems
evident that in the case of these soils an accurate estimation of ulti-
mate particle size ean only be obtained by employing a more effective
dispersion means.

The methods followed in the chemical analysis of the samples,
extraction of the colloid for analysis, and determmation of the Lhydro-
gen-ien concentration were the same as those described in the previous
publication (7). The selenium determinations were made by K. T.
Williams according to the method described by Williams and Lakin
{12). Chromium was determined as deseribed below.

One gram of soil was [used with anhydrous sodium carbonate and
2 little potassium mitrate. The fused mass was extracted with hot
water and allowed to stand on the steam bath until completely dis-
integrated. A few drops of alcohol were added, and, after warming
on the steam bath to reduce manganese, the insoluble material was
filtered off and washed well.  The solution wes aseidulated strongly
with hydryehloric acid and evaporated to about 100 ce. To the
solulion, now a pale-green color, ammonin was added in slight excess.
The precipitate of chromium and silica formed was washed well and
then transferred to a beaker with very little water. It wns boiled
with 10 ce. of 10-percent sodivm hydroxide. About one-helf of a
cubic centimeter of 3-percent hydrogen peroxide was added and the
solution was boiled to expel hydrogen peroxide. About 100 ce. of
hot water was added and then 4 gm. of 2mmonium chloride crystals.
The contents of the beaker were stirred, allowed to settle, and filtered.
The filtrate was acidulated with 1 to 5 sulfuric acid, 1 cc. of 5-percent
potassium iodide was added, then a starch solution. The solution
was titrated with twentieth normal sodium thiosulphate, 1 ce. of
which was equivalent to 0.0012 gm. of Cry0,.
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SPECIAL CHEMICAL CHARACTERISTICS OF THE SOIL
SAMPLES

Before the analyses are considered for indications s to the effects
of weathering, certain characteristics of the samples should be pointed
OUt;a.l These are chiefly characteristics imparted by the parent ma-
terials.

Like other Hawaiian soils the samples differ from most soils of
the continental United States in being particularly low in silica and
high in iron, aluming, and titanium. This is owing to the fact that
the lavas and volcanic ashes, from which these soils were derived,
contain practically no quartz and are usually high in titanium.

An outstanding feature of many of the soils is the quantity of organic
matter present and the depth to which it has penetrated in the soil
profile. Many of the soils contain more organic matter at 3 feet
than well-drained soils of the mainland contain in the first 6 inches,
Presumably the high rainfall is partly responsible for this, as the
accumulation of organic matter deep In the soil increases with the
reinfall to which the soil is exposed. It should be mentioned that
profiles 2 and 3 do not contain so much organic matter in the whole
mass of scil material as the analyses indicate. These profiles contain
o large proportion of lava fragments too coarse to be included ‘1 the
material subjected to analysis, and all the organic matter is concen-
trated in the fine material analyzed.

Some of the soils contain somewhat exceptional percentages of
constituents that are usually present in small amounts. Profile 12
is high in manganese; profiles 7, 8, and 9 are unusually rich in sulfur;
profiles 6 and 10 are exceptionally high in phosphoric acid; and 4 is
higher than usual in soda and pofash. These are presumably due to
variations in the parent materials.

The exceptionally high contents of selenium in profiles 13 and 14
should be mentioned. These are among the highest yet encountered
in soils that do not produce selcniferous vegetation. ~ It is presumed
that selenium in these soiis is present as 2n insoluble ferric selenite {8).

In the course of the general analysis there were indications that
some of the soils contained an appreciable amount of chromium,
Determinations of chromium were subsequently carried out to gain
an idea of its general distribution. It seems to be generally present.

Nickel is also probably present in somewhat greater amounts than
in the average soil of the mainland United States. Sample C1634
contained 0.19 percent NiQ, sample C1645 0.09 percent, and samples
C1615 and C1616 both contained 0.97 percent.

WEATHERING OF HAWAIIAN ROCKS AND FORMATION OF
HAWATIAN SOILS, AS SHOWN BY ANALYSES OF THE WHOLE
SOIT. MATERIAL

Some idea of the formation of Hawaiian soils may be obtained from
the foregoing chemical analyses of old and young soils developed under
high and low rainfalls. If the compositions of soil materials of differ-
ent degrees of weathering are compared with the compositions of the
unweathered parent rocks the course of weathering should be apparent,
The obvious uncertainties in this procedure lodge in determining the
compositions of parent materials and in estimating the relative degrees
the soils have been weathered.
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The 14 soils cannot well be arranged in 1 series secording to order
of weathering, but after the soils have been divided into 3 age groups
the relative weathering within the group should be roughly proportional
to the annusel rainfall that is weli known. Estimations of the age
groups to which the profiles belong were made in the field by soil sur-
veyors on the basis of geological evidence. They should be reasonably
certain and the analysis of the data which follows indicates that they
are correct.

The chief uncertainty in determining the course of weathering from
the soil analyses lies in the fees that it 1s necessary to assume s compo-
sition for the unweathered parvent rocks of many profiles. In the case
of the exceedingly young group of soils, compositions of the parent
rocks are known from ansalyses made of lave fragments taken from
within the profiles. These profiles were made up largely of lava
fragments. Analyses of the lava fregments are shown in table 3,
ealeulated o an Ignition-loss-free basis.

Tasre 3.—Composifion of Hawation lavas

Eum of hases
m {Me0, Cal,
hinterialy 0, K20, ned
Na)

Percent| Pereent| Percent| Percent|  Pereent
Highest percentaps In any oo of Cross's 43 somples (). .| 6219 18.87 5.35 30
Lowest pereentage in any one of Oross's 43 samples (§)....| 3386 L 7.0 .12 1
Average of Cross's4@3semples (4} oo oonnval ae .| 48.0Gn 485 JEREH 228 2
Stundard devigtlon, ¢, for samples nveraped 597 B 2,00 i.15
Luve fregments {rom profle No. 1., 4%, 53 B 428 2.2
Lava fragmants from profile No. 2 4821 .7 14 44 2.1
Lava [ragruents from profile Ne, 31 3973 8 13,74 .

<)I

]
6. 72
4, 4
3 .62
3 I, 07
i 2825

¥ Pho aoadyals Ts enleuinted to 8 hosls free af ignilion (oss.

In the case of both the young and old soils, all the material within
the profiles was more or less weathered. It was assumed for these soils
that the parent rocks had the samecomposition as theaverage Howaliagn
lava. This of course is probably more or less wide of the truth for all
soils, but a fair estimate can be made of how much the assumed compo-
sition probably differs from the true composition in the majority of
cases.  In most cases differences between true and assumed values
should not be more than the standard deviations of the constitucnts
shown in table 3.

A compostition for the sverage unweathered lava was obtained by
calculating the avernge of the 43 analyses of Hawaiian lavas reported
by Cross (4). In this calculation, minor constituents were omitted,
the monovalent and divalent bases were lumped together, and ferrous
oxide was converted to ferric oxide without recalculation of the per-
centages of other constituents for the slight difference this change
involves. This average valuc is shown in table 3 together with the
maximum and minimum percentages of the constitueats found in any
onc sample. The standard deviations for the diffevent constituents
were ¢aleulated hy the usual formula.  If the standard deviations are
compared with the average values, it will be seen that the 43 samples
are least variable in silica, most varieble in titanium, and about equelly
variable in iron, slumina, and sum of monovalent and divalent bases.

In order to follow the changes attending weathering, the analyses
of whole soils shown in table 1 have been ealeulated to an ignition-loss-
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free basis. Organic matter and combined water, included in lgnition
loss, are lacking in the unweathered parent materials. It is therefore
necessary to climinate these constituents before comparing the soil
analyses with analyses of the lava. The recalculated analyses are
shown in table 4.  Also, in order to facilitete comparisons, these
analyses of separate herizons have been averaged to one analysis,
shown in teble 5, representing the average composition of ell the
material in & profile.  In ealculating the average analyses, the analy-
sis of each horizon was weighted according to the thickness of the
horizon. Weathering changes that mighi be peculinr to certain
hrorizons in & profile have been obscured 1n this usc of sverage analy-
ses.  In caleufating the average analyses of the profiles, the 51- to
G6-inel layer in profile 9 was omitted, as, according to she soil sur-
vevor who collected the sample, it was presumed to be of different
arent material from the rest of the profile.  The 69+4- and 31-4-inch
ayers were also omitted from profiles 17 and 18, becuuse it was im-
possible to weight these for depth.




Tasie 4.—Chemical constituents of soils and of extracted colloidal materials calculated on an ignition-loss-free basis
[Combined water calculated on material free of organic matter; organic matter and quantity of colloid extracted ealeulated on weight of whole sofl]
EXCEEDINGLY YOUNG PROFILES

Annlyses of whale soils Analyses of extracted colloids
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OLD PROFILES

Cigd6 | 0 ., . ¢ 3.30
1647 33. . . 2,68
1648 4. , - . . 2.85
C1055 7.58 | 25, P 4 3,10
C165 5 73 . 5 2.4
1657 9. 7 5 . (4 2,39
C1652 . 7 4 . 3.04
36.....4C1053 07 43 . 2,08
Clo54 2, 4 2,05
1643 . 02 2, 2,83
100. .. {C1944 . . 72 . 4 . 1L 45
C1645

C1619 42, 8.4 22, . - . 7.17
140 .4 C1050 .62 1.56 b h24
Cloa1 | 2 5 .95 . 2.78

PReeew

BEBRES

O ST =0 60 i DS B et
RPN NN

E——TF—4 100008

er o
SR

2885

SS2ELRRRRYRESY
BRAELUERIONR=2D

WaZmD o
e

PROFILE

B3TI2 i ,‘ 3 L75 .7 3.80
B3I7I3 : A 7 0. 139 3 1,60
glg” .62 E . . }.45 .67

3715 - g . ] . §2 . 2 .08 .63
BaT16 . 3 4. 1.63 5 .18
Bt . 8 .32 5 6,27

57 25, . . 3,2
B57Y4 26,20 § 30,02 A7 218

) 33,7 R 3,38
2,52
2,28
2,29

Do S

=@z

GBIHE]
oy R s
BEZBSIES

P B Sng KomD

SIRR A OO DR HO RS ]

PN D = IO BE oo
SEE2BSETrey :
e
==

0W.....

na7Io

BA720

nors | 0
571 B-9

Wnsase | ecan | 0 ¥

BET | 30-40 | 2462 | 97,44
0-7

P En DR D e JO RS RO PO O NS 2 e B3 1D
o

27.3
14.0
24,9
19.4 1946 | 46,71

B30 27947 40.33
6.3 . 54,81 . L
0.0 . 5 15,27 5 . G2 16.38
6.11 38, 13.93 3 .48 18.71

t In Technical Bulletin 584 the quantity of colloid extragted is expressed as pereentage of the quantity of colloid indicated by the mecharifcal analysis. In this table the quantity
fs expressed as percentage of the whole soil.

SENVISI NVIIVMVH IHI NI ONIHIH.LYIM HADOH

o

n

e e e O S G e

(G5 . 43,70
104 Co3y 715 Y, 2 a3, 97
o] OO0 | 15-22 A 16.33 3 . 5 . X
Co4dl ¢ 22-30 . 15.90 3 2,24 . 2. 1.25 36

we

o
=




18 TECHKICAL BULLETIN 752, U. § DEPI. OF AGRICULTURE

TaBLE 5.-—Average composition of the soil material in the whaole profile

[Constituents celculated oo iguit.‘.c.n-loss-frw bagis, except comblned water caleulated oo orzanle-fres basfs.
and organle matter culculated on welght of wheole solll

EXCEEDINGLY YOUNG PROFILES
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t Calenlated as a fractlon of the quantity in the originel lava.

Soil analyses reported in & previous bulletin (7) were also receleu-
lated in the manmer just described. These analyses are shown in
tables 4 and & along with the present analyses. The profiles in this
collection were not characterized as to age, but they are presumably
all fairly old, because they are all made up almost exclusively of silt
and clay particles. Arranged in order of rainfall they provide a
series to compare with the old profiles.

No elaborate consideration of data is needed to show the general
net results of weathering. Al soils in table 5 except profiles 1 and 4
are higher in iron, alumina, and titanium and lower in silica and sum
of monovalent and divalent bases than the average unweathered lava.
This is plainly due to the fact that the losses, if any, of iron, alumina,
and titanium by leaching are on the whole less than the losses of silica
and sum of monovalent and divalent bases. A more detailed picture
of weathering, especially with respect to the changes taking place at
different stages of weathering, may be obtained from the data in
table 5.

If the percentages of iron and alumina are compared it will be seen
that in each age group the proportions of these two constituents show
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a regular veriation with rainfall. In the evceedingly young group
profile 1 should not be considered, because, according to its composi-
tion end ite Jack of combined water, this is practically unwesthered,
but in profile 2 the elumina is higher than iron: whereas in profile 3,
of higher rainfall, iron cxceeds alumina. In the young group of
profiles, alumina exceeds iron in the profile receiving 20 inches of
rainfall. Alumine and iron do not differ markedly in profiles receivin
50 to 188 inches of rainfall, and iron exceeds alumina where the rainfa.ﬁ
is 273 inches. In the old group of profiles slumine exceeds iron in
profiles receiving up te 36 inches of rainfall and iron exceeds aluming in
profiles of 100 and 140 inches of rainfell. In the presumably old
group of soils from Technicel Bulletin 584 the paitern is similar;
alumina exueeds iron in profiles receiving 20 inches of rainfall, and
iron exceeds alumina in five profiles reeceiving 52 to 104 inches of
reinfall,

These changes in the proportion of iron to alumina may, of course,
be due to chance variations in the parent materials, hut the odds are
against this. Three of the 12 soils containing more iron than sluming
have iron-alumina ratios of 1.88, 2.13, and 2.31. In the average lava,
iron and aluming are about equal and no one of the 43 lavas reported
by Cross contains iron and slumine in a retio higher than 1.80. It
iz especially improbable that the correspondence between iron-
glumina ratio and rainfall should be due to chance. In proceeding
from profiles of low rainfsll to those of high rainfall, the pattern of high
aluring, approximately equal iron and aluminsa, and high iron, obtains
for all four groups of soils, wholly or in part. Moreover, the pattern
is more marked in the groups of old profiles then in the young group.

A more probable explanetion of the dats is that st some stage  the
weathering of Hawaiian soils derived from lave, alumine becomes more
soluble than iron. The point at which this tales place apparently
corresponds to, or is dependent upon, the development of & certain
bydrogen-ion concentration in the soil material. In profiles where
&lumina merkedly exceeds iron most of the horizons have pH values of
6 or more; whereas in profiles where iron markedly exceeds alumina
the horizons are in most cases more acid than pH 52. There is a
fairly sharp line of demarcation between the two olasses of soil at pH
5.0 to 5.2,

Titenium increases with rainfall in each age group almost as regularly
&s iron. The correspondence of titanium to rainfall should be some-
what poorer than that of iron, for titanium veries mure widely than
ron in Hawasiian lavas, as shown in table 3. It seems that titenium
is fully as resistant as iron to leaching, or slightly more so, as the
proportion of iron to titanium in the soil is about the same as in the
lavas. The average percentages of iron snd titanium in the 43 anely-
ses of lava (4} ere in the proportion of 6.4 to 1, and in the 21 soiis of
table 5 the average iron-titenium ratio is 5.5. There is no evidence
in table 5 of titanium being more insoluble at one stage of wesathering
than at another, but other evidence on this point will be given later.

The percentages of silica are on the whole in good correspondence
with the rainfall data in all four groups of soils. Although there ere
some discrepancies, these may reasonsbly be attributed to differences
in parent material or to differences in the ages of soils in the same group.

here is also a reduetion in the silica content with age. This is
:apparent in the low rainfall soils, but not in soils of high rainfall, if the
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exceedingly young group is excepted. Sufficient data are not avail-
able to tell whether depletion of the seil in silica reacbes & minimum;
i. e., a point where other constituents and silica are lost at the same
rate. Some Hawsiian soils have been anslyzed that contain less
silica than any of those shown in table 5 (1), but it is not known
whether their exfreme composition is due to exceptional weathering
or to a parent material of unusual composition.

The perceptages of the combined monovalent and divalen$ bases
agree with rainfall data fully as well as the silica percentages in the
young and old groups of sotls. But in the group of presumably old
soils from Technical Bulletin 584 there is practically no correspondence
between bases and rainfall,  And in the old group where the bases
stand in the same order as the rainfall, the percentages of bases are
all so low that it seems that they might easily be put out of order by
chance conditions. From tho data available it scems that the silica
content is a more reliable indicator of degree of weathering than the
base content. Organic matier is presumably responsible for the
slight or irregular varistion of bases with rainfall. Part of the bases
arp associnted with the organic matber and this geperally increases
with rainfall.  If it were possible to subtract the bases held by organic
matter from the total, the remaining bases would probably show a
good correspondence with rainfall.

In Hawaiian soils the removal of bases evidently proceeds almost as
far under low rainfall as under high rainfell, given sufficient age.
Tour old profiles (Nos. 10, 11, 15, and 16), developed under 18 to 22
inches of rainfall, are no higher or only sbightly higher in bases than
the soils developed wnder 100 or more inches in the young and old
eroups. Possibly silica likewise approaches the minimum under low
rainfall in soils sufficiently old. More data bearing on this point are
needed. It is evident, however, that the removal of silica proceeds
at o slower rate than the removal of bases under low rainfall.

The comparative rates at which silica and the bases are removed
is not shown so plainly by the percentage compositions of the soils
as by celculations of the losses that have occurred during the develop-
mont of the soil from the parent lava. In the casc of soils 2 and 3
ihe losses of silica and bases can be caleulated, because analyses of
{he actual parcnt lavas are available. The genceral method of cal-
culating weathering losses is deseribed by Merrill (70). TIn the case
of soil 2 it was assumed that no alumina was lost in the transition from
lava to soil and in the case of soil 3 iron was assumed to be the most
insolubte constituent. Tor soil 2 the calculated losses of silica and the
basos are 0.60 and 0.65 of the quantities present in the fresh lava and
for soil 3 the losses are, respectively, 0.63 and 0.65.  Thus the relation
between the fraction of silics lost and the fraction of bases lost is
almost identicel for the two soils, although the parent lavas of the
two soils contain silica and bases in different proportions, as shown in
table 3. The lava of soil 2 contains 2.41 times as much silica as
bases and the lave of soil 3 contains silica and bases in the proportion
of 1.41 to 1. Considered simply as weight of material lost, the loss in
silica is 2.23 times the loss in bases for soil 2 and 1.37 times the loss in
bases for soil 3. The data on these two soils indicate that the absolute
weights of silice and the bases lost are determined largely by the
proportions in which these constituents are present in the parent lava,.

It scems that the fractional loss of bases 13 always greater than the
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fractional loss of silica. This holds for soils 2 and 3 and for the
remaining soils in table 5 and for lava boulders and their contiguous
soil layers analyzed by Kelley (see Moir et al. 77 }. The calculations
made for soils 2 and 3 ‘were aiso made for the remaaining soils in table 5.
Analyses of the actusl parent lavas not being available, the data of
reference in these cases was the assumed average lava. The fractional
loss of bases calculated wes in each case greater than the fractional
loss in silica, the differences being much greater for the low rainfall
soils then for the soils of high rainfall. The general trend of the
values obtained is probably correct. They are 1n harmony with cal-
culations made by Moir and his associates (11) from Kelley's data.
Kelley’s analyses were made of unweathered cores of Jave, oulders,
and the weathered shells of adhering soil material found in the Wah-
1awe region, island of Oshu, Moir et al. caleulate that in the develop-
ment of the soil material from the fresh lava the loss of silica is 80
percent of thet present in the fresh lava and the losses of lime, mag-
nesin, soda, and potash average 94 percent of the quantities originally
present. These losses are of Iﬁm same order as those calculated for the
high rainfall soils of the young and old groups and for seils of medium
rainfall in the old groups: in other words, for soils 7 to 9, 12 to 14,
and 17 to 21.

Further evidence on the course of weathering may be obtained from
analysis of the extracted colloidal materials, but the conclusions
drawn from the soil analyses may be briefly recapitulated. Atumina
seems to be the least soluble constituent in soils that have not baen
markedly weathered or in soils exposed to low rainfall. In the more
highly weathered soils iron is evidently less soluble than aluming;
titanium is probably slightly less solublé than iron, but it varies con-
siderably more than iron or alumins in the unaltered lavas. Silica
and the sum of monovalent and divalent bases are by far the most
soluble constituents in the soils and Iavas. The beses seem to be
lost more rapidly than silica, particularly in the early stages of weather-
ing. Under high rainfall the ioss of bases may be diminished some-
what by increased organic matter. The best index of degree of
weathering seems to be the silica content of the material.

According to the preceding conclusions, a series of soils derived {from
the same parent lava but weathered to markedly different extents
should show the following changes in composition when arranged in
order of decreasing silica content. The base content should ba high
where the silica is high, but with a moderate drop in silica the bases
sheuld drop to a low level where they should Auctunte more or less
with the organic matter. Alumina should increase markedly with the
first smell decrements in silica, remain fairly constant with further
decrements in silica, and decrease when the silica content becomes
low. Iron and titanium should increase with decreasing silica content,
but the increases accompanying the first decrements in silica should
be less than those accompanying subsequent decrements.

It seems as if it should be possible to test the preceding conclusions
by en exemination of existing data. However, few ultimate analyses
have been made of Hawaiian soils. Moir et al. {11) report only 11 such
analyses, These were made by Magistad and are of surface layers
only. No information is given regarding the 11 soils except that they
are from 6 different islands and are devoted to pinespple growing.
These analyses are given in an abbreviated form in tabﬁa 6, arranged
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in order of decreasing silica content. Only the major constituents are

shown apd these bave been calculated to an ignition-loss-free basis,

except water which is ealculated on the material free of organic matter.
TapLE B.—Analyses by Magisted (11) of 11 Hewaiien pineapple soils

[Caleulnted Lo no ignitlon-ngs-ree basts]
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! Caleulatad on orgonic-free basls.

It will be seen that this series of soils conforms fairly well to the
pattern predicted for materials weathered to markedly different
degrees but derived from the same parent material. ost of the
deviations In iron, aluming, and titenium from the idesl trends are
such as might reasonably be attributed to differences in parent lavas.
The fact that the titanium percentages show more pronounced ir-
regularities in their upward trend than the iron percentages show is
in harmony with the idea that the irreguiarities are mostly due to
differences in parent lavas, as titanium is & more variable constituent
of Hawailan lavas than iren.

WEATHERING OF HAWAIIAN ROCKS AND FORMATION OF
HAWAITAN SOILS, AS SHOWN BY ANALYSES OF THE COL-
LOIDAL MATERIAL

The preceding conclusions as to the effects of weathering were based
on analyses of whole soil material. Because whole soils usually con-
tain unweathered minerals together with the weathered residues of
minerals, whereas the colloidal {ractions of soils are made up chiefly
of the weathered residues, it might be expected that analyses of the
colloidal materials would give a clearer picture of weathering than the
soii analyses.

Complete analyses of the colloidal materials extracted from the
different horizons of the soil profiles are shown in table 2. The main
constituents of these analyses caleulated to & basis free from ignition
loss are shown in table 4. These analyses are comparable with the
analyses of whole soil also shown in table 4. In some cases, in order
to facilitate comparisons of the colloidal materials in different profiles,
a single analysis for each profile was obtained by av eragn;fjr the
analyses of all the horizons in a profile. These average analyses,
shown in table 7, are comparable with the soil analyses of table 5.
In caleulating the average analysis for a profile, the analysis of each
horizon was weighted according to fhe thickness of the horizon, but
it was impossible to weight the analysis for the percentage of colloid
present in a horizon, as this was uncertain.
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If the data of table 4 are compared it will be seen that the extracted
colloids and whole soils are for the most part much alike in composi-
tion. The most consistent differences between whole soils and col-
loids cceur in the first & profiles. It seems that the first 6 profiles
are made up of lava minerels and varying amounts of coloidal
material, whereas the last 15 profiles are made up almost entirely of
colloidal material. The evidence for these conclusions follows.

TanLe 7.-—Average composition of the colloidal materials extrocied from profiles
I to & and the compogitions of the lavas from which they were formed |

[All constltuents except water caloulated or meteria! free of ignition Joss, Water enleninted oo materls!
{ree of organfc muller only)
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i Ttalles used to distinguish lava from colloid anal yars.

In the 15 profiles following profile 6 the only consistent diffcrence
between whole soils and extracted colloids lies in the titanium con-
tents. This constituent in almost every horizon is markedly higher
iz the whole soil than in the extracted colloid. In the lave bitanium
is frequently present as illmenite (FeO. Ti0,), & mineral very resistant
to weathering. It may be that part of the titanium in the soil is
present in the originsl illmenite particles larger than colloidal size, or
1t is possible that when minerals containing titanium bresk down the
titanlum does not become part of the clay minerals but forms an
oxide not readily dispersable.

Except for the titanium contents many of the whole soils and
extracted colloids in this group of 15 profiles are practically identical
in composition. In some profiles differences occur, but they are not
such as would be caused by the presence of unweathered minersls in
the soils, as the calculated analyses of residues remaining after
removal of the colloid samples do not correspond to unweathered
lave minerals, Differences between soil and colloid that occur in this
group of profiles are evidently due to theextracted colloidal rmaterial
not being representative of all the colloid in the soil. The colloidal
material that is diffieult to disperse and is not extracted evidently
differs in compeosition from the extracted colloid. Data bearing on
this subject are given in two previous publications (8, 5).

In profiles 10, 11, 15, 16, and 17, iron is considerably lower in the
extracted colloids than in the whole scils and this difference secounts
for the somewhat higher percentages of silica and alumina in the
colloids. The profiles mentioned are all old profiles exposed to low
ramfalls. Presumably here some of the iron has become dehydrated
and consequently resistant to dispersion. In profiles 13, 14, 18, 20,




24 TECHXICAL BULLETIK 752, U. & DEPL. OF AGRICULTURE

and 21 the soil and colioid are nearly alike in the lower horizons, except
for titanium, but in the surface horizons a conditien obtains similar
to that in the tow rainfall profiles. Here the extiacted colloid is
much higher in alumina and combined water than the whole soil. In
profiles 14 and 20 the surface borizons are so low in alumina and
combined water that after the quantity of colloid actually extracted
1s removed the residue is made up almost entirely of silica, iron, and
titanium with very little combined water. It secems thet in these
surfoce horizons the soil material is made up of two general elasses of
colloidal material—n dispersable part that is the usual hydrated
alumine-silicate complex and & part that is difficult to disperse made
up largely of partially dehydrated oxides of iron, silicen, and titanium,
An Xerny cxamination of these soils and their extracted colloids
would be of interest.

In the first 6 profiles the differences hetween soil and eolloid are
feirly consistent aned are distinet from the differcoces obtaining in
the last 14 profiles, except for titanium in profiles 5 and 6. As com-
pared with the extracted colloids, the soils are, with few exceptions,
higher in silica, lower in alumina and iron, higher in bases and lower
in combined water. These are all characteristics that would be
imparted by the presence of unwoeathered lava minerals. The differ-
ences are most pronounced in profile 1 and least pronounced in
profile 6. Profile 1 is obviously made up almost exclusively of
unweathered minerals. This is shown by the virtual shsence of
combined water in the soil material.  The soil material of profile 8,
on the other hand, is cvidently made up largely of material colloidal
in its degree of weathering with some unweathered minerals. In the
other profiles the proportions of parent minerals and colloidal mate-
rial are presumably intermedinte between those obtaining in profiles
1 and 6.

It sectns fairly certain from the preceding comparisons that the
first 6 profiles contain some unweathered lava minerals in addition
to colloidal material, whereas the last 15 profiles are made up almost
exclusively of colleidal material.  Colloidal material in this particular
connection is taken as meaning the insoluble decomposition preducts
resulting from the bresk-down of the parent lava mincrals.  Whether
these products are readily dispersable or not probably depends in
part upon changes that the colloidal eomplexes have undergone since
they were formed.  As shown in table 4, the last 15 profiles differ
widely in composition and the differences are related to the ages of
the profiles and the rainfalls to which they are exposed. Granting
{hat these profiles consist largely of colloidal material, it seems
evident that weathering has altered the colloidal material somewhat,
However, there is considerable evidence that the composition of the
colloid is determined largely at the time it is formed. Some light on
these questions may be obtained from the analytical data reported
here.

The snalyses of the extracted eolloids of profiles 1 to 6 are of par-
ticular interest, for it seems they represent, or are close to, the compo-
sitiops of the freshly formed colloidal materials. These profiles are
obviously less weathered than ihe others. Profiles 1 {0 3 are especially
young and only slightly weathered, as they contain a considerable
proportion of large Tava fregments that are practically unweathered.
It required painstaking work to extract about 1 percent of colloidal

+
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material from the fine material of these three profiles. The fact that
these profiles 1 to 6 apparently still contain minerals of the parent
lavas indicates that the extracted colloids may be essentially as when
first formed. The decomposition of these minerals with liberations of
soluble constituents should tend to maintain the conditions that ob-
tained when colloidal material was first formed.

Table 7 shows the average compositions of the colloidal materials
extracted from profiles 1 to 6. Average analyses for a profile were
calculated as described on page 22.

Granting that the analyses are those of freshly formed colloids, it
appears that rainfall has considerable effect on the kind of colloidal
materials formed when the parent minerals break down, as when the
analyses are arranged in order of rainfall, the major differences in com-
position show a fairly definite trend if the analysis of profile 1 is omit-
ted. This analysis may be excluded from the comparison as the base
content, of the colloid, the low combined water of the soil material
from which 1t was extracted, and the small quantity of colloid that
could be extracted suggest that this colloid may contaln unweathered
or partially weathered minerals. When profile 1 1s excluded the series
of analyses shows with increasing rainfall a regular decrense in silica,
an almost regular increase in combined water, a regular increase in
the sum of iron and alumina, & practically constant level of bases, and
irregular amounts of titanium. There is no plain trend in the percent-
ages of iron alone or alumina alona.

The constant percentage-of bases in the colloid is doubtless a fallacy
produced by caiculating the constituents on a basis free of orgsnie
matter. Part of the bases must be associated with the organic matter
rother than with the inorganic constifuents, and the organic matter
in the colleids increases with increasing rainfall from about 4 percent
to nearly 30 percent. If a correction could be made for bases carried
by the organic matter the bases of the inorganie constituents would
doubtless show a regular decrease with increasing rainfall.

It is probable that the decrease in silics, the increases in combined
water and in sum of iron and alumina, and the presumable decrease in
bases are due to differenices in rainfall. The irregular percentages of
titanium are probably due to differences in the parent material, as
titanium is one of the more variable constituents of unaltered lavas,
Whether the irregular proportions between iron and alumina are due
to differences in rainfsll or to differences in parent materials is &
question. Obviously much more data than those given in table 7 are
needed to show WJ'.#K any degree of certainty the comparative effects
of Hrainfa]l and parent material on the chemical composition of the
colloids.

An examination of these colloids for the types of clay minerels pres-
ent would be of considerable interest, as they contain widely varying
proportions of silica, alurnina, and combined water and yet are derived
from parent rocks that are presumably much salike. In the colloid
from the profile of 20 inches of rainfall the proportions of silica, alu-
mina, and water plus bases are about what they should be if kaolinite
is the chief constituent. .

If the freshly formed colloids are compared with the parent laves |
it can be seen that marked weathering changes accompany the forma-
tion of colloidal material under high rainfall. In table 7 the composi-
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tions of the coileids and of the parent lavas, either actusal or assumed,
are brought together. The lava analyses for profiles 1 to 3 are analyses
of rock fragments found in these profiles, whereas the lave anslyses for
profiles 4 fo 6 are those of the average lava which is assumed to be
similar to the actual parent meterials. It will be seen that the colloidsl
material formed under 20 inches of rainfall differs from the parent lava
in containing twice as much slumina, much more watber, and one-fifth
as much totel bases. In the colloids formed under 150 and 175 inches
of rainfall these differences are accentuated and in addition the col-
loids contain much less silica than the parent lavas. The miaiizum
weathering losses responsible for these differcnces in composition can
be calculated assuming that either no iron or no aluming is lost, accord-
ing to which has incressed more in pereentage.  If this is done it
appears that when the minerals decompose to colloidal material under
low rainfell there is a marked gain in combined weter, most of the
monovalent and divalent bases arc lost, and considerable silica is lost,
When the minerals decompose under high rainfall the losses are prac-
tically the same except they are greatly accentuated. There is & sug-
gestion, however, in the colloid of 175 inches of rainfall that more
3Imnina may be lost than iron. This should be substantiated by more
ata.

Beeguse the parent lava minerals have apparently disappesred in
the last 15 profiles it may be assumed thet the collodial materials in
these profiles have been weathered more or less. If this is true, an
idea. of the effects of weathering on collodial material already formed
may be obtained by comparing the colloids of the last 15 profiles
with the freshly formed colloids in profiles 2 to 6. The colloid from
profile 1 is excluded for the ressons given on page 24.  As previously
mentioned, the last 15 profiles seem to be made up almost entirely
of colloidal material; hence the whole soil analyses of the last 15
profiles shown in table 5 may be compared with analyses of the ex-
tracted colloids shown in table 7. However, enly colleids exposed
to similar rainfalls should be compared, as the compositions of the
freshly formed colloids vary with the reinfall. In order to facilitate
the comparisons, analyses of the last 15 profiles in table 5 have been
condensed to 5 by everaging the analyses of profiles exposed to similar
rainfalls. These aversge analyses of weathersd colloids are brought
together with analyscs of the freshly formed or unweathered colloids
in table 8.

The weathered and unweathered colloids exposed to 175 inches or
more of rainfall, shown in the last line of table 8, may be considered
first. These colloids do not differ from cach other appreciably in
any constituent except titanium, which is considerebly higher in the
weathered colloid. The lower titanium of the unweathered colloid
of profile 3 should probably bhe disregarded 2s & parent material
difference, as the Iava from which this colloid wes derived eontains
only 0.91 percent titanium oxide. Had the lava contained the average
amount of titanium (2.29 percent TiO,) the unweathered colleid
might have been similar to the weathered in titanium ealso. With
the titenium content disregarded it appears thet colloids formed
under very high rainfall change little or very slowly under subsequent
weathering. %t 1s regrettable that more date are not avsileble to
support this impertant conclusion.
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Tanre B.—Presumably unweathered and weathered colloidal materials compared
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In the four other comparisons of colloids exposed to less rainfall,
the weathered colloid is considerably lower in silica, somewhsat lower
in alumina, and considerebly higher in titenium and iron thsn the
unweathered colloid. Considering the gquantities present, the in-
crease in titanium is greater than the increase in iron, hence titaniun
should be teken as the mest insoluble constituent of the colloid.
Translated into weathering losses, these changes in composition
mean that as freshly formed colloids weather, silics, aluinina, and
iron are lost. More silice is lost than sluminsg and more slumina is
lost than itron. There are evidently considerable losses of the moeno-
velent and divelent bases also, although these cannot be calculated
because of interfering organic matter.

The weathering ofgla.v& to colloidal material may now be compared
with wesathering of the colloid after it is formed. The most marked
differences in the two stages of weathering evidently concern iron,
sluming, and titaninm. In the first stage of weathering slumina is
the most insoluble constituent, except possibly under 175 inches or
more of rainfall; some iron and titaninm are evidently lost. In the
second stage of weathering, however. iron and titanium are more
insoluble than slumina, and fitanium seems to be the most insoluble
constituent. There are apprecishle losses of siliea and bases in
both stages of weathering, but the proportions of silica lost in the two
stages are somewhat different from the proportions of bases lost.
Most of the bases disappear in the first stage of weathering under
any reinfell whereas most of the silice disappears in the first stage
onf;r under high rainfell.

A rough estimate may be made of the minimum total losses that
accompany the two stages of weathering in these particular soils,
These estimates are shown in columns 3 and 6 of table 9. Losses
accompeanying formation of colloidal material from the parent lava
are caleulated from the alumina contents of the lavas and colloids
shown in teble 8. In the case of prefile 3, however, the titanium
contents are used as the basis of caleulation, because in this profile
titanium increases more in the colloid then alumina. Losses that
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accompany weathering of the colloid after it is formed are caleulated
from the titanium contents of the unwesthered and weathered col-
loids. Date for this comparison are taken from table 8 where averages
of several weathered colloids are compared with presumably un-
weathered coiloids of similar reinfslls. The last figure In the last
column of table 9 is probably far too high if the wenthered colloids,
7, 8, and 9, were derived from lavas of sverage titanium contents,
because, as mentioned on pege 26, the unweathered colloid was
derived from a lava low in titenium.

Probably the only conciusion that should be drawn from table o
is that colloidal material after it is formed is subject to considerable
losses by weathering and that these losses, given sufficient time,
may be es great as the losses sccompanying decomposition of the
perent minerals to collodial material. Losses of the first stage of
weathering vary markedly with rainfall and probably vary consider-
sbly with the pature of the parent minerals, and obviously losses of
the second stoge should very with time. Much more dats would be
needed to estimate the eflects of these variables,

TapLe 9.~Tolal loss of constituenis accompanying weathering of lava o colloidal
material, and loss accompunying weathering of colloidal malerial

Total loss
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In the preceding discussion of the effects of weathering the combined
water has not been considered. The presence of combined water in
the soil material is an important feature of soil weathering, because
1f; is associated with the colloidal material. The data in table 5 show
that the combined water mcresses with rainfall to & meximum and
then decreases under the highest rainfall in each age group. It follows
a course similar to that taken by alumina. In fact, variations in com-
bined water parellel varistions in slumina fairly closely in most of the
analyses reported in tables 4 and 5. This is satisfactorily explained
by the fact that both slumine and water are constituents of the clay
minerals, In the extracted colloids the ratio of the percentage of
aluminn to the percenfage of water fluctuates around two values,
2.8 and 2.0. These are the proportions of the percentages of slumina
and water in kaolinite and gibbsite, respectively. Kaolinite, or &
closely related mineral, seeins to be the most widel);' distributed of the
colloidal minerals identified, bui gibbsite has not yet been reported.
It may be, however, thet the two ratios are relat-d to different con-
stitutions of the colloids, because, with the exception of profile 2, the
ratios close to 2.8 are found in profiles exposed {o 52 inches of rainfall
or less, whereas the ratios near 2.0 ocour in profiles receiving 80 inches
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or more of rainfall. It is possible that in the colloids exposed to high
rainfells some of the waser is associnted with the ferrie oxide. It
seems evident from Magistad’s analyses (77), the last four in table 6,
thaf in some cuses the iron oxide is highly hydrated and in other cases
15 must be practically debydrated.

The conclusions drawn from the colloid analyses as to the net effects
of weathering arve the same as those dinwn {rom analyses of the whole
soils. The colloid analvses, however, have added some details to the
picture.  The limitations of the conclusions arrived at ean be delor-
mined only by the accumulation of more data. T4 is to be expected
that the weathering effects deduced 2pply 1o most well-drained
Hawadian soils derived from lavas but probuably not to all such soils.
Very little evidenee has been obtained o8 16 the effects of varintions
m the parent lava on the composition of (e collpidal materiad and
the weathered soil.  Beeause most of the data considered have been
average analyses of all the material i o profile, no indiestions Lhave

heen obtained of weathering eflocts peculiar Lo any horizons.,

TIE HORIZONAL CHARACTERISTICS OF HAWAIIAN SOIL
PROFILES

In the preceding discussion of weathering, the material of the whole
soll profilc was considered ns & unit.  No attention was paid (o profile
weathering; that is, to development. of differences in the soil horizons.

In most soils the horizons are differentintoed chiefly by the day or
colloidd contents, but horizons in these Hawaiian soils caunol be dis-
Unguished in this way,  As previously pointed out, a reliable determi-
nation of the colloid content of thoese soils is not obiained by the usual
method of mechanical asnalvsis.  Also. in mature I Inweaiian soils, the
ultimote particles are probably nearly all colloidal, beeause in the
parent lavas the mineral particles are ull small and primaty minerals
as resistant 10 weathering as quartz are practically absent.  Chemieal
composition, therefore, becomes the ehief eritorion of differences in
the horizons.

The comparative compositions of the different Lorizons cannot be
scen so well in the original analyses (table 1) as in thoe partial analyses
caleulated to a basis free of organic matter and combined water
(table 4). In some profiles the ignition loss is so high and variable
as {o affect materially the percentages of other constituents, Hori-
zonal differences are perhaps most plainly shown in the relative
figures given in table 10. This table is based on the abbreviated,
recalculated data of table 4. It shows for each constituent the
comparalive percentages in the different horizons of a profile. In
the ease of any constituent the highest percentage oceurring in any
of the horizons is taken as 100 and the percentagoes in other horizons
«+f the profile are expressed relative to 160

The 46- 60-inch layer in profile 15 was omitiod from table 10,
becanse it is apparent from the composition that this is partly in or
near the parent material.  This applies also o the 180- 240-inch
layer of profile 19 and the 60-4--ineh ayer of profile 17. The 51- 66-
inch Iayer of profile 9 is omitled because, aceording to observations
‘of the surveyor who collected his profile, the parent material of this
layer is presumably different Irom that of Lhe Iy yers above, and the
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analytical data indieate this is the case. Profile 1 was omitted entirely.
The analyses show that this profile contains such & small amount of
weathered materinl that it is essentially a prefile of parent material
and as such is of no interest in this connection.

TaerLe 10.— The comparaiive percentages of constiluents tn different horizons of the
profiles
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TapLE 10.—The eomparative percentages of constituents in different horizons of lhe
profiles—Continued

PRESUMABLY OLD PROFILES
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Certain features are common to nearly all profiles. The combined
water varies with the alumina in all profiles except posstbly profile 19,
Here the combined-water determination is less exact than in the other
profiles owing to the higher percentage of organic matter; hence it
may not be an exception. In many profiles the parallelism between
water and alumina is exact within probable limits of accuracy of the
combined water determination. However, the ratio between water
and alumina varies somewhat in different profiles aceording to the
rainfall as previously mentioned (p. 28). The parallelism between
variations of the two constituents in different horizons is obviously
due to the fact that the combined water and aluming are both con-
stituents of the same colloidal compounds. Owing to this parallelism
it will be necessary to explain only the variations of aluming within
the profiles. :

A second feature common to nearly all profiles is the decrease of
orgenic matter downward in the profile. This generality, of course,
needs no explanation. The two exceptions to the rule, profiles 11
and 20, where the organic matter apparently incresses downward,
are not readily explained. These two anoma{ies in the distribution
of organic matter are not connected with any anomalous fentures in
the distribution of inorganic constituents in the profiles.

The sum of the monovalent and divalent bases, like the organic
matter, decrcases downward in the profile. The two exceptions to
this generalization are profiles 2 and 9. The decreases are not strictly
regular throughout the profiles for cither organic matter or bases,
but they are fairly regular. Because there is o parallelism between
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varintions in these two constitutesis, it is far from being as close as
that obiniving between combined water and slumina.

In some eases the approximate relation between decrease in bases
and decrease in organic matier may he explained on the ground that
part of the bases are combined with the organic matier. In other
eases differences between horizons in orgamie matter are not suffi-
ciently large to account for the difference in bases, as 1 gm. of soil
organic malier would not be expected to combine with more than
0.05 to 0.10 gm. of bases. But in all cases the quantity of organic
matter in the surface may be taken as an index of the bases brought
to the surface by vegclation. A high content of organic reatter in
tho surface means that the bases extracled {rom the lower horizons
by plant rools aud deposited at the surface by decay of the vegetative
cover must have been large.  As the vegelative cover increases with
rainfall, the magnitude of this movement should inerease with rain-
fall. However, the opposite cfleet, the leaching cut of the bases,
also increases with rainfall.  Under excessive ranfall, 150 inches or
more, the vegetative Lrauslocation of hases would not be expected
{o aifect the distribution of bases in the profile.  The marked decrease
in bases downward in profiles 5 and 6, which will be discussed later,
probably is not connected with the organic matter.

The parallelism between combined water and alumina and the
decrease in bases and organic mailer downward, which hold for prac-
tically all the profiles collocted, may be considered characteristics
of soil profiles In gencral. There are olher relations between the
compositions of the horizons thai scrve to distinguish one kind of
soil profile from another.

It will be shown that among the old soils and the presumably old
soils from Techinical Bullelin 584, two dislinct typos of profile are
represented.  These are tentatively called the uniform and podzolic
types of profile. The podzolic profile is considered & more mature
or Inghly weathered type than the uniform, and, in some cases, it
scems Lo be developed from the uniform (ype. Certain members
of the group of old profiles are apparently in a stage transitional be-
tweenr the iwo i{vpes. The remaining profiles in this collection,
which comprise {he young and cexceedingly young soils, seem to be
in Lhe process of developing inlo one or the other of these types.
The evidence upon which these coneclusions are based is discussed in
the following pages.

Tue Usiwronm ProriLc

Among the 12 old profiles there are four, Nos. 10, 11, 15, and 16,
that are remarikably uniform in composition, The different horizons
of these profiles do not vary from one another in silicg, iren, aluminas,
and titanium by more than 5 percent of the quantities present In most
cases. These profiles are considered to represent a Tairly definite
type of profile chemically. TFor convenience we shall call this the
“yniform™ type of prolile, realizing that this term has no general
significance in pedology.

These profiles were all classified as old by the soil surveyors who
collected the samples and all are of considerable maturity with re-
spect to weithering, becsuse, as previously pointed out (p. 24), they
seern to be made up almost exclusively of colloidal material; 1. ¢,
mos$ of the primary minerals have beer decomposed.  The tendency
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of wenthering in these cases, then, has evidently been to develop a
profile with horizons of uniform chemical composition. Fortunately,
in the case of these profiles the parent material cannot be invoked to
explain the horizonal characteristics. If the parent materials were
not uniform vertically, weathering has overcome the differences, and
if the parent materials were uniform, weathering has maintained the
uniformity.

The four uniform profiles were all developed under low rainfalls
ranging from 18 to 22 inches, but this type of profile is obvicusly not
developed ouly under low rainfall. Profile 19, developed under 90
inches of rainfall, is evidently of this same type, although a slightly
less perfect: example.

It is believed that the uniform type of profile is more or less transi-
tional. But the development away from uniformity may be so slow
or so long delayed under low rainfall that the type may be fairly per-
menent under these conditions. If this is so, the uniform profile
should be characteristic for rainfalls of about 20 inches. This sup-
position can, of course, be tested by the examination of more samples of
mature profiles from low roinfall regions. Under rainfalls of 150
inches or more, the uniform profile may be so short-lived that good
examples of the type would be very rare in districts where such rain-
falls prevail. This idea is suggested by the young profiles, Nos. 7, 8,
and 9, developed under rainfalls of 175 to 273 inches.

Profile 7, of 175 inches rainfall, according to its acidity, seems to be
slightly more weathered than profiles 8 and 9, and this profile, az will
be shown lazter, seems to be in an incipient stage of development
toward the pedzolic profile, which 1s o more lﬂghbly weathered type
than the urniform. Profiles 8 and 9, which are of mixed composition,
might, be approaching the uniform type or developing from 1t. The
lntter supposition seeins a little more probable. These two profiles
possess some unusunl features that will be discussed later.

A uniform soil profile as a. fairly mature development is not in accord
with the common idea thai weathering of a soil profile should be more
or less progressive from top to bottom. Inasmuch as the profile
deepens {rom the bottom, the lower part of the profile is younger and
seemingly, as a consequence, should be less leached. However, the
four profiles, 10, 11, 15, and 18, are certain evidence that uniform
profiles do develop. The immature profiles, 2 to 6, should give a
clue as to the course of weathering leading to e uniform profile.
These profiles, as pointed out on page 24, still contain a considersble
part of the unweathered minerals and, according to the hypothesis,
profiles 4 to 6, at least, should be on the way to becoming uniform,

Analyses of the whole soil, shown in table 4, indicate that profiles
5 and 6 are distinctly more weathered in the lower part of the profile
than at the top, This is particularty evident in the bases, but the
silica, iron, alumina, and titanium contents also indicote more weather-
ing in the lower iayers. The higher percentages of bases in the upper
part of the profiles canuot in these cases be attributed to vegetative
action. The different compositions of the horizons in the cuce of
these immature soils are presumably associated with different propor-
tions of primary minersals and colloidal material. Tt seems then that
the lower layers contain more colloid than the surface layer. If this
15 partly due to illuviation of colloid from the surface layer, weathering
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is not necessarily more intense in the lower part of the profile, although
the lower part is more highly weathered in its composition.

It will be noted that the colloidal material extracted from the
horizons is somewhat more uniform than the whole soil. This is
particulatly evident in profile 6. Probably by the time the primary
minerals have been decomposed in all the lavers the colloidal material
remaming will be quite uniform in compesition. 8o long as readily
decomposable primary mincrals are present in a layer, the colloidal
material in the profile is probably protected more or loss from altera-
tion by the decomposition products of the minerals. The effect scems
to be most pronounced on the colloidal material in the same layer as
the minerals, for in profiles 3 and 4 the compositions of the extracted
colloids vary somewhat with the compositions of the whole soils.

It scems probable that the development of & fairly mature uniform
profile i3 not necessarily precoded by a uniform weathering of all
horizons or of 2 whole vertical section.  Weathering in the beginning
may be more intense in the top or boltom layers, depending oo the
mosture conditions of the layers as affected by drainage, rainfail, and
evaporation.  Profile 2 scems slightly more weathered in the first (han
i the second tayer; in profile 3 the reverse is true; in profile 4, with
only 28 inches of rainfall, the top and bottom layers are more weath-
ered than the middle layer; and in profiles 5 and 6 the bottom layers are
the most weathered.  These differences may of course be partly due to
illuviation of the colloidal material.  The uniformity develops as the
primary mincerals disappear from the profile.  VWhen the minerals have
been decompased, the residual colioidal material making up the profile
should be fairly uniform.

Tur Ponzouic ProFILE

Propounced examples of the uniform profiles secount for 4 of the 13
old profiles.  Among the remaining § old profiles there are five, Nos.
13, 14, 18, 20, and 21, that have horizons of markedly different com-
position, and the horizontal variations in all 5 of these profiles conform
(o the same paitern.

The charaeteristics of this profile are as follows: Titanium decreases
markedly downward whereas alumina increases downward in an
cqually marked manncr. There is a close inverse relation betweon
the decreases in titanium and the Increases in alumina, Iron and
silica are less variable in the profile than tGtanivm and wluming. Iren
i3 lowest at the bottom of the profile and in four cascs out of five it is
highest in the Jayer next to the top.  The lowest silica content oceurs
in the layer above the maximum alumina content: in some eascs this
is coincident with the maximum iron content, in other cases it lios
between the bighest iron and the highost aluming content. The com-
bined water increases markedly downward. As in the other profiles,
it is closely related Lo the alwnina content. The carbon-nitrogen
ratio of the organic matter is similar to that of other profiles i the
upper part of the profile, but in the lower part the ratios are exception-
ally high.  The pronounced change in this ratio occurs in the layerin
wluch the silica content is Jowest.

It scems wholly improbable that the variations cbtaining within
these 5 profiles could be due to differences in tho parent materials
from which the horizons were derived. Geological differences could
hardly account for such an eleborate profile pattern belng reproduced
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8o perfectly in 5 profiles out of 20, especially when the 5 profiles were
taken in four widely separated localities. I urthermore, the pattern
distinctive of these 5 profiles is shown faintly and somewhat imper-
fectly by 2 other profiles of high rainfall (profiles 7 and 19). Itsecms
certan that the pattern characteristic of these 5 profiles is the result
of soil-forming processes aud is not a geological coincidence.

There is a suggestion in Magistad’s analyses (11 of surface soil that
this type of profile is not unusual in the Hawaiian Islands. Two of the
eleven analyses reported in table 6, Nos. 631 and 920, are obviously of
the same character as the surface horizons of the five distinetive pro-
files in this collection. The combined water, titanium, alumina, and
iron contents are very similar. Of course it is not certain that the
deeper horizons of Magistad’s soils have the same pattern as the
profiles in this collection, but it seems probable.

The type of profile represented by profiles 13, 14, 18, 20, and 21 is
evidently n more mature stage of development than the uniform type
of profile represented by profiles 10, 11, 15, and 16. The members of
this group of five are all old soils exposed to high rainfall. They are
also more acid than the soils having uniform profiles. The two soils
that seem to have this distinetive type of profile in an incipient stage
of development (profiles 7 and 19) are also exposed to high rainfail,
Frobably at an eatlier stage of development the five profiles under
consideration were as nearly uniform in their horizons as the mature
low rainfall soils are now.

The weathering changes that have brought about the markedly
different compositions of the horizons need explanation. Of rourse,
any such explanation is speculation until the subject is investigated
further, but certain possibilities may be pointed out.

There is some suggestion in the horizon ynalyses of o movement of
silira and iron upward in the profile. The lowest silica content is in
the middle of the profile and the Lighest percentage in the top. In
the case of iron the lowest percentage is in the lowest horizon and the
highest percentage is near the top.” An upward movement of silica,
and iron would be in harmony with the results of Harrison’s (€) care-
ful study of laterite profiles in British Guisna. The British Guianns
profiles are exposed to about the same total annual rainfsll as most
of the Hawaiian profiles, which is about 100 inches. In the region of
the British Guiana profiles there is a distinet dry period of about 3
months, during which & pronounced upward movement of sslts would
be possible. In the case of the Hawaiian profiles no such dry period
obtains, The rainfall is quite uniformly distributed throughout the
year and one of the pronounced examples of the Hawaiian profile is
exposed to 140 inches annual rainfall.  Under these Hawaiian condi-
tions it does not seem reasonable to expect a movement of salts
upward.

Also, a movement of silica and iron upward would explain only part
of the profile pattern. If silica and iron did move upward, it wounld
be mecessary to assume a more pronounced upward movement of
titanium and a leaching of alumina from the uppermost horizon.

An obvious idea is that differences in the horizons are due simply
to different degrees of leaching; the surface horizons being older have
been lerched more than the younger, lower horizons; and the con-
stituents showing the greater increases in percentage, as compared
with the average lava, have been leached less than the others. This
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hypothesis is scemingly contradicted by the remaining uniform profiles.
As previously pointed out, most of the other profiles are practieally
uniform in composition from top fo botfom, indicaling that leaching
of constituents from the profile is not so much a progressive move-
ment from horizon to horizon ss it is o removal from the profile as a
whele. In some of the uniform profiles the diflerence in age between
the uppermost and lowest horizons of the profile must be fully as
great as (he diflerence in age between the first and saecond horizons of
the distinetive type of profile; yet (here is not the characteristic differ-
ence in composition. Also, some of the profiles with considerably
meore uniform horizons show lully as much leaching in their average
composition {table 5) as the profiles with the distinctive pattern.
Profiles 8 and 9, for instance, in their siliva, base, iron, and titapivm
contents, scem to be at least as highly weathered as the five profiles
under consideration. 1t is frue, however, that in the case of profiles
& and 9, developed under Ligh vainfall, probably most of the con-
stituents were lost in the weathering of the minerals fo colloidal
material.

The hypothesis that the different compositions of the hiorizons are
due to different amounts of leaching, which are proportionsal to the
ages of the horizons, does not sutisfactonly explain some of the char-
acteristic features of Lhe profile pattern. The minimum percentage
of silien in the second or third horizon and the maximum percentages
of iron in the sccond horizon (in one profile the first horizon) are not
explained by this hypothesis. In the (irst and second, or in the first,
second, and third horizons, there are marked variations in litanium
without corresponding variations in iron. It seems evident that if
the different compositions of the horizons represent different degrees
of the same kind of weathering, it is a different kind of weathering
from that aflecting the other profiles. The high titaphum and low
aluming peceentages in the susface horizons indicate extreme weather-
ing, but the silics percentage indicates only moderate weathering, In
other words, sifica has been removed less rapidly than sluming from
the surface horizons.  Alse, in the weathering effects found to hold
for profiles as n whole (table 5} iron and titanium increasse tozether
and silica deereases as weathering advances. These relations do not
hold within this type ol profile.

A third explanation of the paltern of profiles Nos. 13, 14, 18, 20,
and 21 is based on the idea that there has been a transfer of certain
constituents from the upper horizons to the lower. Calculations were
made to see what translocation of constituents would explain the com-
positions of the horizons, The calculations are based on four assump-
tions; namely, first, that the titanium is the constituent most resistant
to lerching; second, that titanium is the consiituent least subject to
movement in the profile; third, that prior to the translocation of con-
stituents each horizon of a profile had » composition the same as the
composition that is now the average of the whole profile; fourth, that
no constituents have been lost from the profile during the transioca-
tion process. The last two assumptions are doubtless considerably
wide of the truth, but they serve to simplify the calculations. The
loss of constituents from the profile, which undoubtedly has taken
place, would not nffect the natare of the caleulated translocations but
would merely increase the caleulated losses from certain horizons. It
is also indivectly mssumed that the profile does not change in depth
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during the translocation. As a matter of fact, each horizon is prob-
ably growing at the expense of the horizon below while movement
from one horizon to another may be taking place, but this sgain would
only affect the magnitude of the calculated figures, not the general
trend of results,

The following is a description of the calculations. According to
assumptions 1, 2, and 3, titanium originally was evenly distributed
throughout the profile and has never moved except as the whole mass
of soil has moved. Previous to translocation, all horizous had the
same composition, which was the weighted average of the percentages
now obtaining in the diflerent horizons of the profile. A higher than
average percentage of titanium in a horizon now is due to the removal
of other constituents from the horizon, and a lower than average
percentage in any horizon is due to the angmentation of other con-
stituents. We assume that all Lorizons are of the same real and
apparent specific gravity, new and before transiocation. Then a
percentage of titanium twice the average in s given layer means that,
this layer was originally twice as thick and thaf its thickness hus been
reduced one-half by the loss of other constituents. Likewise, a per-
centage of titanium one-half the average in a present layer meens
that this layer was opce half as thick and that its thickness is now
twice as great owing to the illuviation of other constituents. 'The
titanium percentages (the average percentage in the profile, and the
percentage in & given horizon) are used as the basis for calculating
changes 1n the other constituents.

An example of the method of csleulation is given for the movement
of silica in the 0- to 10-inch horizon of profile 14. The losses or gaing
of other constituents are caleulated in the same manner. The average
percentages of titanium and silice in the whole profile are 9.60 percent
of TiO, and 19.87 of Si0,. The 0- to 10-inch horizon now contains
22.12 percent of Ti0, and 24.17 of S8i0,. It is easier to visualize the
movement in pounds, so we shall consider the movement in an ares
such that each inch of thickness weighs 100 pounds. The 0- to 10-inch
Lorizon, which is now 10 inches thick, contains 1,000 pounds of
material, of which 221.2 pounds is TiQ,.  Originally 1,000 pounds of
material would have contained only 96.0 pounds of TiO,. Hence, the

o3

0- to 10-inch horizon was originally 29"%5102 or 2.31 times as thick as it is
now, or 23.1 inches thick. The original layer, 28.1 inches thicl,
weighing 2,310 pounds, originally contained 19.87 percent of 3i0, or
459.0 pounds of silica. The present 0- to 10-inch layer, weighing 1,000
pounds, now contains 24.17 percent of Si0, or 214.7 pounds of silica.
There has thus been a loss of 217.3 pounds of silica (459.0-241.7) in
the development of the present 0- to 10-inch horizon.

The caleulated losses and gains of constituents from the different
horizons are shown in table 11. These gains and losses superimposed
on uniform profiles of the compositions assumed in the caleulations
would reproduce the actual compositions of the horizons. The data
in general show a movement of silica, iron, and aluming from the
upper horizon or horizons and a deposition in the lower. Alumina
moves & little farther downward than iron. The movement of silica
parallels that of alumina fairly well in that the losses and gains of
silice are larger in the horizons where the losses and gains of aluming
are larger. The relation between the quantities of these two con-
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stituents gained or lost is far from being exactly quantitative, but i§
suggests that alumina either moves downward as a silicate or that
there iz a precipitation of alumina and silica as an alumino-silicate
in the lower horizon.

TanLe 11 —Quaniilies of conslituents gained or lost by different layers of soil in the
development of ihe present soil profile

. Original
Sl l Depth) | 8iG; | Fes0y depth of
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+ The depths of the layers are those obtaining now. It is assmmed that layers shawiog a net loss af con-
stiturnts were origioaily thicker and layers showiop a net pain of eonstituzents were origlnally thinooer,

1 Pounds galned or lust per unit eres such that 1 ineh thick weighs 100 pounds.  The assumed thicknessea
of the unit ereas are given in the last calmn,

There are general grounds for believing that the gquite distinctive

profile pattern is due io translocations of silica, iron, and alumina,
probably not the exact guantities shown in table 11, which were
calculated for an ideal case, but n movement of this general character.
The fact that the gains and losses shiown in table 11 explain all the
peculiar variations in the percentages of constituents in different
harizons of the profile is, of course, no proof that the explanation is
correct, because these calculations were based on analyses of the
horizons. But the fact that the translocation hypothesis should lead
to a method of calculating o movement of constituents capable of
explaining the profile pattern is in itselfl some evidence that the
hypothesis is correct. Stronger evidence that the hypothesis is cor-
rect lies in the fact that the caleulated movement of constituents
turns out to be a general process of soil development.

The transloeation of iron and slumina downward, the alymina
slightly in advance of the iron, is not a new type of soil weathering; it
is the typical podzolization process. This process accounts for the
chief borizontal differences in a large part of the temperafe region
soils. Marbut (9} found evidences of podzolization throughout the
Amazon Valley, and several Cuban soils discussed by Bennett and
Allison (2} are markedly podzolized., It does not seem improbable
that the process should be pronounced in some Hawailian soils.

The translocation of silica indicated in table 1) may not be in
accord with the general idea of the podzolization process, because
in the A horizon of & typical podzol there is marked concentration of
sitica. It seems probable, however, that in the development of even
a t.yFica.'i podzol some silica is translocated, although less of the siliea
would be moved than of the iron and alumina. Most podzol profiles
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are derived from rocks containing considerable quartz and it is probably
the quartz residual from these rocks that accounts for most of the
silica in the A horizon. Silica or silicates resulting from the decom-
position of feldspars, micas, and other soil-forming minersls presuma-
bly is mere subject to movement. Some of this doubtless is leached
from the entire profile along with the bases while & podzol is being
developed. Some may be removed from the A horizon and de posited
In the B. Becsuse slumina in the colloidal material seems to be
present as a silicate, and because alumina is concentrated in the B
horizon, it seems necessary to assume either that alumina carries
some silica with it into the B horizon or that alumina fixes some silies in
the B that would otherwise eseape, both of which amounl to a trans.
location of silica.

Quartz above colloidal size is practically lacking in the parent
mazterial of the Hawalian soils. The parent lavas are made up of
feldspars, augites, and olivines. On examining the soils petrographi-
cally, I. €. Brown found more quariz in the surface horizons ilan in
the horizons below, but even in the surface horizons there is less than
% of 1 percent quartz. 1If in the ordinary podzol, he silica of the
A horizon is mainly residuel quartz, the development of an ordinary
siliceous podzol in Hawail is obviously precluded by the nature of
the parent material. What silica there is in HMawaliun soils is evie
dently derived from the mixed minerals and {herefore has presumubly
been freer {0 move than quartz,

In the Hawailan soils {itanium scems to be the most insoluble
constituent of the parent lavas. This may be regarded as taking the
place of quarlz. We then have o {itaniferous pedzol that looks
similar to the ordinary siliceous podzol, except that the iron does
not seem to incresse from the surface downward (lable 10) as il
should in a typical podzol. But this is only an arithmetical vagary.
When the silica, iron, and alumina percentages are cxpressed relative
to the {itanium percentages taken as unity (table 12 it can be seen
that iron relative to titanlum is markedly lower in the surface horizon
than in ile horizon below.

TasLg 12.—The perceniages of silica, iron, and abwomine relulive to Glanium in
different horizons of the podzolic profiles
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It can be seen from table 11 that if the percentage composition
assumed for the profiles prior to podzolization is correet, the quantities
of iron removed from the first or first and second layers are on the
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whole about as great as the quantities of alumina removed, and if,
prior to podzohization, the percentage of iron was less than the
assumed percentage, the movement of iron would he less than that
shown in table 11. Inasmuch as the caleulations shown in table 11
are supposed to give only a qualitative iden of what has taken place,
there 1s no certainty as to the relative amounts of iron and aluming
removed from the upper horizons. It is evident, however, that an
equel movement of iron and slumina is not incompatible with the
analytical dats, provided the translocation hypothesis is correct.

One proncunced feature of profiles 13, 14, 18, 20, and 21, not explained
by the calculations shown in table 11, is the muarked change of the
carbon-nitrogen ratlo in the lower part of the profile, shown in table 4.
The organic matter of the second or third horizon has a carbon-nitrogen
ratio about double that of the first horizon. This marked change in
the charncter of the organic matter Is not associated with any unusual
change in the quantity of organic matter. The percentage of organic
matter decreases regularly downward in all profiles except profile 20,
just as in the uniform type of profile. The change does eccur, how-
ever, at o definite place In the prefile, 1. &., In the horizon of lowest
silica content. This is the upper part of the zone assumed to be
illuviated according to the calculetions shown in table 11.

A similar increase in the carbon-nitrogen ratio does not seem to be a
characteristic of any of the profile types studied thus far. Of the
many profiles tabulated by Anderson and Byers (f), only the Beckett
loam from Massachusetts shows similar variations in the ratio. In
this case the results are calculated from organic matter determined by
hydrogen peroxide, and the data are at variance with those of five
other podzol profiles.

In the case of the five Hawalinn soils this pronounced change in the
organic. matter is obviously a profile characteristic. As such it should
be explained, for it may throw light on the mechanism by which the
whole profile pattern is developed. But no explanation that could be
colled o hypothesis is at hand. The point in the profile at which the
change in ratio occurs—the highly Hluviated loyer—suggests that
organic matter low in nitrogen may be concerned with the fixation of
iron and alumina into the lower horizons. Possibly organic compounds
low in nitrogen form relatively insoluble iron and alumina “humates’
in the lower horizons.

There are grounds for believing that this type of profile, which may
be called “podzolic” for convenlence, Is 2 more mature development
than the uniform type. In other words, it seems that in profiles 13,
14, 18, 20, and 21 the horizons were originally uniform and that they
differentiated Inter. The two types of profile seem to be connected, for
profiles 7 and 19 show the distinciive podzolic pattern faintly and
profiles 8, 9, and 17 show the most pronounced features of the patiern
umperfectly. In the latter three prefiles titenium is highest in the
surface horizon and decresses irregularly downward, and alumina is
low in the surface horizon. Of course, if the two types of profile are
connected, it does not necessarily follow that the podzolic developed
from the uniform; it might be better the other way around. But it
certeinly seems more probable for a highly differentiated profile to
develop from a uniform one than for & uniform profile to develop from
& differentiated one.
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More conclusive evidence of the podzolic profile being more mature
than the uniform type lies in the field observations. The five pro-
nounced examples of the podzolic type are all old profiles developed
under high reinfall. The most pronounced examples of the uniform
type are the young and old soils of 18 to 22 inches rainfall, and the
solls showing some of the podzolic features are either young soils of
very high rainfall or old ones of intermediate rainfall.

The %ydrogen-ion concentration of the profile seems to indicate
roughly when the podzolic type of profile should develop. The pH
velues of different horizons in some profiles vary considerably, but if
these are averaged to give & single vuﬁ:e {or a profile, & rough compari-
son can be made. The 5 pronounced podzolic profiles have pH values
of 4.9, 4.7, 4.9, 4.7, and 4.5. The 5 profiles having some podzolic
features have pH values of 5.2, 6.6, 5.8, 5.3, and 4.9. The remaining
11 uniform or indeterminate profiles have pH values ranging from 5.3
to 6.9. Presumably the process producing the so-called podzolic
profile starts when the soil becomes sufficiently leached to have &
pH around 5.5, but & proncunced example will not be developed until
the soil is leached below pH 5.0.

SUMMARY

This bulletin deals with the effects of weathering on Hawailian soil
material and on the chemical types of soil profiles that develop from
Hawaiten lavas. The study is based on the chemical analyses of 21
soil profiles derived from exceedingly young, young, and old volecanic
ejecta exposed to rainfalls ranging from 18 to 273 inches. The com-
positions of the soil materials are compared with those of the parent
materials. In the case of three exceedingly young profiles, the
compositions of the parent lavas are known, but in the case of 18
profiles the parent materials are assumed to have & composition the
same #s the average of Hawajian lavas,

The comparisons indicate that sluming is the least soluble con-
stituent in soils that have not been highly weathered. But in the
highly weathered soils iron is evidently less soluble than alumina, and
fitanium is probably slightly less scluble than iren. Siics and the
sum of the monovalent and divalent bases are by far the most soluble
constituents of the lavas and derived soil materials. The combined
bases ssem to be lost more rapidly than silica, particularly in the early
steges of weathering.

The kind of colloidal material formed by decompesition of the lava
minergls (the first stage of weathering) varies with the rainfsll.
Colloidal msaterial formed under high rainfall is lower in silica and
higher in iron, aluminsa, and combined water than that formed under
low rainfall. There is evidence that the parent material also affects
the composition of the colloidal material somewhat. As the freshly
formed colloids weather (the second stage of weathering), silica,
alumina, and iron are lost. More silics is lost than alumina and more
elominsg than iron. Titanium seems to be the most insoluble constitu-
ent of the colloidal material. Underlow to moderate rainfall, the losses
sccompanying the second stage of weathering may be es great as those
sccompanying the first stage, but under very high rainfall the greater
losses probably take place in the first stage of weathering.

Certain features that are common to practically all the profiles are
considered charecteristies of soil profiles In general. These are: A
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relation between combined water and alumina, and decreasing per-
centages of organic matter and of combined monovalent and divelent
bases downward in the profile. Other variations in the compositions
of the horizons serve to distinguish two distinet types of soil profiles.
These types are tentatively called the “‘uniform™ and “podzolic.”
Profiles that are not good examples of either the uniform or pedzolic
types appear to be developing toward one or the other of them.

Of the 12 old profiles in the collection, 4 are considered good ex-
amples of the unilorm type. In these profiles, the horizons in most
instances de not vary from one another in silica, alumina, 1ron, and
titanium by more than 5 percent of the quantities present. They
seem 10 be made up almost exclusively of colloidal material and were
all developed under low rainfali. During the development of the
uniform profile the different layers of the soil do not seem to be weath-
cred umiformly. Probably uniforimity is stinined when all the
primary minersls have been decomposed. It is believed that o
uniform profile may be developed under a {nirly high rain{all, but its
life under these conditions is shorter than under a low ranfall.

Five of the twelve cld profiles are proncunced examples of the so-
called podzolic type. The features of this profile are a marked de-
crease In titanium snd a proporiionally marked increase in aluming
downward in the prefile. Irom is lower at the bottom of the profile
than at the top. The silica content is lowest in a layer above that
containing the maximum percentage of alumina. The carbon-
nitrogen ratio is exceptionally high in the lower part of the profile.
The fve profiles were developed under 80 to 140 inches of annual
rainiall, evenly distributed. The pattern of this profile seems to
have been proeduced by a transiocaiion of constituents from the upper
to the lower part of the profile. QCalculations indicate that some
silica, iron, and a2lumina have been removed from the surface layers
of the profile and deposited in the lower layers. Alumina moves
farther downward than iron and the movement of silica parallels
thet of alumine. This is podzolization of & soll material lacking in
quartz and high in titenium. It seems that this type of profile may
be developed when otie soil material has been leached to about pH 5.

LITERATURE CITED

(1) Awperson, M. §, and Brees, Horace G.
1934. 'THE CARBON-NETROGEN RATIO IN RELATION TO 50IL CLASSIFICATION.
Soil Sei. 38: 121-138.
(2) Bewverr, Hoce H., and AruisoN, Rosgrr V.
1928. THE 50ILS OF cURA. 110 pp., illus.  Washington, D. C.
(3} Brown, Inwin C,, and Byers, Horace G.
1932, THE FRACTIONATION, COMPOSITION, AND HYPOTHBETICAL CONSTITO-
PION OF CERTAIN COLLCIDS DERIVED FROM THE GREAT SOIL
groues, U. 8. Dept. Agr. Tech. Bul. 319, 44 pp.
(4) Cross, WHITMAN. _
14915, LAVAS OF HAWALL AND THEIR RBLATIONS. U, 8. Geol. Survey Prof.
Paper 88, 87 pp., illus.
(5) GruE, P. L., Miopreron, H. E., Rosinson, W. O, Fry, W. H., and Axprr-
sow, M. S.
1924, ESTIMATION OF COLLOIDAL MATERIAL IN SOILS BY ADSORPTION. U. 8.
Dept. Apgr. Bul. 1193, 42 pp.
(6) Hanrwgon, Joun BurerMoRe.
[1934.] 73E KATAMORPHISIN OF IGNEOUS ROCKS UNDER HUMID TROPICAL
coxprrions. 79 pp. Harpenden, England,




ROCK WEATHERING IN THE HAWAIIAN ISLANDS 43

(7 HowooH, GeORGE J., end Bysrs, Horace .
1937. CEEMICAL, AND PHYSICAL STUDIES OF CERTAIN HAWAIAN SOIL
rroFILEs. UL 8, Dept. Agr. Tech. Bul. 584, 27 pp., illus.
(8) Laxmy, H. W, Winuisos, K. T, and Byzas, H, G.
1938. “monTOXIC” SELENIFEROUS soILs, Indus. and Lngin. Chem.,
Indus. Ed., 30: 595-800.
{9} Maneor, C. F.
1932, Mo[npiz%iéecv OF LATERITES. 2d Tnternatl, Cong. Soil Sci. Proc, 5¢
721-80.
{13) MerniLL, GEoRrcE P.
1906. A TREATISE ON ROCKS, ROCK-WEATHERING AND SO1Ls, 400 2}
illus. New York and London.
(11) Moir, W. W. G., Artex, 0. N,, Maswran, C. C., and others.
1930. 4 HANDRBOOK ON HAWAIIAN SOILS, 2060 pp-; illus. Honolulu.
(12) Wizniams, K. T, and Laxix, H, W,
1835, DETERMINATION OF SELENITM 1N ORGANIC MATTER, Indus. and
Engin. Chemn., Analyt. Ld., 7; 409-410.



http:4.09-4.10

ORGANIZATION OF THE UNITED STATES DEPARTMENT OF AGRICULTURE
WHEN THIS PUBLICATION WAS LAST PRINTED

CraTtpe R. Wickanro,
Pacu H. APPLEBTY.
Grover B. Hrur,
Morse Banisecay.
M. L. WiLsox,

W. A Jowe.

Secrefary of Agricullure
Under Secrelary

Assistani Secretary
Director of Information
Direcior of Ertension Work
Direclor of Finance
Director of Personnel Roy F. HEXDRICKSON.
Director of Research JaneEs T. JARDINE.

Dhrector of Markeling___._________________ Mo R, PERKiINS.

Sokeitor ... Mastixy G, WHiTE,

Land Use Coordinator M. S, EIBEXHOWER,

Office of Plant and Operalions______________ Artger B. TauarcrEr, Chief.
Gffice of C. C. C. Aclivilies Frep W. Morzewn, Chief.
Office of Experiment Stations Jaxes T. JanpixE, Chief,
Office of Foreign Agriculiural Relations Lesiie A, WHEELER, Direclor.
Agricultural Adjusiment Administration R. M. BEvans, Adminisiraior.
Bureauw of Agricultural Chemistry and Hexay G. Kxicer, Chief.

Engineering.
Bureau of Agricultural Eeonomics
Agricultural Marketing Service
Bureau of Antmal Industry
Commeodity Credit Corporalion
Commeodity Exchange Adminisirolion
Bureau of Datry Industry

Bureau of Enfomology and Plani Quaraniine_

Farm Credit Administration

Farm Securily Adminisiration
Federal Crop {nsurence Corporation
Forest Service

Bureau of Home Economniics
Labrary

Bureau of Plant Indusiry

Rural Elecirification Adminisiration
Sotl Conservation Service

Surplus Markeling Adminisiraiion

H. R. Towrey, Chief.

C. W. Kivcaes, Chigfl.

Jorx R. Mosier, Chief,
Cary B, Rossixs, President,
Josegpr M. Megr, Chief.

0. E. Reeb, Chief.

Lee A. Srroxc, Chief.

A. G. Buacy, Governar.

C. B. Baupwix, Adminisirator.
Lenoy K. Ssurta, Manager.
Barre H. Ciarr, Acting Chief.
Lovurse SraxkeyY, Chief.

Ravre R. Ssaaw, Librorian.

E. C. Avcuter, Chief.
HarrY SLATrERY, Administralor.
H. BH. Bexnerr, Chief.
Mo R. PERELxE, Administrafer.

This bulletin is a contribution from

Bureau of Plan! Industry

44

E. C. AvcurER, Chief.

Drivision of Seil Chemisiry and Physics__ H. G. Byers, Principel Chemist, in
Charge.

Division of Soil Survey ______.________ CaarLEs E. Kenvoes, Principal
Soil Scientist, in Charge.

U 3. COYEAHMENT PAINTIHG OFFICE: 1943

For sale by the Superintendent of Documents, Washingtou, DL C. - - - - Price 10 cents







