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EROSION AND SEDIMENTATION IN A SEMIARID ENVIRONMENT

CHEMICAL WEATHERING, SOIL DEVELOPMENT, AND
GEOCHEMICAL FRACTIONATION IN A PART OF THE
WHITE MOUNTAINS, MONO AND INYO COUNTIES, CALIFORNIA

By DENis E. MARCHAND

ABSTRACT

The White Mountain erosion surface truncates a variety of late
Precambrian and Cambrian metasedimentary units and several
Mesozoic plutonic bodies; it is overlain by Tertiary basalts. Present
climatic gradients in the 30-square-mile study area are not
pronounced, and thus weathering of diverse lithologies under a
reasonably uniform semiarid subalpine environment may be studied
here. The local vegetation, consisting primarily of sagebrush,
bristlecone and limber pine, and associated perennial herbs, is
relatively sparse and shows marked discontinuities across geologic
contacts. Soils in the region are immature lithosols, usually less than
1 foot deep, but better developed soils may have formed prior to or
during late Tertiary uplift, only to be stripped by subsequent erosion.
A reworked rhyolitic late Pleistocene ash and local windblown
fragments are abundant soil contaminants and complicate efforts to
decipher mineralogical and chemical changes due to weathering.

Rock weathering in this region appears to be primarily a function of
mineral composition and of the density and degree of physical rock
flaws which serve as avenues for penetrating fluids. Physical
breakdown, which tends to precede chemical weathering, seems as
closely related to lithologic features as to climate. Since erosion is
aided by rapid weathering, easily disintegrated rock types such as
course-grained carbonate and adamellite and fissile shale have eroded
to topographic lows while slow-weathering fine-grained carbonate,
quartzose sandstone, basalt, aplitic dikes, and mafic inclusions have
resisted erosion.

Reed Dolomite, a Precambrian unit, weathers by frost riving to
polycrystalline, cleavage-bounded grains, except where the presence
of thermally recrystallized rock has led to production of single-
crystal fragments. Mineral weathering occurs in the sequence dolo-
mite >> tremolite, epidote > talec, K-feldspar, biotite = apatite >
quartz and ilmenite. Percentage chemical losses from bedrock to soil
are Mg > Ca > Sr > Mn = Fe, for carbonate-constituent elements.
Authigenic calcite is apparently precipitated in the soil during dry
seasons and partially dissolved during wet periods. Spring waters
related in part to the dolomite show relative mobilities of Mg > Ca >
Fe > Mn. Ion-activity product computations indicate that these
waters are undersaturated with respect to both calcite and dolomite.
PCO, exceeds atmospheric values by over an order of magnitude and
those of adamellite-derived waters by several times. Dolomite soil
water extracts appear closer in pH to the spring waters than to rain or
snow, although the soil water composition is obviously quite different
from either of these fluids. Chemical changes in both solid and liquid
phases related to the dolomite appear to begin along with physical
breakdown in the early stages of rock weathering.

Adamellite of Sage Hen Flat weathers by frost riving along
intergranular weaknesses, causing boulder exfoliation and
accumulation of grus. This coarse material, largely unaltered except

for minor Fe oxidation, later undergoes important chemical
breakdown during its transformation to finer sized particles. Primary
minerals weather in the sequence plagioclase (Angs g9) >
hornblende > biotite, epidote > microcline, plagioclase (Anjg 15),
allanite > apatite, chlorite, magnetite > ilmenite, muscovite, quartz,
sphene > zircon, resulting in percentage chemical losses from fresh

”
rock to soil in the sequence Rb > Na = K =~ Mg > Sr > Mn = Ca >
Ba > Si > Al >> Fe > Ti.! Kaolinite, and possibly some vermiculite,
is forming from feldspar, biotite, and other silicates. Microprobe
?
analyses of biotite indicate losses in the sequence Ba > K > Mg >
Fe > Si > Al; cations having eightfold to twelvefold coordination are
most readily lost, then cations in octahedral coordination, and finally
ions in sixfold and fourfold coordination. Microclines reveal losses of
Na and K, and plagioclases show changes implying removal of Na >
Ca > Si > Al. Water saturation extracts from adamellite soils are
distinct in composition from rain and snow water and from spring
water in adamellite terrane. Relative mobilities of dissolved
constituents in adamellite ground waters indicate changes with
regard to bedrock of Ca > Mg = Na > Si = K= Mn = Fe > AL
Owing to plant extraction, K and Al mobilities may be lower than
bedrock-to-soil losses would suggest. High Ca and Mg mobilities could
result from solution of carbonate grains blown into the soils.
Chemical equilibrium does not exist in the natural waters studied,
but steady-state conditions are closely approximated in spring waters.
Contact with weathering rock over a considerable space-time interval
is apparently necessary for the achievement of a steady state, but this
interval may decrease for mobile constituents in readily weathered
minerals. The chemistry of spring waters related to all lithologies
studied appears very sensitive to differences in source material.
Nine elements released by weathering appear to apportion
themselves between vegetation, colloidal exchange, and solution as
follows: Na, soln >> exch > veg; Si, soln >> veg; Ca, exch > soln >
veg; Mg, exch > soln = veg; K, veg >> soln > exch; Fe, Mn, P, veg >>
soln; Al, veg > soln.

INTRODUCTION
Bedrock, soil, vegetation, natural waters, and the
atmosphere are interrelated by a highly complex sys-
tem of reactions and processes, some of which are shown
in figure 269. To adequately understand such a system,
a broad investigation is necessary, including study of
the many related and potentially significant aspects. It

1. A question mark is used in conjunction with greater than or less than symbols in this
paper to indicate uncertain position in the sequence.
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is impossible, for example, to clearly comprehend the
transformation of bedrock into soil by studying changes
in the mineral phases alone, for weathering involves
important alteration of liquid and gas phases in contact
with the minerals as well. This paper constitutes the
fourth in a series of vegetational, erosional, and weath-
ering studies in the southern White Mountains of east-
ern California (Marchand, 1970, 1971, 1973). The focus
here is primarily on the chemical weathering of two
widely distributed rock types, dolomite and adamellite,
utilizing chemical and physical data from all of the five
system components mentioned. Chemical analyses of
bedrock, soils, plants, and natural waters permit esti-
mates of the direction and magnitude of chemical frac-
tionation in parts of the geochemical system described
in figure 269.

The upland surface of the White Mountains, truncat-
ing a diversity of sedimentary and plutonic bodies and
overlain locally by basalt, provides an excellent area in
which to study the extent, sequence, and processes of
weathering and soil development applied to many
lithologies in a semiarid, subalpine environment.
Quantitative chemical weathering studies have previ-

ously been largely confined to tropical or humid tem-
perate regions, for example, Mead (1915), Goldich
(1938), Cady (1951), Sherman and Uehera (1956), Hay
(1959), and Wolfenden (1965). In such areas weathering
has proceeded to such an extent that initial trends are
difficult or impossible to recognize. Soils in the White
Mountains are immature and clearly illustrate some of
the early stages of the weathering process.

Gerald Osborn and Francis H. Brown assisted with
sample collection and planetable mapping during the
summer of 1966. J. Ross Wagner aided in preparing
X-ray fluorescence pellets of bedrock and soil samples,
conducting mineral separations, and in determining
many physical and chemical soil parameters. Electron
microprobe studies were conducted by Lary K. Burns.
Joaquim Hampel determined Na and K in eight bedrock
and soil samples by flame photometer. Barbara Lewis
and James Clayton analyzed plant materials for inor-
ganic constituents.

This paper represents a major portion of a Ph. D.
dissertation carried out at the University of California,
Berkeley, and financially supported by the U.S. Geolog-
ical Survey. Many members of the Survey, especially

























































WEATHERING, SOILS, GEOCHEMICAL FRACTIONATION, WHITE MOUNTAINS, CALIFORNIA

TaBLE 8.—Averaged electron microprobe analyses of fresh and weathered biotites

[CN=coordination number with respect to oxygen]

399

Source Elemental percentages ;{’:glzgﬁ Total: CN=8t012 CN=8 CN=4t06 CN=8to12 CN=8 CN=4to6
anafl);zed :sleg:lietil::‘ pﬁﬁ?}ﬁi:el
grains K Ba Mg Fe Al Si (percent) molecules K+Ba  Mg+Fe Si+Al K/Ba Mg/Fe Si/Al
0.79 6.9 14, 75 16.7 90.4 81.6 8.3 21.8 24.2 9.5 0.46 2.22
.51 5.8 15.8 6.7 16.5 87.3 81.6 7.8 21.6 23.2 14 37 2.46
.10 4.4 1 13.7 105 82.9 73.3 5.9 20.1 24.2 58 .28 7
1Assuming all Fe in ferrous state
easily mobilized than K, but the extremely low Ba R e e e g St et Soor ey
counting rate precludes any definite conclusions. Mg in o5 __N,"!’E./; i /'_él;v;ge/i/pe/'_ TRy o0
the octahedral site is obviously more mobile than Fe, 04 7 GRAIN 1 - First trovaren]| -
and Si, largely located in the sixfold to fourfold site, is 03 = L e
much more readily removed than Al, which occurs in 08 A e T T T Epr— *"_K/F — 01°
both octahedral and tetrahedral positions. 05 *{:;"e'ed e \c,;vage/ - AIN\1 Second traverse 010
Microprobe analyses are usually grouped and aver- , °* a0 —w v 3l @
aged to compare changes in more than three elements, 2 7 W%,he,ed:_ T ' ' ' " Mgire. 020
because only three elements may be analyzed simul- 06 ng/Fe/'}::' """" NSRNN 'Q.;i>'<if\lc'.':':’l':- '\'c'lfe‘av’a‘e" ] OB
taneously and because it is virtually impossible to re- si \ / ] Kl Fex'i‘/ ’ coveae ’ edee 2;2
turn to the same location on the same grain in a subse- 0:3 I / “Cleavage ) 0:00
quent analysis. Soil grains may often contain appreci- 02 L3
able unaltered parts, however, and primary composi- otk
tional differences between grains may obscure changes o | , l . ,GRAIN 2 - First traverse

due to weathering. Comparisons were made between
weathered and fresh parts of the same soil grain to
eliminate those problems. Ratios of K/Fe and Mg/Fe
along five typical transects across soil biotites, both
parallel and perpendicular to the (001) cleavage, are
reproduced in figures 298 and 299. Several conclusions
seem apparent from the data: (1) Lower K/Fe and
Mg/Fe ratios invariably occur either along edges or
cleavages, but every edge and cleavage does not show
changed ratios, (2) traverses perpendicular to the basal
cleavage are more variable than transects parallel to
cleavages, and (3) K losses with respect to Fe are genei -
ally more frequent and larger than those of Mg. Exami-
nation of the original data (not shown) reveals a rela-
tively constant Fe percentage across the grains, indicat-
ing that Fe losses are comparatively minor. Decreased
K/Fe and Mg/Fe ratios therefore reflect absolute losses,
an observation consistent with the data of table 8. Some
red-brown to yellow-brown Fe oxidation, though, was
observed in soil biotites examined under the petro-
graphic microscope, especially along grain margins.
To gain further information concerning the end pro-
duct of biotite weathering, analyses of fresh and altered
portions of soil biotites for Si, Al, and Ba were also
conducted (table 9), using a finely focused electron
beam. The Si/Al ratio drops from above 2 in fresh por-
tions to less than 1, and even approaches 0 in the fine-
grained alteration products that commonly occur adja-
cent to edges and cleavages. Ba also shows somewhat
lower values in the alteration products. The Mg losses

280 360
Grain1,right edge

40
um from left edge

120 200

Ficure 298.—Electron microprobe traverses normal to (001) cleavage of two soil biotite

grains.
0.7 T T T \ T T T r 02
0.6 fopermn=— Mg/Fe
.6 pstiznl _
T iR —==
05~ 0.1
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. 3L L I I L 1 L GRA 0.0 o
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v
=
06— — T T 1 | ——
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Ficure 299.—Electron microprobe traverses parallel to (001) cleavage of two soil biotite
grains.

TasLe 9.—Individual electron microprobe analyses, in weight percent,
of altered and relatively fresh parts of soil biotites

Number of
Ba Si Al Si/Al Description analyses
0.10 16.70 7.38 2.26 1
.30 16.57 7.55 2.19 4
.00 7.44 9.17 .81 1
.16 11.54 14.80 18 1
.04 10.33 15.10 .68 1
.36 9.91 18.57 .53 1
.00 1.88 16.88 11 1
.00 .86 22.43 .04 1
.00 .67 29.91 .01 1
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and Si/Al ratios rule out vermiculite and montmorillon-
ite as possible weathering products. The Si/Al ratios
suggest that complete alteration to gibbsite may have
occurred, but microprobe analyses of porous and prob-
ably hydrous materials such as these must be regarded
with some caution. Four Si/Al values fall between 0.5
and 1.0, and 1:1 clays (but not gibbsite) were detected in
X-ray diffraction patterns of soil and clay fractions; so,
the formation of kaolinite from biotite, if only as a
temporary weathering product, seems a more likely
possibility. Presence of colloidal, noncrystalline
aluminum hydroxide may account for the low Si/Al
ratios.
FELDSPARS

Microscopic evidence indicates that plagioclase, espe-
cially the more calcic zones, and microcline are altering
to clays. The soil feldspars analyzed by the microprobe
are much less severely altered than feldspars observed
in some soil thin sections and grain mounts; so, chemi-
cal differences between averaged microprobe analyses
of fresh bedrock grains and soil fragments (table 10) are
not striking.

TasLe 10.—Averaged electron microprobe analyses, in weight percent,
of feldspars from fresh adamellite bedrock, grus, and soils

Number of
Total: grains
K Ba Na Ca Fe An+Ab+Or analyzed

Microcline:

Fresh________ 13.2 0.0 0.53 0.01 0.2 99.8 1

Grus _.______ 13.0 0 57 .01 2 99.2 4

Soil ___._____ 13.0 0 .31 .00 2 96.4 2
Plagioclase:

Fresh________ 1 0 6.9 2.9 3 99.4 4

Grus __._____ 2 0 6.4 3.3 0 98.0 2

Soil_______.__ 1 0 6.5 34 1 98.4 8

The analyzed microclines appear to have undergone
some chemical losses during weathering, as evidenced
by the 3.4 percent decrease in molecular totals
(An+Ab+Or), from bedrock to soil. Microcline grains
from grus samples, like biotites (table 8), do not appear
to be appreciably weathered. Microprobe transverses
across K-feldspars from seven grus and soil samples
(data not shown) suggest that lattice deficiencies, indi-
cated by low molecular totals, most commonly occur
near grain edges and that low Na and K values tend to
be associated with these deficiencies. Primary crystal
zonation, however, often obscures weathering losses.

Zoning is so prominent in the plagioclases that
weathering changes are largely masked, but the
molecular totals of table 10 indicate that losses due to
weathering have occurred and that sodium may be the
most mobile constituent. Plagioclases from both grus
and soil appear to show detectable deficiencies of
molecular totals. A very small electron beam was used
to analyze fine-grained plagioclase alteration products
within soil grains for Si and Al (fig. 300). The marked

EROSION AND SEDIMENTATION IN A SEMIARID ENVIRONMENT
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Ficure 300.—Electron microprobe analyses of 10 parts of a single plagioclase grain.

decrease in Si/Al ratios from 2.7 in fresh portions to
about 1-1.5 in altered areas suggests that kaolinite may
be the principal weathering product. As weathering
proceeds, Si percentages appear to decrease more
rapidly than Al percentages increase, such that Si + Al
steadily decreases.

OTHER MINERALS

Analyses of fresh and weathered allanite, magnetite,
ilmenite, and sphene are compiled in table 11. The one
soil allanite examined is lower in Ca and Al and higher
in Fe percentage than fresh grains. Analytical results
from 35 magnetite and ilmenite grains in both bedrock
and soil gave little indication of weathering changes,
but a few magnetite grains showed some visible altera-
tion and less Fe (apparently due to oxidation) near their
margins. Soil and bedrock sphenes gave virtually iden-
tical chemical analyses, and traverses across soil grains
showed no significant variations.

TasLE 11.—Electron microprobe analyses, in weight percent, of four
minerals from fresh adamellite of Sage Hen Flat and from derived

soil
Number of
Ca Mg Fe Al Ti analyses

Allanite:

Fresh ... ___ 80 .. _ 11.5 8.2 - 12

Soil ____________________ 6.5 - 12.9 6.7 P 1
Magnetite

Fresh __________________ ——m 0.00 70.8 e 0.13 13

Soil . ____ e .03 72.6 U .25 10
Ilmenite:

Fresh __________________ —— .05 32.2 —— 27.2 11

Soil ________ . S .26 30.0 ——m 29.4 1
Sphene:

Fresh __________________ 23.3 .0 1.2 7 19.1 11

Soil _.__ . _____ 23.8 R R .9 19.0 2

CHEMICAL CHANGES FROM BEDROCK TO SOIL

Chemical analyses of bedrock and soil samples were
conducted by X-ray fluorescence techniques to assess
the degree and sequence of bulk chemical changes due
to weathering. For the adamellite and its derived soils,
the U.S. Geological Survey samples G-1, G-2, GSP-1,
AGV-1, BCR-1, and W-1 were used as standards. The
U.S. Bureau of Standards’ Dolomite #88 and five Reed
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TasLE 16.—Adamellite sample 94-bedrock chemical analysis and adjustment of < 2-mm-soil analysis for ash and local
contamination by biotite and hornblende

[All analytical data in weight percent, except as noted]
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94 sand:
Biotite ____________ I e e e mmmmmemmmmmm et e e
Hornblende ________ I e il et e
94 silt:
]IE_QIiotitbel P I e i el o e emmem e cemen el
ornblende __.._____ —_——— e e e e e e M e
94 soil <2mm:
Biotite ____________ —-4.4 -027 .. e e it e e e
-.97 S A
P I -859 -094 2160 46.21 65.66 30.70  31.72
P J— -.02 -.11 27 45 .64 .38 .28
R R -24 .. 284 384 546 404 198
J— N -1.62 -.39 6.34 11.98 17.02 9.01 8.75
e N -.26 -.75 2.74 3.92 5.57 3.90 2.89
— R -.01 -.02 .06 .08 12 .09 .09
P S -.02 -.36 .33 .55 78 47 .66
R ——— -.10 -.11 1.08 151 2.1 1.54 1.67
— I -.005 P .085 .095 135 12 13
P R -1 __._. 367 434 617 522 624
U PR -.73 -.02 1.32 1.78 2.53 1,88 2.69
——n R -.99 -.34 1.62 1.95 2.77 2.30 3.25
e R —~43 ____ 193 42,2 60.0 274 54.0

Fe >> Ti > Mn > Ba > Sr >> Rb. Percentage losses,
the most significant indicator of chemical behavior
9

during weathering, follow the sequence Rb > Na=
K = Mg >Sr>Mn = Ca>Ba>Si>Al > Fe >Ti.
The placement of Rb within the latter sequence is
somewhat uncertain owing to its low concentration in
both bedrock and soil and to its susceptibility to con-
tamination from biotite, feldspars, and glass.

Examination of figure 301 shows that percentage
chemical losses generally follow the sequence alkali
metals > alkaline earths > Si > Al > metals. Some
notable differences in element mobility between the
dolomite and adamellite are also evident. Greater abso-
lute amounts of Sr, Fe, and Mn are lost from adamellite
than from dolomite, whereas Ca, Mg, Sr, Mn, and Fe all
undergo greater percentage losses from dolomite bed-
rock to less-than-2-mm soil than from adamellite bed-
rock to less-than-2-mm soil. The soluble dolomite obvi-
ously releases all its constituent elements more readily
than they can be weathered from silicate and oxide
phases in the plutonic rock.

The preceding interpretations are based on bedrock-
to-soil changes recorded at only two sites, although
mean dolomite soil gravel values and microprobe
analyses of both dolomite and adamellite minerals give
additional confidence to the patterns of chemical
weathering. The extensive soil contamination rendered
study of all other samples virtually meaningless. For
confirmation of the chemical weathering sequences
suggested by the limited data provided by bulk changes

in the solid phases, it was necessary to examine the
chemical composition of natural waters related to both
dolomite and adamellite.

CHANGES IN THE LIQUID PHASE

Chemical weathering usually occurs only in the pres-
ence of a liquid phase which is undersaturated with
respect to the altering phases. A considerable amount of
information concerning processes and sequences of de-
composition can be obtained from observations of pro-
gressive chemical changes in water as it passes from the
form of precipitation into soil water and finally into
ground water and springs. The following discussion
considers the chemical nature of rain and snow water,
soil water extracts, and spring waters related to both
dolomite and adamellite, the saturation pH and ex-
changeable cations of the soils, and finally the
significance of geochemical differences between the var-
ious fluids in terms of chemical weathering.

CHEMICAL COMPOSITION OF PRECIPITATION

Four rain samples and four snow samples, obtained
during the period July 30, 1966, to June 29, 1967, were
collected in plastic-lined pans and filtered through
0.45-pm filter membranes into airtight polyethylene
containers. The analytical datat for these samples, to-
gether with mean values for Sierra Nevada snow, are
given in table 17. The White Mountains samples tend to

4The procedures of Barnes (1964) were followed for field determination of pH and alkalinity
for all water samples. All other chemical analyses of water were performed by the U.S.
Geological Survey.
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TasLE 17.—Chemical analyses, in milligrams per liter except as noted,
of precipitation collected near Crooked Creek Station and com-
parison with analyses of snow from the east slope of the Sierra
Nevada

[Mean for snow from Feth, Rogers, and Robinson (1964, p. 18-26) ]

Crooked Creek Station Mean
for snow,
it
Meay' = co sope
standard Nevada
deviation Maximum Minimum
11 4  ____
31 .06 41
90 .16 43
57 23 84
22 .034 19
006 .000 2,00
024 .000 2.01
032 001 2.03
02 .00 2.05
035 2.17
4.3 12 3.59
2 2 2.07
2 Q0 1.14
00 .00 2.03
7 2 47

'Mean for four rain and three snow samples.
2Value for entire Sierra Nevada.

have lower mean concentrations of most constituents,
especially sulfate, than do the Sierra samples. Mn, Fe,
Cl, and nitrate are comparable or slightly higher in the
White Mountains.

CHEMICAL COMPOSITION OF SOIL WATER

Obtaining representative soil water samples is a con-
siderable problem that has been approached from sev-
eral angles. Lysimeters and other elaborate devices
probably collect the most typical fluids, but they are
often difficult to install and maintain and give no indi-
cation of geographical variation unless employed in
large numbers. In the White Mountains, soils are either
dry or frozen except for brief periods during spring
snowmelt and after very heavy summer storms, making
field collections difficult to obtain. For this study, water
saturation pastes of 46 Reed Dolomite soils and adamel-
lite soils of Sage Hen Flat were prepared, and after 1
hour water samples were vacuum-extracted by Buchner
funnel in the laboratory. (See section “Supplemental
Information” for methods). Saturation, rather than ex-
cess water mixtures, was chosen for initial soil moisture
content in the belief that this would more closely reflect
actual soil water conditions. Distilled water was used in
all extractions, the assumption being that any differ-
ences between precipitation and distilled water, with
regard to the analyzed species, would not be significant
in comparison to the soil water concentrations.

Analyses of these extracts, summarized in table 18,
indicate that standard deviations within a given soil
type are often nearly as large as or larger than differ-
ences between soil types. Comparison between some
chemical species of the two soil water groups, however,
is still possible. The adamellite extracts are lower in Ca

EROSION AND SEDIMENTATION IN A SEMIARID ENVIRONMENT

TasLE 18.—Chemical constituents in water saturation extracts of two
groups of White Mountains soils

[All analytical values other than pH are in milligrams per liter]

Standard Number of
Mean  deviation High Low analyses
Reed Dolomite
5.5 23
7.1 23
42 23
7.0 23
.0021 11

FieldpH . ____
Laboratory pH __

Field pH._______ e 6.8

Laboratory pH I -

and Mg and apparently higher in K and phosphate than
the Reed samples. Na is surprisingly low in the adamel-
lite soil water extracts.

The large deviations in soil water composition, which
exceed the standard deviations in total soil composition
(compare table 19 with tables 12 and 15), imply consid-
erable departures from equilibrium and steady state
(rate of ion gains = rate of ion losses) conditions,
perhaps accentuated by the relatively short duration of
the extraction process. For this reason, soil water ex-
tractions may differ to some extent, primarily in degree
of variability between sites but probably in ionic pro-
portions as well, from meteoric water that has been in
contact with the soil for several days or weeks during
snowmelt or after heavy rains.

SOIL »H

Table 19 gives a compilation of field and laboratory
pH data for Reed Dolomite soils and adamellite soils of
Sage Hen Flat. These data, together with similar in-
formation from basalt and sandstone soils in the area,
indicate that instrumental laboratory pH values and
indicator-determined field pH values are comparable to
pH’s about 8.0, where the field methods begin to give
consistently higher readings. A comparison of the
figures for the two soil types shows the Reed soils to
have values 0.5-1.5 pH units higher than the adamel-
lite soils.

EXCHANGEABLE CATIONS

Amounts of total extractable soil cations (in milli-

equivalents per 100 grams of ovendry soil) were ob-
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TaBLE 19.—Mean values for total exchangeable cations, percentage
exchangeable cations, and pH in Reed Dolomite and adamellite
soils of Sage Hen Flat

Standard

Standard deviation  Number of
Mean deviation (% of mean)  samples
Reed Dolomite soils
pH:
Average mean field —_______ 8.0 0.1 1 25
Average maximum field _____ 8.2 1 1 25
Average minimum field _____ 7.9 .01 5 25
Laboratory - ... ______ 75 2 3 25
Exchangeable cations
(me/100 g ovendry soil):
Ko .58 .30 52 25
27 .09 33 25
32.4 13.3 41 25
6.1 2.5 41 25
1.6 9 56 21
.73 27 37 21
80.7 7.6 9 21
16.9 6.7 40 21
Adamellite soils
pH:
Average mean field _________ 6.8 0.5 8 22
Average maximum field _____ 7.6 6 8 22
Average minimum field _____ 6.2 5 7 22
Laboratory - _____________ 7.0 4 5 22
Exchangeable cations
(me /100 g ovendry soil):
K 33 13 40 22
Na ____ . 07 .05 69 22
Ca oo 77 2.5 31 22
Mg 1.09 34 31 22
Percent of exchangeable cations:
K__ 3.8 18 47 21
Na . 70 .25 33 21
Ca _________ 83.2 4.2 5 21
Mg 12.2 3.3 27 21

tained by repetitive leaching with 1.0 N NH,Ac at
pH=7.0. (See “Supplemental Information” for details.)
Values for exchangeable cations (table 19) were calcu-
lated from the total extractable and water-soluble cat-
ions as follows:

Exchangeable cations=total (NH,Ac) extractable
cations—cations in water
saturation extracts (all
values in milliequivalents
per 100 grams of dry soil).

The exchangeable cations were then recalculated to 100
percent (table 19). The adamellite soils are much lower
than Reed soils in amounts of all exchangeable cations;
they are higher in percentage exchangeable K, slightly
higher in percentage Ca, comparable in Na percentage,
and somewhat lower in percentage Mg.

CHEMICAL COMPOSITION OF SPRING WATERS

Water samples from four springs related to Reed
Dolomite and adamellite of Sage Hen Flat were col-
lected during the summer and fall of 1966 and during
the summer of 1967. Water samples were filtered
through 0.45-pm filters into airtight polyethylene con-
tainers. The samples were usually collected near sun-
rise or sunset to minimize air-water temperature differ-
ences, which would affect pH measurements. A part of
each sample collected during the summer of 1967 was
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acidified to pH 2 to prevent precipitation of metals and
was used for analysis of Al, Fe, and Mn. Al values are
markedly higher for the 1967 samples, reflecting either
precipitation of Al in previously collected samples or
solution of particles less than 0.45 um in the acidified
parts. There was relatively good agreement of Fe and Al
values in the 1967 samples with those reported for
granitic waters in the Sierra Nevada by Feth, Roberson,
and Polzer (1964). Changes caused by orifice location,
diurnal variation, and seasonal fluctuation at a given
spring were found to be negligible compared with dif-
ferences between springs.

WATERS RELATED IN PART TO THE REED DOLOMITE

Poison Creek Spring emerges from the east side of a
canyon wall about 400 feet east of the Wyman-Reed
contact, which dips about 60° westward at this location.
The spring water would appear to be chemically con-
trolled in large part by the dolomite, which crops out
continuously for several miles west of the Wyman con-
tact, but the water is also influenced to a lesser degree
by the sandstones, shales, and limestones near the
orifice. Waters emerge from three orifices (herein des-
ignated A, B, and C, from south to north) about 15 feet
apart. Discharge from orifice C, the major outlet, aver-
ages about 0.1 cfs (cubic feet per second), as measured
with a Pygmy current meter.

Cottonwood Spring, the principal source of the south
fork of Cottonwood Creek, is in a valley that partially
separates the Reed Dolomite from the Cottonwood plu-
ton. The orifice lies within the Reed, though, and the
apparent catchment basin is dominated by dolomite.
Discharge is quite constant at about 1.8-2.0 cfs.

Analytical data for these two sampling locations are
summarized in table 20. The predominant ions are Ca,

TasLE 20.—Field and laboratory analytical data for two natural

waters associated in part with the Reed Dolomite
[All concentrations in milligram per liter]

Poison Creek Spring Cottonwood Spring

Standard Standard
Mean deviation Mean deviation
FiedpH __________________ 7. 0.14 7.72 0.27
1286 0 . 1252 | .
.99 .03 .81 01
3.35 .09 1.54 07
29 2 24 1
14.9 3 15.9 1
1<b - 1<
1002 ________ 1004 ________
1001 ________ 1043 ________
1019 ________ 1013 ________
13 9.0 | 2
w2 T
18 .. 16 | ol
175 7 162 ‘ 4
13 13 [
78 K] 31 | 71
100 . 112 |
5.8 3 69 | 10
2.84 2589  ________
3.06 2.7
Y 6

1Based on one analysis.
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Mg, and bicarbonate; Na and sulfate are quite low.
Poison Creek Spring shows the influence of the Wyman
beds in its increased Na, K, Si, and sulfate with respect
to the Cottonwood samples, and its higher Ca/Mg ratio
reflects the presence of limestones near the orifice. The
pH of Poison Creek is the same as that of Cottonwood
Spring, however, and in most respects the waters of the
two springs are similar.

WATERS RELATED LLARGELY TO THE ADAMELLITE OF SAGE HEN FLAT

Sage Hen Spring and Crooked Creek Spring appear to
be almost entirely related to the Sage Hen Flat pluton.
Formations adjacent to the adamellites, such as the
Wyman Formation, Reed Dolomite, Deep Spring For-
mation, or Campito Formation could have some slight
effect on the chemical composition of these waters. Dis-
charge at Sage Hen Spring is about 0.1 cfs, but
fluctuates appreciably. Discharge at Crooked Creek
Spring is even smaller, its mean about 0.05 cfs or less.

Analytical data for the two sampling sites related to
the adamellite are given in table 21. Crooked Creek
Spring has a higher pH than Sage Hen Spring and
contains less Mg and slightly less Na. The fact that the
two waters, draining the same plutonic body, can be
consistently distinguished chemically is an indication
of the sensitivity of natural water to variation in bed-
rock composition and weathering conditions. The
adamellite-derived spring waters, however, are virtu-
ally identical in most other respects and contrast
sharply with those related to dolomite. Waters draining
the adamellite are much higher in Na, sulfate, and
chloride than are the dolomite waters and much lower
in Ca, Mg, and bicarbonate. The pH values of the four
spring waters are almost the same except for Crooked

TaBLE21.—Flield and laboratory analytical data for two natural waters
associated with the adamellite of Sage Hen Flat

[All concentrations in milligrams per liter]

Crooked Creek Spring Sage Hen Spring

Standard Standard
Mean deviation Mean deviation
FieldpH __________________ 7. 0.15 7.72 0.11
Specific conductance K__ A, 129 ________ 127 .
b 79 .05 .64 02
6.23 .19 6.56 16
17 1 16 5
.93 .08 1.55 08
2<5  _ooo_. 2<5
014 . 1,000
02 . 1.019
1014 ________ 1.033
]513 8 16.4
015 . 101
Cl= o 9 1.(8)5
Field HCO; ~_________ 61 3 60
NOs ™ - 133 . L8
80,72 ________ 9.8 5 9.4
PO, . 1145  ________ 111
Water temperature. 5.6 1 6.5
Cation________________ 122 ________ 1.24
Anion ________________ epm._ 129 ________ 1.22
Number of analyses_._________ 3 7

1Based on two analyses.
2Based on one analysis.
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Creek Spring, which is more alkaline than either of the
springs related to the dolomite.

ANALYSIS OF CHEMICAL CHANGES

For purposes of analysis and interpretation, the
chemical data for natural waters related to both dolo-
mite and adamellite are viewed in the following discus-
sion from three perspectives: (1) Relative mobilities,
showing the degree to which the various chemical
species are mobilized from bedrock by weathering and
released into solution, (2) stability with respect to some
important solid and gas phases, including a discussion
of water chemistry in relation to several equilibrium
reactions, and (3) a chemical comparison of soil water
with precipitation and spring waters.

RELATIVE MOBILITIES

A common means of evaluating the ease with which
various chemical constituents are released by weather-
ing from bedrock to ground water is through the calcu-
lation of relative mobility:

Percent X of N-element
Relative mobility total in water
(element X) Percent X of N-element
total in bedrock

where N is the number of elements considered. This
computation assumes that a given water can be
definitely correlated with a given lithology, that the
mean analytical values for that lithology are represen-
tative, and that the composition of the water with re-
gard to the investigated constituents is entirely a func-
tion of contact with the bedrock material. It is likely
that the waters sampled in the White Mountains have
been affected to some extent by windblown contamin-
ants and the rhyolitic ash, but evidence presented here
(see “Relationship of Soil Water to Precipitation and
Spring Waters”) suggests that major influences on
ground-water composition occur after percolation
through the soil.

Relative mobilities calculated for Cottonwood Spring
with respect to dolomite bedrock (table 22) fall into the
sequence Mg > Ca >> Fe > Mn. Mobilities of other
elements, for example, Si, Al, Ti, Na, and K, are more
susceptible to influence by weathering of contaminants
than of the bedrock, which contains only trace amounts
of these constituents. Interpretation is therefore
confined to the carbonate-component elements. The rel-
ative mobility sequence of table 22 agrees well with the
order of percentage losses from dolomite bedrock to soil
(cf. fig. 301), except that the mobility of Fe in dolomite is
clearly greater than that of Mn, a relation not evident
from solid-phase considerations.

In figure 306, ranges of relative mobilities for eight
elements, based on analytical means and standard de-
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TasLe 22.—Relative mobilities for four elements in Cottonwood
Spring waters

Mg Ca Fe Mn
Concentration in bedrock______________ percent__ 12.46 21.52 0.26 0.055
Concentration in
Cottonwood Spring water_____________ mg/l__ 159 24 .043 004
Percent of four-element total (bedrock) __________ 36.33 62.75 .76 .16
Percent of four-element total (spring) __________ 39.79 60.08 .108 .010
Relative mobility ... ___________________ 1.095 957 142 .063
30 T T T
Ca
10 - Mg .
14 -
Mn
'>_- K Si
5 &
@
Q
=
w
2
&
- 0.1 —
w
«
ﬁ
001 | -
EXPLANATION
A Sage Hen Spring
o Crooked Creek Spring
Note: Overlapping ranges
are offset for clarity Al
0.001 Mn 1 1 |
0.05 0.1 1 10 50

MEAN PERCENTAGE IN BEDROCK

Ficure 306—Relative mobilities for eight elements in spring waters related to adamellite.
Vertical bars indicate ranges of values.

viations at Crooked Creek Spring and Sage Hen Spring,
are plotted against mean bedrock percentage on a log-
log scale. The horizontal scale serves to emphasize the
importance of the various constituents with regard to
bedrock weathering and to their net contribution to the
ground water. Elements plotting in the upper right of
the diagram (Ca, Na, and Si in this case) are mobile
constituents present in appreciable quantities in the
bedrock and will be liberated in relatively large total
amounts to the ground water. Elements that plot to-
ward the lower left (such as Mn) are comparatively
immobile, are not abundant in the adamellite, and are
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therefore released to the ground water in trace
amounts.

The apparent sequence of mobilities for the ada-
mellite-draining springs is Ca > Mg= Na > Si= K =
Mn = Fe >Al. Values for Mn, and to some extent for Mg,
vary considerably between the two springs, making the
placement of these elements within the order somewhat
uncertain. The results as a whole are in good agreement
with those of Feth, Roberson, and Polzer (1964) for
quartz monzonite (adamellite) terrane in the Sierra
Nevada and are generally similar to losses from bedrock
to soil (table 14; fig. 301). The relative positions of Ca,
Mg, and Na in the weathering sequence differ, however,
between the solid phase and liquid phase perspectives.
Considering the problems of soil contamination, one
possibility is that carbonate grains may be continually
blown into adamellite soils and quickly dissolved, re-
sulting in increased Ca and Mg concentrations in wa-
ters draining the pluton. Only a few carbonate frag-
ments were observed in adamellite soils; however, solu-
ble grains (especially those reactive fragments of silt or
clay size) would not be expected to persist in nonsoluble
soils, and both dolomite and calcite were found in dust
trap residues collected within the area (Marchand,
1970). Ruhe (1967, p. 57-59) suggested solution of
windblown contaminants to explain the formation of
thick caliche horizons in soils formed on low-Ca parent
materials in New Mexico.

StaBiziTy WiTH REsPECT To SoLip AND Gas PHASES®

By using means and standard deviations for ion con-
centrations, pH, and temperature from Cottonwood
Spring and Poison Creek Spring, maximum, minimum,
and most probable values of ion-activity products (IAP)
were calculated for both calcite and dolomite as follows:

[oat+][c0r]
= [fear J[owg <[00 ]

where [a] is the ionic activity of the solutions (approxi-
mately equal to concentration). A comparison of the
spring waters with regard to carbonate equilibria is
presented in table 23. All waters are undersaturated
with regard to both calcite and dolomite, yet minor
amounts of calcium carbonate have precipitated on ex-
posed rocks near all the springs sampled. Calcite lacks
saturation by a factor of about 2.5-10 in the dolomite-

IAPC =

and

5Sources for physical constants used in calculations:
K first carbonic acid dissociation; Harned and Davis (1943, p. 2030).
K2 second carbonic acid dissociation; Harned and Scholes (1941, p. 1708).
KCO, graphical solution, using data of Markham and Kobe (1941, p. 449).
A first constant, Debye-Huckel equation; Manov, Bates, Hamer, and Acree (1943, p. 1765).
Kc calcite equilibrium constant; Larson and Buswell (1942, p, 1667).
Kd dolomite equilibrium constant; (Hsu, 1964).
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TasLE 23.—Degree of saturation with respect to calcite and dolomite
for four spring waters

[Ranges of values reflect temperature and compositional extremes. M.P. = most probable
value; IAP = ion-activity product]

Cottonwood Poison Creek Crooked Creek  Sage Hen

Spring Spring Spring Spring
2.83x10®  2.51x10-®° -
1.37x10?  1.67x10-? 0.746 x10-° 0.401x10-°
.682x10®  .672x10°  ____________  ____________
- 7.44x10°° 7.92x10-°
- 7.69x107®  7.98x10-° 8.02x10® 7.79x10-?
_ 7.92x107® 8.02x10-*  ________
.381 . 3
.178 .209 .093 052
.086 083
8.38x10-®  5.09x10-®  ______ _ _ ____________
- 2.03x10-®  2.34x10-18 4.99x10-20 2.56x10°20
.528x10-18  401x10-8  ______
2.0%10-17 2.0x10717 2.0x10717 2.0x10°17
419 254 .
103 117 2.5x10-3 1.28x10-3
026 020 . .

1From Larson and Buswell (1942, p. 1667).
2From Hsu (1964).

draining waters and by more than 10 in adamellite-
derived waters. Cottonwood Spring and Poison Creek
Spring are also much closer to dolomite saturation than
are their counterparts in the pluton, but all waters are
even more undersaturated with respect to dolomite
than to calcite.

The undersaturation of calcium carbonate in the
Crooked Creek and Cottonwood drainage basins con-
trasts with the fourfold supersaturation reported by
Barnes (1965, p. 92) in the headwater springs of Birch
Creek, just south of the study area. The latter drains a
mixed terrane in which solution of Wyman limestones,
as well as the Reed Dolomite, may have a profound
influence on the state of the ground-water calcite reac-
tion.

Partial pressures of carbon dioxide in the four spring
waters (table 24) were computed from the following
relation:

K\KCO,
where
K, = (H+)HCO;-)
(HCOs)
and
PCO,

All calculated values for the waters are at least twice
that of the atmosphere, and Cottonwood Spring shows
CO2 partial pressures as much as 22 times greater than
the air. The two springs related to the dolomite terrain
have partial pressures much greater than the springsin
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TaBLE 24.—Partial pressures of carbon dioxide in four spring waters
and a comparison with atmospheric PCO,

[M.P. = most probable value]

Cottonwood Poison Creek Crooked Creek Sage Hen

Spring pring Spring Spring
PCO, of water (atm):
Maximum ___________ 5.05x10-3 4.10x10® __________ o _____
P 2.66x10-2 2.86x10° 5.70x10-4 9.79x10
Minimum ___________ 1.44x10-3 1.98x10"8  ________._ o ___
PCQ, of
atmosphere__atm ___ 2.3x10-¢ 2.3x10-4 2.3x10-4 2.3x10-4
PCO,(w)/PCO,(a):
Maximum ___________ 22 18 i e
MP 12 12 2.5 42
Minimum _._________ 6.3 8.6 -

the adamellite, yet the pH of all springs is similar.
Solution of dolomite would tend to increase PCO; but
would also increase pH, the net effect being to decrease
free CO,. The explanation for the striking contrast be-
tween the two groups of springs must partly lie in the
marked vegetational differences between the two
lithologies: The adamellites are dominated by rela-
tively dense growth of sagebrush, limber pine, grasses,
and perennials, whereas bristlecone pine and sparse
low perennials cover most of the Reed terrane. Perhaps
photosynthetic rates, and hence root respiration, differ
greatly between the two plant communities. In any
event, it is apparent that local vegetational changes
may play an important role in controlling the pH of
ground water and hence in regulating rates of chemical
degradation.

For the adamellite-draining springs and adamellite
soil water, means and standard deviations were used to
compute molalities and activities for Na+, K+, H+,
and HSiO4 and to plot the range of each fluid on low-
temperature stability diagrams for Na silicates (fig.
307) and K silicates (fig. 308). Plots based on activities
did not differ significantly from those based on molality
and are not reproduced on the diagrams. Sage Hen Flat
pluton water plots within the kaolinite field in both
figures, as do most stream and spring waters. The posi-
tion of the water plots, toward the silica-rich side of the
kaolinite field and away from the gibbsite field, tends to
support the X-ray diffraction and microprobe evidence
that kaolinite is forming as a stable authigenic phase in
the adamellite soils. The waters are well above quartz
saturation, probably owing to the weathering of Si from
feldspars, biotite, and other silicates, in addition to
quartz, but are significantly below saturation with
amorphous silica.

Major departures from equilibrium are evidenced in
adamellite-related waters by oversaturation with re-
spect to quartz and undersaturation with respect to
colloidal silica and in waters draining the Reed by un-
dersaturation with regard to dolomite. Such depar-
tures, however, do not preclude the existence of steady-
state conditions in the spring waters.
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RELATION OF SOIL WATER TO PRECIPITATION AND SPRING WATERS

An important question in the chemistry of natural
waters is the space-time dimension of chemical weath-
ering changes. Do most of the chemical additions to rain
and snow water occur quickly within the soil, or does the
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composition of percolating ground waters continue to
change, even if the lithology remains the same? Al-
though absolute concentrations of chemical species in
the soil water extracts are much higher than those in
precipitation and spring water, comparisons are possi-
ble through ratios of dissolved constituents.
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Figure 309 compares the composition of waters re-
lated to the Reed Dolomite in the ternary system
Na + K — Ca— Mg.% The dolomite soil water extracts
are more or less intermediate in composition between
precipitation and spring water values, but somewhat
higher in percentage Ca than either of the other fluids.
A progressive increase in the divalent/monovalent cat-
ion ratio occurs from precipitation to soil water to
springs. The Ca/Mg ratio increases slightly from about
1.8 in precipitation to a value of nearly 5 (the ratio in
bedrock is about 1.8) in soil water, but then decreases
substantially from soil water to spring water. This de-
crease may be in response not only to bedrock composi-
tion, but to selective adsorption and removal of Ca by
the soil exchange complex. The fact that the spring
waters do not plot closer to the bedrock is probably
attributable to the weathering of ash and local soil
contaminants and to differing relative mobilities of the
plotted cations.

Watersrelated to the adamellite are compared for the
same ternary system in figure 310 (bottom). Soil water
plots over a wide range and shows a definite increase in
Ca/Na + K and Ca/Mg with respect to both precipita-
tion and bedrock. It appears to be closer in composition
to spring water than precipitation in terms of Ca con-
centration. The hydrolysis of plagioclase, solution of
secondary calcium carbonate in the soil, and the high
mobility of Ca is probably responsible for this trend,
which proceeds away from bedrock composition. Also in
figure 310 (top), it appears that the Na/K ratio in the
soil water extracts has decreased relative to precipita-
tion in response to bedrock and perhaps ash composi-
tion. The large increase in Na/K from soil water to
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Fiure 309.—Progressive cation changes from precipitation water to soil and spring waters
related to Reed Dolomite. Plots of bedrock, voleanic glass, and exchangeable cations
suggest relative influence of these factors.

Values plotted on compositional diagrams in this paper were calculated on a parts per
million (milligrams per liter) rather than an equivalents per million basis because the
oxidation states of Fe and Mn were not known and a uniform basis between diagrams was
desired.
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ground water is interpreted as the result of K fixation by
colloidal adsorption and selective plant uptake, and of
high Na mobility. Soil water has a Na/K ratio much
closer to precipitation than to spring water, but is quite
distinct from both.

Figure 311 shows regular increases in both Mg/Fe
and Ca/Fe from precipitation to soil water to spring
water, with soil water plotting approximately inter-
mediate in position between the other two fluids. Both
trends are away from bedrock composition and appar-
ently result from low Fe mobility due to precipitation of
Fe oxides within the soil.

From precipitation water to soil water to ground
water, increases are evident in Si relative to NatK and
Mg*Fe (fig. 312), presumably in response to bedrock
composition and possibly also to the rhyolitic ash. Soil
water extracts on this diagram plot much closer to pre-
cipitation than to spring waters.

The pH value is probably the best single indicator of
water chemistry. The median pH of snow samples from
the Sierra Nevada is reported as 5.8, close to the value
for pure water in equilibrium with atmospheric carbon
dioxide (Feth, Rogers, Roberson, 1964, p. 24-25). All soil
and ground waters in the White Mountains have much
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higher pH’s (tables 18, 20, 21) than this figure, owing
principally to solution and hydrolysis reactions. For the
dolomites, soil saturation pH is comparable to spring
water pH, but for the adamellite, soil saturation values
are intermediate between the pH of precipitation and
that of the springs.

Most of the chemical trends just described appear to
be controlled by bedrock composition or relative mobil-
ity, but the ground waters plot in tight groups distinct
from the bedrock, suggesting that a steady-state condi-
tion, rather than chemical equilibrium, exists in spring
waters that have passed through both lithologies. In the
soils, absence of both equilibrium and steady state is
manifested by the scatter of soil water points on the
compositional diagrams.

Soil water extracts from both dolomite and adamel-
lite terrain are notably distinct in composition from
precipitation and spring waters draining the respective
lithologies. Total concentrations are much greater in
soil saturation extracts than in spring waters owing to
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the diluting effects of percolating precipitation water on
the latter. The contrasting ionic composition of these
two groups of fluids imply the existence of weathering
reactions at considerable depth and preferential chan-
neling of ground-water flow from certain localized areas
of high recharge and possibly of different lithology.
Most of the soil water extracts plot in an intermediate
position between precipitation and ground water, but
some (Na/K for adameliite-related water, for example)
soil water plots do not fall in a position between the
other two fluids. The pH of dolomite soil water extracts
is much closer to spring water than to precipitation,
however, suggesting that chemical adjustments in sys-
tems having soluble phases occur more rapidly than in
those involving silicate or oxide phases.

Precipitation of calcium carbonate, probably sporadic
in response to wet and dry seasons, and the contaminat-
ing influence of the rhyolitic ash, local aeolian debris,
and foreign waters complicate the interpretation of soil
water compositions. Also, the preceding conclusions as-
sume that saturation extracts approximate actual soil
water, an assumption which may not be entirely valid.
A longer period of water contact with the soil might be
expected to shift soil water composition closer to that of
spring waters and to decrease the variability of extract
compositions. A need exists for methods of soil water
extraction which will produce fluids clearly representa-
tive of the actual soil solution under field conditions.

CHEMICAL FRACTIONATION IN THE
BEDROCK-SOIL-WATER-PLANT SYSTEM

Elements released by solution or hydrolysis of min-
eral grains follow a variety of courses. They may dis-
solve in the soil water and be flushed out of the system,
precipitate as a solid soil phase, become adsorbed on
colloidal soil particles, or be utilized by organisms,
especially vegetation. Chemical analyses of representa-
tive plants from the area, together with data already
presented, make possible the location and apportion-
ment of a number of chemical species within the
bedrock-soil-water-plant systems of the Reed Dolomite
and the adamellite of Sage Hen Flat.

Soil water and exchangeable cation concentrations
were converted from milliequivalents per 100 g of soil to
grams per cubic centimeter of soil, using milliequiv-
alent weights and mean bulk densities of the total soil.
Since the laboratory data apply to only the
less-than-2-mm fraction, two sets of figures were calcu-
lated for the soil water, one assuming no contributions
from the soil gravel fraction (minimum) and a second
assuming a contribution from the coarse material pro-
portional to its weight percentage of the whole soil
(maximum).

For practical reasons, only a few of the hundreds of
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White Mountains plant species could be analyzed.
Aboveground parts of sagebrush (Artemisia arbuscula),
junegrass (Koeleria cristata), and sandwort (Arenaria
kingii), and twigs, needles, and cones of bristlecone pine
(Pinus aristata) and limber pine (P. flexilis) were col-
lected on both dolomite and adamellite. Aboveground
parts of flax (Linum perenne) were obtained from dolo-
mite terrain. These six species were chosen to represent
vegetational groups as follows: Pinus aristata and P.
flexilis—trees; Artemisia arbuscula—sagebrush and
shrubs; Koeleria cristata—grasses;, Arenaria kingii-
—noncarbonate-associated herbs; and Linum
perenne— carbonate-associated herbs. Plant samples
were washed with distilled water and ovendried at
104°C prior to ash analysis (table 25; see section “Sup-
plemental Information” for analytical procedures.)

Percentage cover for the preceding groups, estimated
at about 20 randomly selected sites on each lithology
and then averaged for dolomite and for adamellite, is
given in column 12 of table 25. These figures are recal-
culated to 100 percent in the last column. The percent-
ages of total vegetation (in terms of cover) were then
used to obtain weighted averages for each element in
plants on each substrate, as follows:

Weighted average Si=(percent Si in species x) (per-
cent X in total vegetation) +
(percent Si in species y) (percent
y in total vegetation) + ...+
(percent Si in species N) (percent
N in total vegetation),

where N is the total number of species considered. Vege-
tational concentrations from table 25 were adjusted to a
grams per cubic centimeter basis using the weight and
percent cover of each plant sampled (giving grams per
square centimeter) and dividing by the mean depth of
each soil type (giving grams per cubic centimeter of
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soil). Calculations were made for the individual species
and for the weighted averages applicable to each soil
type. Since these averages assume continuous vegeta-
tive cover, a second pair of weighted averages were
computed, adjusting for the actual plant cover. Plots of
total soil (uncorrected for contamination), exchange-
able cation, soil water, and plant concentrations for
adamellite and dolomite terrane are shown in figure
313. The adamellite comparisons, expressed on a per-
centage basis, are extended to precipitation, bedrock,
and spring waters in figure 314. Vegetational concen-
trations are computed as percentage of soil water plus
plant concentration in table 26.

An examination of element totals in figure 313 indi-
cates that constituents released by weathering are con-
centrated primarily in exchangeable positions (cations
only) and secondarily in soil water and plants. Ex-
changeable cations are adsorbed in the sequence
Ca > Mg > K > Na. Cation exchange in soils therefore
tends to decrease the Ca/Mg and K/Na ratios with re-
spect to ratios of cations initially made available by
weathering. Cation exchange is less important as a
fractionation mechanism than these illustrations
would imply, because after the exchange complex be-
comes saturated, no further removal by exchange can
occur unless the exchange capacity increases.

Although trends vary to some extent between species,
the overall tendency of the White Mountains flora, with
respect to soil water (table 26), is to withdraw elements
in the sequence P > Fe >> K > Ca= Mg > Si >> Na. The
ratio of plant concentration to soil water concentration
is less for the dolomite, but the sequence is the same
regardless of lithology. As the result of plant uptake,
the soil K/Na ratio is further decreased, and Fe and P
are extracted in relatively large quantities. Si is
sufficiently soluble at the moderate to high pH’s of the
adamellite and dolomite soils to become concentrated in
the liquid phase, although plant concentrations consti-

TaLE 25.—Chemical composition (dry weight percentage basis) of some major plant species on Reed Dolomite and
adamellite of Sage Hen Flat and weighted averages used for geochemical comparisons

Number of Number of Mean percent Percent of total

plants duplicate cover vegetation
Si Al Fe Mn Mg Ca Na K analyses (see text) (see text)
Dolomite:
Pinus aristata  ______.________________________ 0.0080 0.073 0.015 0.0016 0.17 0.58 0.0053 0.20 0.0480 2 1 17.60 64.9
Pinus flexilis _________________________________ 0140 071 .013 0061 .09 .57 0133 .23 .0630 1 1 77 2.8
Artermisia arbuscula _._- .0300 .60 .062 0063 .23 .71 0081 .77 .0874 3 3 145 5.4
Koeleria cristata  _ ——-- .0980 .82 .10 0165 .26 .81 .0066 27 .0560 3 1 2.74 10.1
Arenaria kingii ____ ... 0760 11 .108 0100 47 339 .0219 69 .0530 4 1 2.43 9.0
Linum perenne _______________________________ 0549 |, 42 .040 0102 .26 .85 .0034 8 .0745 6 1 2.11 7.8
Weighted average __ ________________ ____ 0282 .29 .036 0049 21 .8 0072 33 0539 __________ __________ (27.10) (100.0)
Adamellite:
Pinus aristata . _____________ S .0120 .051 .010 .0049 .08 55 .0078 31 .0690 1 1 .05 2
Pinus flexilts ___________ 0120 .034 .0068 .0044 .08 .44 .0083 45 .1100 1 1 2.61 9.6
Artemisia arbuscula .. .0600 1.07 147 0131 . 57 .0118 80 .0829 4 4 9.85 36.0
Koeleria cristata - __ .0300 47 .064 0064 .09 34 .0058 27 .0385 2 1 6.47 23.7
Arenaria kingu ______ 1200 5.5 43 0267 .33 252 .0353 92 .0555 2 1 8.32 30.5
Weighted average___________________________ 0665 2.18 .20 0148 .18 110 .0172 68 .0666 __________ __________ (27.30) (100.0)
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Ficure 313.—Comparison of elemental and total concentrations in soil, soil water, colloidal exchange, and plants, expressed in terms of grams per cubic centi-
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tute as much as 30 percent of the nonexchangeable total

for areas of continuous vegetative cover. Fe and P tend

to be quite insoluble under these oxidizing and alkaline

soil conditions.
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TaeLE 26—Fractionation by plants with respect to soil water for seven
elements in adamellite and dolomite terranes

Plant concentration (g/cc soil)

[Elemental percentage = Plant concentration + soil water concentration (g/cc soil) % 100]

Si Ca Mg Na
Adamellite:
Continuous cover____. 25-30 46-53 47-54 59 -74
Actual cover ________ 8.3-11 19-23 19-24 1.7 -2.1
Dolomite:
Continuous cover____  ______ 17-30 17-30 1.1 -2.3

Actualcover ________. ______ 5.1-10.0 5.2-10.2 0.31-0.65
K Fe P Total

Adamellite:

Continuous cover ___  51-58 98 ~100 47-54

Actual cover________ 22-27 92 99 20-24
Dolomite:

Continuous cover ___  34-51 - 100 18-32

Actual cover ________ 12-22 - 99-~100 5.7-11

The actual extent to which vegetational fractionation
occurs is of course dependent on the rate of plant uptake
with respect to the rate of leaching. It has been demon-
strated (Marchand, 1971) that chemical denudation by
plant uptake and litter erosion in this area, although of
much less significance than leaching in terms of total
chemical removal, may be of considerable importance in
the extraction of certain elements, especially metals
such as Al, Fe, and Mn. It should also be remembered
that elemental concentrations in vegetation represent
large static quantities which are unavailable to leach-
ing and which are potentially removable by sporadic
accelerated erosion owing to fires or flooding, as well as
by normal seasonal denudation.

SUMMARY AND DISCUSSION

The influences of erosion, deposition, vegetation, and
microbial activity combine to further complicate an al-
ready complex series of chemical and physical altera-
tions (fig. 269) in the weathering processes by which
unstable minerals are converted to stable forms under
the prevailing surficial conditions, which may them-
selves change with time. A complete analysis of all
aspects of the weathering process is beyond the scope of
this paper (the influences of microorganisms, for exam-
ple, is not evaluated), but the data of the preceding
pages suggest the direction and approximate mag-
nitude of some physical, mineralogical, and chemical
changes resulting from the weathering of dolomite and
biotite adamellite in a present-day semiarid, subalpine
climate. These changes involve alterations not only in
the solid phases, but in the associated liquid and gas
phases as well. Elements released by weathering are
fractionated through the effects of plants, colloidal ex-
change, and leaching.
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WEATHERING OF REED DOLOMITE

Field observations and size analyses of soils and bed-
rock indicate that the initial step of dolomite weather-
ing in the White Mountains involves both physical and
chemical breakdown of angular blocks produced by
jointing. Polycrystalline soil grains, commonly bounded
by cleavages, slowly accumulate from freeze-and-thaw
disintegration of these blocks, except in areas of recrys-
tallization near plutonic bodies; here postthermal con-
traction may have created intergranular stresses, lead-
ing to accelerated weathering and spheroidal forms.
Chemical weathering is evident throughout the process
of grain diminution, but appears to exert a greater effect
in the interval between bedrock and soil gravel than
between soil gravel and less-than-2-mm soil.
Mineralogical decomposition, occurring in the sequence
dolomite >> tremolite, epidote > talc, K-feldspar,
plagioclase, biotite = apatite > quartz and ilmenite
(fig. 294), resulted in percentage chemical losses, from

°
bedrock to soil, of Mg > Ca > Sr > Mn = Fe (fig. 301).
Pure calcite, apparently precipitated during periods of
desiccation and partially dissolved during seasonal
influx of meteoric waters, occurs as the single verifiably
authigenic soil phase, in rinds on spheroidally weather-
ing boulders, on surfaces of soil fragments, and as a
discontinuous calcium carbonate soil crust.

Relative mobilities of spring waters with respect to
the dolomite bedrock yield the sequence Mg > Ca >>
Fe > Mn (table 22). These findings agree with losses
from bedrock to soil, except that they show Fe to be more
easily mobilized from dolomite than Mn. Dolomite soil
water extracts differ notably in composition from both
spring and precipitation waters, probably owing in part
to secondary calcite, ash fragments, and local contam-
inants in the soils. The soil water extracts have pH’s
much closer to the spring waters than to rain or snow,
suggesting a fairly rapid adjustment to soil composition
in these soluble soils. Comparisons of ion-activity prod-
ucts with solubility constants indicate that waters
draining the terrane are undersaturated with respect to
both calcite and dolomite.

Calculated carbon dioxide partial pressures for dolo-
mite-derived waters exceed atmospheric values by more
than an order of magnitude and those of waters from the
adamellites by several times. The excesses above at-
mospheric PCO, are presumably created by a combina-
tion of root respiration, humus oxidation, and other
organic processes; the greater PCO, values in the dolo-
mite waters must primarily reflect the change in vege-
tation with substrate, not solution of carbonate.

WEATHERING OF ADAMELLITE OF SAGE HEN FLAT

Weathering in the Sage Hen pluton occurs in several
stages. Physical disintegration proceeds by frost riving
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along intergranular weaknesses caused by cooling and
contraction of the rock or possibly by swelling of biotite
during initial weathering. Boulders exfoliate and grus
accumulates in the A,; soil horizon. This coarse mater-
ial is largely unaltered chemically or mineralogically
except for minor Fe oxidation; the principal chemical
attack occurs during the transformation of grus to finer
sized particles. Primary minerals weather in the se-
quence plagioclase (Any;3) > hornblende > biotite,
epidote > microcline, plagioclase (An,q ;5), allanite >
apatite, chlorite, magnetite > sphene, quartz, musco-
vite, ilmenite > zircon (fig. 297), resulting in percen-
tage chemical losses, from fresh rock to soil, in the

»
sequence Rb > Na~ K~ Mg > Sr > Mn~Ca > Ba >
Si > Al >> Fe > Ti (fig. 301). X-ray diffractometer and
electron microprobe results suggest that kaolinite, and
possibly small amounts of vermiculite and montmoril-
lonite, are forming as authigenic alteration products of

feldspars, biotite, and other silicates. Microprobe
?
analyses of biotite indicate losses in the sequence Ba >

K > Mg > Fe > Si > Al (table 8); cations in eightfold to
twelvefold coordination appear to be lost most readily,
followed by octahedral cations, and finally elements in
sixfold and fourfold coordination. Microcline shows
some losses of both Na and K, and plagioclase (An;g_3)
shows changes that imply removal in the sequence
Na > Ca > Si > Al (table 10; fig. 300).

Relative mobilities of chemical species in adamellite
spring waters indicate that changes with regard to bed-
rock occur in the sequence Ca > Mg~ Na > Si= K=
Mn= Fe > Al (fig. 306). Although this order shows
some agreement with bedrock-to-soil losses, it is not
entirely consistent with conclusions based on the solid
phases alone. The low K mobility is probably the result
of plant extraction and fixation within the soil. Plant
uptake and litter erosion may explain the low Al con-
tent of spring waters. It is suggested that Mg and espe-
cially Ca are augmented in waters draining the pluton
owing to the solution of fine-grained carbonate particles
continually blown into the adamellite terrane. If this
latter hypothesis is correct, the chemistry of ground
waters is extremely sensitive to the presence of small
quantities of soluble materials, including those foreign
to the area. The fact that waters from two springs drain-
ing the adamellite can be chemically distinguished is
another indication of such sensitivity. Both soil and
spring waters associated with the pluton plot within the
kaolinite stability field (figs. 307, 308) and are super-
saturated with quartz but undersaturated with respect
to colloidal silica. Proportions of solutes in adamellite
soil water extracts appear to be roughly intermediate
between precipitation and spring water in the adamel-
lite terrane.
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GENERAL WEATHERING RELATIONSHIPS

Observations in the White Mountains, as well as in
warmer and wetter regions, suggest that physical
weathering of a given lithology may be chiefly a func-
tion of the nature and spacing of initial physical weak-
nesses, particularly intergranular openings, cleavages,
fissility, and planar weaknesses, especially joints,
which may serve as avenues for fluids. The process of
physical breakdown, which tends to precede chemical
weathering, may be as closely related to lithologic fea-
tures as to external conditions. Thermal history or in-
herent properties such as grain size, grain adhesion or
cohesion, crystallographic properties of mineral con-
stituents, bedding characteristics, or jointing may be
more critical in affecting rates of physical weathering
than climate.

Chemical weathering of any mineral is a function of
the chemical composition and crystalline structure of
the mineral and of the chemical environment in which
weathering occurs. Ca, Mg, Fe, Mn, and Sr, for example,
are all lost more readily from dolomite than from sili-
cates and oxides in the adamellite. Dolomite-to-soil per-
centage losses of Fe are about the same as for Mn, but
adamellite Mn losses are much greater than those of Fe.
In nonsoluble lithologies such as the adamellite of Sage
Hen Flat, chemical losses tend to adhere to the general
pattern of alkali metals > alkaline earth metals >
nonmetals > metals.

Precipitation water undergoes major chemical
changes upon entering the soil, but significant addi-
tional modifications occur during percolation to springs.
The state of both soil and spring waters with respect to
calcite, dolomite, and silica saturation preclude chemi-
cal equilibrium in the natural waters studied. This re-
sult is not surprising since chemical weathering, which
supplies most of the constituents to the waters, is itself
an open-system disequilibrium process. It is note-
worthy, however, that although steady-state conditions
are definitely not attained in soil waters, spring waters
closely approximate constant composition. Contact
with weathering materials over a considerable space-
time interval is apparently necessary for the achieve-
ment of a steady state, but this interval may be de-
creased somewhat in the case of mobile constituents in
readily weatherable minerals. The existence of steady-
state spring water compositions indicates another area
of applicability of the “dynamic equilibrium” concept
suggested by Hack (1960) and others in regard to
surficial processes.

Elements removed from lattice sites in primary min-
erals undergo fractionation by (1) formation of secon-
dary phases—primarily clay minerals, calcium carbon-
ate, and various insoluble precipitates, (2) adsorption
on colloidal mineral or organic particles, (3) plant up-
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take, and (4) solution. Quantitative information con-
cerning fractionation of elements into secondary phases
is not available for the two lithologies studied here (Al,
Si, Fe, Mn, P, and Ca probably undergo fixation to some
extent, in this form), but nine principal elements appear
to apportion themselves between vegetation, colloidal
exchange, and solution as follows (figs. 313, 314; table
25):

Na, soln >> exch > veg
Si, soln >> veg

Ca, exch > soln > veg
l’

Mg, exch > soln = veg

K, veg >> soln > exch

Fe, Mn, P, veg >> soln

Al, veg > soln

Constituents entering authigenic phases or ex-
changeable positions are retained within the soil and
are removed only through soil erosion or change in
chemical environment. Elements taken up by plants
are recycled through the soil to the extent that decom-
position takes precedence over litter erosion. Evidence
presented elsewhere (Marchand, 1971) suggests that, in
this area at least, most elements are eventually dis-
solved and carried out of the soil by deep percolation.
Results from the preceding study indicate that removal
by plant uptake and litter erosion, although probably
not significant in terms of total chemical denudation,
may play some part in the total extraction of P and K
from the bedrock and soil and undoubtedly accounts for
appreciable parts of the chemical denudation of Al, Fe,
and Mn. Another effect of vegetation in the weathering
process may lie in the conversion of relatively insoluble
constituents to more soluble chemical forms in which
they could be carried out of the system. Plant uptake,
litter fall, and decomposition may thus facilitate leach-
ing, but data are lacking to evaluate the quantitative
importance of this aspect of the geochemical cycle.
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METHODS, REPRODUCIBILITY, AND ACCURACY

Field procedures for the collection of data and samples have been
discussed in the text. Several temporary field impregnations were
obtained from soil pits with Quickmont (available from E. V. Roberts
and Associates, Culver City, Calif.) and later fully impregnated under
vacuum with leucite. The advantage of the field impregnation is that
natural orientation and textures are maintained. Bedrock and soil
samples were treated in the laboratory as outlined in figures 315 and
316.7

Fresh bedrock chips and soil samples (soil gravel, less than 2 mm)
were crushed with a tungsten carbide mortar and pestle and ground to
—50 mesh in a tungsten carbide ball mill. Each fraction was then split
and made into an X-ray fluorescence pellet. The values of table 27
(top), representing chips of the same sample, ground in different
mortars and separately prepared, indicate no significant source of
error in the grinding, splitting, or pellet-making operations. The
replicate analyses of the table suggest precision of about + 0-6 percent
of the analyzed value and generally below 2 percent for values above
2.0 percent. Table 28 compares X-ray fluorescence results with those
of wet chemistry (unpub. data of Ken-ichiro Aoki) and those for Na
and K by flame photometer (by Joaquin Hampel; see “Introduction”).
Agreement is good in some cases and very poor in others. Lighter
elements such as Na, Mg, Al, and Si are not as easily excited by X-rays
as heavier elements and are most susceptible to error. Where samples
approximate the composition of well-analyzed standards, however,
X-ray results appear to be both precise and accurate. The values of

7The following parameters were determined for the less-than-2-mm fraction of many soil
samples for purposes outside the scope of this paper: Phosphorus in 10:1 water extracts,
permanent wilting point (soil moisture at 15-atm tension), moisture equivalent (soil moisture
at 1/3-atm tension), available water (mositure equivalent minus permanent wilting point),
percentage carbonate, and total carbon.

IN A SEMIARID ENVIRONMENT

BEDROCK SAMPLE

Removal of weathered portions (rock saw)

]

T
Crushed, ground (Adamellite only)

{Tungsten carbide, agate
mortars, <50 mesh}
L

Sieved

(50-23? mesh) Thin selctlons
caini .
Separated X-ray B a:m;\egldps(;t:rssmm
(two hEavly liquids) fluorescence ;
Point counti
Grain mounts pellets int counting
(line counted)
1 Chemical

Mineratogic analyses *
(quartz, potassium
feldspar, plagioclase,
biotite)

Mineralogic analyses {(adamel- analyses

lite: accessory minerals; do-
lomite: all minerals

Grains for microprobe, im-
mersion oils, U stage

Ficure 315.—Flowsheet for laboratory treatment of bedrock samples.

Hampel were used for Na and K, but all other figures were taken from
X-ray determinations (except values of Aoki used as X-ray standards).

Thin sections of five adamellite bedrock samples were stained for
K-feldspar (Rosenblum, 1956) and point counted to determine quartz,
K-feldspar, plagioclase, and biotite percentages. Mineralogical
analyses of crushed bedrock (50-230 mesh) and less-than-2-mm-sand
(greater than 62 #m, crushed to -50 mesh), fine sand and very fine
sand fractions of soils were obtained from line counts of grain mounts
after removal of organic matter with 2 percent hydrogen peroxide
(soils only) and two successive heavy liquid separations. For the
dolomite samples, liquids of specific gravity 2.69 (bromoform plus
alcohol) and 2.95 (tetrabromoethane) were used; liquids having den-
sities of 2.88 (bromoform) and 3.3 (methylene iodide) were used for
adamellite samples. A minimum of 900 grains, and usually more than

SOIL SAMPLE
]

v
Impregnated Sieved (<2mm)
thin section

[ | 1 [ | | | v v
Crushed,ground (tung- NH,Ac Saturation 10:1 extraction Furnace Removal of Sieve and pipette 1/3-atmosphere 15-atmosphere
sten carbide, agate extraction paste {water) oxidation organic matter analyses moisture moisture
mortars, <50 mesh) * v v {H207) v
Extractable cations 4 Total C S.ize )
distribution
t! W * | Percentage
p ater-splub e carbonate
cations
Sieved Sieved
H202 —I
>2mm <2mm <62um >62um Fine sand Very fine sand 2-62um
X-ray fluorescence pellets Two heavy-liquid separations, grain mounts, line counting Quantitative X-ray
l diffraction
y 4 4 4 *
Total chemical analyses Mineralogical analyses

\

Grains for microprobe analyses, oil

U

immersion, U stage

Ficure 316.—Flowsheet for laboratory treatment of soil samples.
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TaBLE 27.—Reproducibility of X-ray fluorescence analyses
[Values yielded by opposite sides of the same pellet, except sample 58]

Fe Mn Ca Sr Rb

(weight percent)

58 (agate) ______________
58 (tungsten carbide) .___
47 soll
47 soil __
52 soil __
52 soil __
64 s0il __
64 soil _
66 soil __
66 soil
68 soil __
68 soil

1,500 grains, per sample was counted. The statistical analysis of
Brewer (1964, p. 46-50) indicates that counts of 1,500 grains yield
results within about 5 percent probable error for major constituents
and less than 15 percent for minor minerals. Mineral densities used to
compute weight percentages from grain mounts were obtained by
direct measurement or from chemical composition information.

Line-counted samples were used as standards for quantitative
X-ray diffraction analyses of silt fractions. Both standards and sam-
ples were finely ground in a mortar, mounted on glass slides with the
aid of acetone, and X-rayed under identical conditions on the same
day. Abundances were based on peak heights above background.
Glass was assumed to make up the difference between totals and 100
percent, an assumption verified by many visual estimations of silt-
glass percentage under the polarizing microscope. Probable error is
estimated at less than 15 percent of the given value.

Laboratory soil pH measurements were made with a Beckman
Zeromatic pH meter on water-saturation pastes. Replicate analyses of
samples yielded results within 0.1 pH unit. Similar pastes were ex-
tracted by the Buchner funnel method of Bower and Wilcox (1965, p.
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935). Replicate analyses of 19 saturation extract samples indicate
reproducibility at the level of =25 percent of the stated value. Soil
samples were extracted with NH,Ac solutions at pH 7.0, using the
centrifuging method of Bower, Reitemeier, and Fireman (1952, p.
253), and analyzed for total extractable Na, K, Ca, and Mg. Results
are reproducible to within 20 percent of the stated values. Na and K in
water and NH,Ac extracts were analyzed by flame photometry. Ca,
Mg, and Fe in soil extracts were determined by atomic absorption
spectrophotometry. Si was analyzed using colorimetric procedures
described by Kilmer (1965, p. 959-962). P in water-saturation ex-
tracts was determined by the methods of Olsen and Dean (1965, p.
104-107).

Plant samples from the field and greenhouse were washed with
distilled water and ovendried at 104°C. Into 30-milliliter digestion
flasks, 0.2000-0.5000 grams of each dry sample was weighed. Five
milliliters of concentrated HNO; and HCLO4 were added, and the
samples were digested overnight in a sand bath. The samples were
then heated on Kjeldahl burners until they appeared colorless and
HCLO, fumes were evident. The solutions were cooled and diluted to
100 milliliters in volumetric flasks with 10 milliequivalents per liter
SrCl, (to mask interferences). Aliquots were taken for subsequent
analysis. K, Na, Ca, Mg, Fe, and Mn were analyzed by atomic absorp-
tion spectrophotometry. P was determined colorimetrically by the
molybdenum blue method described by Johnson and Ulrich (1959),
using stannous chloride as a reducing agent. Al was determined by
the Eriochrome Cyanine R. A. method of Jones and Thurman (1957).
The methods of Wooley and Johnson (1957, p. 872) were employed in
the dry ashing and Si analysis of plants. Absolute limits of precision
are +20 percent of the given value, but analytical results are within
+10 percent in all but a few cases.

The preceding discussion has been confined to methods and preci-
sion of measurements for any given sample. Statistical computer data
(table 29) permit a comparison of various physical and chemical soil
parameters with regard to variation within a given soil type. Geo-
graphic patterns of variation within and between soil types were not
assessed. The figures of table 29, based on samplings of from 12 to 25
sites per soil type, indicate seven general groups of soil parameter
variation for this area, decreasing in reliability as follows:

TasLe 28.—Comparison of analytical results for some adamellite of Sage Hen Flat (samples 92, 98) and Reed Dolomite samples, as analyzed by
X-ray fluorescence (XRF), wet chemistry (Ken-ichior Aoki), and flame photometry (Joaquim Hampel)

52 bedrock 52 soil, <2 mm 54 bedrock 54 soil, <2 mm 54 soil, > 2 mm
XRF Aoki Hampel XRF Aoki Hampel XRF Aoki Hampel XRF Aoki Hampel XRF Hampel
016  ______ 41.19 2301  ______ 0.55 081  ______ 135.74 3574  _____ 1.95
Trace  ______ = ______ 44 .03 03 . 47 50 01 .
16 o 11.48 787 . 40 A7 L 19.89 989  ______ .08 ..
23 3.78 366  ______ .39 39 13.14 314 ______ %
04 21 A7 .07 05 . 116 16 08
2129  ______ 6.96 886  ______ 20.75 21.76 18.44 84 ______ 1854 ...
3124 ______ 9.16 2209  ______ 29.74 3029  ______ 114.14 1414 ______ 3092  _.____
.03 0.04 1.00 .46 0.48 <.01 .08 0.04 712 .16 155 <.01 0.07
.02 .02 181 .82 .98 .01 .07 03 1.63 1.88 .07 .06
68 bedrock 68 soil, > 2 mm 64 bedrock 92 bedrock 92 soil, < 2 mm 98 soil, < 2 mm

XRF Hampel XRF Hampel XRF Aoki XRF Aoki XRF Aoki XRF Aoki Hampel
1.49 0.75 0.59 65.83 67.20 65.93 65.40 66.93 69656  ______
04 . . 003 ______ B3 .63 . 43
______ .61 [ 19 12 PR 16.33 ——— 15.77 . 14.57 [
51 .33 46 3.96 3.12 473 3.54 2.67 250 ..

12 .03 .03 .10 .06 11 .05 .04 .04

,,,,,, 19.83 [ 7.20 7.42 1.05 a7 11.15 1.15 19 .65

______ 30.41 [ 39.69 46.87 2.37 2.86 2.14 2.32 1.60 1.63

.03 <.01 .08 <.01 .07 3.44 3.73 3.31 3.35 2.84 3.24

.01 .08 .07 .05 .06 3.88 11 3.71 3.82 3.69 3.53

'Valve of Aoki used for standard.
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TABLE 29.—Variation in measured parameters of four White Mountains soil types

Adamellite of Andrews Mountain

Reed Dolomite Basalt Sage Hen Flat Sandstone Range of

percent

standard

Percent Percent, Percent Percent ~ deviation

standard standard standard standard
Number of deviation Number of deviation Number of deviation = Number of deviation
samples from mean samples from mean samples from mean samples  from mean

Total extractable K __________________ 25 51 18 20 22 37 19 26 20-51
Total extractable Na I 25 31 18 20 22 62 19 23 20-62
Total extractable Ca ______ — 25 41 18 16 22 32 19 22 16-14
Total extractable Mg _______ R, 25 40 18 23 22 31 19 18 18-40
K in water-saturation extracts _______________________ - 21 78 17 42 21 83 12 55 42-83
Na in water-saturation extracts 21 35 17 53 21 28 12 59 28-59
Ca in water-saturation extracts 21 39 17 49 21 40 12 51 39-51
Mg in water-saturation extracts. 21 36 17 42 21 36 12 37 36-42
Percent exchangeable X ________ _____ ____ _______ 21 56 17 19 21 47 12 31 19-56
Percent exchangeable Na___________________________._____________ 21 37 17 19 21 33 12 17 17-37
Percent exchangeable Ca __________________ P 21 9 17 2 21 5 12 3 2-9
Percent exchangeable Mg_ 21 40 17 12 21 27 12 13 12-40
Sum of exchangeable cations 21 32 17 15 21 29 12 14 14-32
P in 10:1 water extracts ___ 18 73 17 67 21 59 15 111 59-111
High field pH 25 1 18 8 22 8 19 8 1- 8
LowfiedpH________________________________ 25 5 18 5 22 7 19 8 58
MeanfieldpH _________________________ - o 25 1 18 7 22 8 19 8 1- 8
Laboratory pH - 25 3 18 4 22 5 17 7 3-7
Soil moisture at %-atm tensio: 17 28 16 9 22 16 16 14 9-28
Soil moisture at 15-atm tension 23 45 17 24 22 25 17 30 24-45
Available water _________ 17 28 16 21 22 12 15 18 12-28
Soil depth on topographic highs 24 27 17 22 21 22 17 14 14-27
Bulk density_______________ 24 34 17 20 21 17 O . 17-34
Percent fragments greater than 2 mm 14 20 —- . 14 61 19 16 16-61

1. Laboratory and field pH

N

graphic highs
. Exchangeable cations, bulk density

. Percentage of soil gravel fragments
. Cations in water-saturation extracts
10:1 available phosphorus

=N O G W

Many soil surveys and soil descriptions include only one or two
analyses of these soil properties for each soil series. Information

. Total extractable cations, 15-atmosphere moisture

- Available water, %-atmosphere moisture, soil depth on topo-

presented here would suggest that although a few pH and
Y%-atmosphere moisture determinations may suffice to characterize
properties of a soil series as a whole, most other parameters range
widely within a given soil type and cannot be accurately evaluated by
a few analyses. The White Mountains soils are, of course, lithosols and
therefore may show more variation than finer textured soils formed on
alluvium or strongly developed soils on almost any parent material.
Nonetheless it is unlikely that analyses at one type locality are
sufficient to describe accurately properties of a soil series having any
appreciable lateral extent.
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