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ABSTRACT

_ Cddcwﬂsmwydacbpedhomumndimmulhmghwnheuid
and semiarid parts of the southwestern United States. la afluvial chronosequences, these

soils have regional variations in their content of secondary ealcium carbonate (CaCO3) -

because of (1) the combined effects of the age of the soil. {2) the amount, seasonal
distribution. and concentration of Ca** in rainfall, and (3) the CaCO; content and net
influx of airborne dust, sift, and sand. This study shows that the morphology and
amoumofucoodaryC:CO;(eS)mvalmbkcomhbomookthatunabobeusedw
date cakcic soils.

The structures in cakcic soils are clues 10 their age and dissolution-precipitation
history. Two additional stages of carbonate morphology, which are more advanced than

the four stages previously described. are commonly formed in middle Pleistocene and -

older soils. Stage V morphology includes thick laminae and incipient pisolites, whereas
Stage V1 morphology includes the products of muttiple cycles of brecciation. pisolite
formation. and wholesale retamination of breccia fragments. Calcic soils that have Stage
V1 morphology are associated with the late{?) Miocene constructional surface of the
Ogallata Formation of eastern New Mexico and western Texas and the earty(?) Pliocene
Mormon Mesa surface of the Muddy Creek Formation east of Las Vegas. Nevada. Thus,
cakic soils can represent milbons of years of formation and. in many cases. provide
evidence of cmatic. sedimentologic. and geologic events not otherwise recorded.

The whole-profile secondary CaCOj content (¢S) is powcrful developmental
mdcxlorcalcncsoib:cSisdd‘mdut!wudghtofCaCOﬂnal-cm-vemca!column
through the soil (g/cm ). This vatue is calculated from the thickness, CaCO; conceptra-
tion. and bulk density of aicic horizons in the soil. (See Soll Survey Staff, 1975,
p. 45-$6. for 8 complete definition of calcic horizon.) CaCO; precipitates in the soil
through leaching of external Ca°* that is deposited on the surface and in the upper part

-~ of the soil, generally in the A and B horizons. The ¢S content, maximum stage of CaCO;y

morphology, and accumulation rate of CaCO; in calcic soils of equivalent age can vary

"over large regions of the southwestern United States in response to regional climatic

pammsmdlhemﬂuo‘&"disoivedinummtetandsobdaco,.
" Preliminary uranfum-trend sges and ¢S contents for relict soils of the Las Cruces,
New Mexico. chronosequence show that 100,000 to 500.000-year-old soils have simitar
:vmgemuolCaCO,mmhmeoov:ndy.m&kformcddmwmsoooo
years have accumutated CaCOj sbout twice as fast. probably because the amount of
vegetative cover decreased in the Holocene and. hence, lbepounmlsupplyohn—bome
Ca"" and C2COj to the s0il surface increased. .
mqmnmzuvesoﬂ-developmthdechanbemedmmmtememolabc

soils. This index can atso be used to correlate soils formed in unconsolidated Quaternary

sediments both locally and regionally, to compare rates of secondary €2CO) sccumuta-
tion, and to study landscape evolution as i( applies to problems such as earthquake
hazards and siting of critical facilities.
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INTRODUCTION . ve = T L
Quantitative indices of soil development are powesful and , P v ,

fundamental tools foe estimating ages of Quaternary soils, but B . s

suchindic:shlvenotbwn\ﬁddyapplidinpologuya_""'é I ot , . 5 -

Hm.mmywihlndlhd:pammxuhbmnmdybev £ — St ; N

dated otherwise 10d thus, inadequate age cootrol limits the value | @ e = Sy Coomeo

of many geologic investigations. This papes descrides 8 QUASItS . | women | Er S m”l:,\/

tive index that assesses the development of calcic soils that i, w5 & o™ .

those arid and semiarid soils that have significant sccumulations | v J Seme 1 .-

of secondary calkcium carbonate, This index cxn be used to \ , NEW 5 -\

(1) estimate the duration of soil formation, (2) correlsie Qua- » Aoy / MEXICO § L

ternary sediments in which they are formed. and (3) analyze st ARZONA AR

spatial and temporal variations in rates of secondary CaCO; P SACRAMENTO '3 12703
Calcic soils are herein defined as having significant accumy- "\ . H oS 3«_3

lations of sccondasy calcium casbonate. [Note: The term arbon- 7| wraros erate —ii e

awbmedhduha!abothaldnmmmmm N ! 0 rea \RAaco Lhoy

carbonate, which may occus as a minor constituent in cakicsoils) | - MEaco A \1

According to pedologic criteria they must have a cakic horizon.. 9 2 0 - \ f

In the field, such soils are characterized by a layer (a1 least |5 cm 3 e 4 N

thick) of secondary carbonate that is ensiched in comparison to :

the soil’s parent material. | N
If Quaternary sediments or soils contain appropriate mate-
rial, they can be dated by one of several analyvtical methods.

Organic of inorganic carbon can be dated by CM or uraniume. -

disequilibrium methods. Ages of volcanic rocks can be dated by

the K-Ar method. 2nd theis associated tephra fash and pumice)-

can also be dated by the fission-track technique o correlated
using chemical and mineralogical characteristics (1ephrochronole
ogy). These techniques, especially when used with stratigraphic
and geomorphic evidence, help solve masy problems in Quater-
nary geology. Because of advances in dating techniques, age con-
trol in many Quaternary geologic studies has beem much
improved. Unfortunately, most Quatermary sediments lack
abundant datable material and thus their stratigraphies are com-
- monly based on less exacting, yet widely applicable criteria.

: Soils, however, mantle most land surfaces. These soils range

from thin, incipient to weak profiles cn young (Holocene) ally- -

vium., to thick, strong profiles on old (Pleistocene and Pliocene)
alluvium. The vast majosity of soils, bowever. are between these
extremes. Calcic soils are at the arid end-member of a broad
spectrum of climates under which soils form. This study deals

only with relict soils (as redefined by Rube, 1965, and 2s used by -

Birkeland, 1974). Relict soils are those that have formed continu-
ouslysincethdtparcmmtaialmdcposiwdl'hemohrdia

soil should closely 2pproximate that of its parent material because:
the soil is the cumulative product of soil formation since the.
deposit became geomorphically stadle, that is isolated from depo-

sition or crosion. . : »
Calcic soils are particulasly well suited to quantitative as-
sessments of soil development. In the United States, these soils are

widespread in the Southwest, but they also extend into the north- -

ern Basin and Range province and into the Midwest (Fig. 1)

~ Figure 1. Geographic and

) features of the southwestern United

States mentioned in this report,

They form widely in uncoasolidated sediments during periods
ranging from as litke 23 2 few thousand years 10 as much as

 several million’ years. Most calcic soils in the Southwest have

formed since middle and late Pleistocene time, but some highly
advanced ones have been forming since Pliocene or late Miocene

 time on stable surfaces such as the Mormon Mesa of southern
- Nevada and the High Plains of Colorado, New Mexico, and

Texas. - : ‘ ;
" This report is based on reconnaissance and detailed soil
studies in the southwestern United States during 1974 through

- 1977 under contract to the US. Nuclear Regulatory Commis-
‘sion. Prelimmary. results were published by Bachman and

Machette in 1977. Since thea, under aumerous U.S. Geological .

 Survey programs, furthes information has been collected in New -
' Mexico and in the Basin and Range province near Beaver, Utah
.(Fig. l;Mgcheae.l%Z). o )

. NOMENCLATURE AND DISTRIBUTION OF

CALCIC SOIL AND PEDOGENIC CALCRETE
Nomenciature - '

The term “caliche™ (Blake, 1902) has been broadly applied
to deposits of secondary calcium carbonate of various origins,
often irrespective of their geomorphic and stratigraphic relations,
physical . and chemical charscteristics, and genesis. Although
geologists in the United States generally associate caliche with soil
carbonate, the indiscriminzie use of the term has created semantic
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Mqumple.unmmmwuwm‘me
soluble salts of sodium in nitrate deposits of northern Chile and
Pmandtoxypsumdcposininbmh\faﬂcy.cnifa_nk(dwdin

mﬁ@qumhawamnmm
redistributions of primary (allogenic) carbonate. Calcic horizons

may range from layers of carbonate-coated pebbies or carbonate |

flaments and nodules 1o thick, massive, and indurated carbonate-
eariched layers. With ina'asingage.cab‘chodmmbmmso
wd!dcvdopcdllutlbcirnmcxuulmpbologyudgcnaa!ap-
pearance are dominated by the presence of carbonate.

The nongenctic term “calcrete,” introduced by Lamplugh

(1902) and popularized by Goudic (1973), refers 10 indurated

masses of calcium carbonate. Calcrete is herein restricted 1o near-
surface or shallow, terrestrial deposits of caksum carbonate that
have accumulated in or replaced 2 preexisting soil. unconsoli-
dateddcposuorwgzhctedrockuuwhltoproducew&xdu-
rated mass (dcfinition slightly modified from that of Goudie,
1973, p. 5). Following this wsage, calcretes include indurated
cakeic soils (pedogenic calcreter as well a3 lacustrine marls (lacys.

trine calcretes), ground-water depasits (ground-water caloretes), .

and spring of Iravertine deposits. Some calcic soils may result
from a combination of pedogenic and nonpedogenic processes
and their respective components may be vinually indistinguish-
able. For example. a ground-water calcrete that i exhumed and
lhcnmodiﬁcdbypcdogtacsismyfocmmnydtheummor-
phologic features commonly seen in pedogenic calcretes,
Intbcﬁcld.lusclhckrm‘aldcsoil’md‘pedogmic

~calcrete” instead of “caliche™ 10 denote those calcum-carbonate-

enriched deposits that are formed exclusively b_vsoi!prccau_:
(pedogenais).‘Caldcsoik'isauseMcolkcﬁvemlha:is
roughly synonymous with the Pedocals of Marbut's (1935) soil

dnsiﬁaﬁon;altboughmnygcdogisubmthempcdoa!'

(Birkeland, lmxithsﬁﬂm&ommm:pcddogicmgc.
‘Pedologists commoaly recognize three mastes horizons in

' soils of arid and semiarid climates: the A. B, and C horisors, with

increasing depth, Hoﬁzaawimmdaryarbmumdmcd
by & “k™ suffix, as in the Bk horizon (Guthrie and Winy 1982
Birkeland, 1984). Allboughlhismge'scom&cntwithuwdiﬁm
tsedtodcsmbcabe:horimolypcs.it;ivcsnoiodiaﬁonoflhc
amount of carbonate accumulation. Because &lcic soils are char-
acierized by carbonate. nomenclature that indicates the amount
of carbonate sccumulation would be useful for geologic purposes.

- Gile 2nd others (1965) recognized the need for descriptive

nomenclature based on ficld criteria that would better describe

calcic soils. They introduced the term™K horizon.™ 2 master soil

horizon. 1o describe prominent layers of carbonate sccumulation.
The K-horizon nomenclature is parnticularly useful for geologic
applications because it allows field differentiation of wezk calcic
haﬁomsuchuBkboﬁmﬁommodmutos:mgKhod-
zomAccocdingwlhdrdeﬁniﬁon.mexhodmnmmhave
more than 90 percent K-fabric, 8 diagnostic soil fabric in which
. i . finegrained suthigenic carbonate occurs as an essentially
continuous medium. it coats or engulfs, and commonly separates

" and cements skeletal pedbles. sand, and silt grains . . . (Gile and
-others, 1965, p. 73). )

Do j! - N

Calcic soils are found in many areas of the western United
States where warm and periodically to predominately dry cli-
mates result in torric, ustic. or xeric soil-moisture regimes (see
Soil Survey Staff, 1975, for descriptions of soil-moisture regimes).
Most calcic soils form under grassland or desent-type vegetation,
but some may exist under pinon-pine and juniper forest vegeta-

tion where the present soil-moisture conditions differ from those

that existed when carbonate was accumulating in the soil. Figure
2 shows major areas of cakeic soils in the western United States as
interpreted from the United States Soils Map (US. Soil Conser-
vation Service. 1970). The main group of calcic soils includes
only those soils that (1) are in the Entisol, Mollisol, Alfisol. or
Aridisol orders (Soil Survey Staff. 1975): (2) have calcic or pet-
rocakic horizons: and (3) have ustic or torric soil-moisture re-
gimes. Soils having xenc regimes receive mainly winter rainfall
and are associated with Mediterrancan climates such as that in
California’s San Joaquin Valley (Fig. 2). Most areas having these
climates are 100 moist for soil CaCOj 10 accumulate: thus they
are shown as marginal areas of accumulation tFig. 2). However,
soils formed in calcarcous bedrock (such as limestone or dolo-
mite) or alluvium are not included in Figure 2 because
nonpedogenic accumulations of carbonate can form in these areas
undcr almost any climate or can result strictly from high levels of
ground water. . ' _
- Within the United States. soils that continually accumulate
carbonate generally are restricted to areas of arnid and semiand
climate within low-altitude basins of the Southwest, although
some soils accumulate carbonate pericdically at higher altitudes
in the northern Basin and Range province and in the lower alti-
tudes of mountainous regions such as the Colorado Plateaus prov-
ince. Gile (1975, 1977) has demonstrated that the increased
rainfall associated with climatic gradients near mountain ranges
has 2 profound effect on the distribution and concentration of ,
carbonate in Holocene soils of the Las Cruces, New Mexico., area
(Fig. 1). In the Southwest, Bk or K horizons formed in a single-
age deposit generally become less calcareous or less continuous
along soil transects from basins to mountains. .
The boundary between soil that has accumulated carbonate
and soil that is leached of carbonate is called the pedocal-pedalfer
boundary. Jenny (1941) demonstrated that the pedocal-pedalfer
boundary in the Midwest probably is controlled by the castward

R



CALCIC SORLS ANO CALCRETES
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increase in soil moisture, vegenative cover, soil organic-matter
content, and soil acidity (decrease in soil pH). These factors, in

- combination, enable more carbonate 1o be leached From 2 soid

than is supplicd to its susface; the result is a pedalfes, 2 soil
leached of carbonate. The eastern boundary of calcie soils shown

: mF’mZ,whﬂlmmptmd&mmeUnnedSmSoﬂst

is similar to that of Jeany's (1941, Fig. 99).

‘ MORPHOLOGY OF cALOIC SO!LS

Gﬁexndubas(l%)dmwnmorpbolopul
focalacsoilsmmdmdsanmxdrcpomotNemebned
on the physical characteristics of pedogenic cakium carbonate.

- This sequence includes four stages of mosphology (soil structure)

pbo!ogy in old calcic soils, paru'cu!ady_ in pedogenic calcretes. -

.thal' depend panily on the texture of a soil's parent material,

Bachman and Machette's (1977) soil studies in the Southwest led
to the recognition of two additional. more advanced stages of
carbonate morphology (Stages V and VI, Table I; modified from
Bachman and Machette, 1977, Table 2). These two stages are
chuaaermdbyxh;ckhmme.pmhtts.mdmuluplcepuodaof
brecciztion (physical disaggregation) and recementation. The di-

v\xmcchmmmedmdmguubthcmmdw—
bonate morphology are shown in Table 1. -

Gile and others (1965) proposed Stage anmemuunum
degree of carbonate morphology and included all thicknesses of
laminae within this stage. However, during Bachman and -
Machette’s reconnaissance, they recognized more advanced mor-
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TASLE 1. STACES OF CAZCION CARBOWATE WONPNOLOCY OBSZAVED I8 CALLIC SOILS ANg PEDOCERLIC CALCRTTLS
DIVILOPED N WONCALCARIOUS PARENT MATERIALS UNOER ARID AND STNIARIO CLIRATES OF TMEZ ANERLCAN SOUTHWEST
{noditied from Cile and others (1966, p. 348, Tadle 1) and Sachman and Machette 11377, p. 40, Tables 2 and W)

Stage Ceavel ol-wntle sorphotegic

CaC0y distribution Naninoe €4C0Y '

content chavactecistics .coatent
CAILIC $OILS
3 Nigheoooe Thin, discoatinevous coatings ea pedbles, Coatings spsrss o common T2
useally on wadersides.
Lovweneece ‘A fov (ilanents In soll or falac coatings Tilements spatse to common Te-4
- o4 ped faces. . .
B 3 Nigheoooo - Contiagous, thin te thick costings en Costings common, soee cerbonate in 2-10
. R teps and wndersides of pedbles. mstein, but mstein still leose.
Lovesocss Nodules, 30ft, 0.3 cm to ¢ o in Bodules coamon, satris generally 4-20
T dismeter noncalesrecus te slightly celcareous.
118 'ulgh----- Rassive scceaulatiens Detwees clasts, Casentially centinuous dispecnion In t10.29
Becenes cemented la advanced form. . saters (K fabrie).
Coveoscses Nany coalesced nodeles, matzis is figmly = eccccace vesccccna efA0essnnccsccascnes 2040

3¢ sodecately cesented.

FIOOCEINIC CALLCRETES ilmngo CALCIC SOILS)

114 Anyecccee TNIA {€0.2 cm) te moderately thick
i1 em) lasinse 1n wpper pare of
e horizen. T™in lavinse sy
drope over tractured surfaces

v Anyeccccs ThiCE lowinse 171 em) and thinm te
thicu piselites. Vertical faces

ond frectures are Coated with Lrainsred

Carvonate (case-Natdened surloce)

v: Anyescace Multiple generstions of lamiase,
dteccia, and pisolites: tecesented.
Many cose-nRacdened surlaces.

Censnted platy to wesk *ghuler
strectere and indursted laainae,
. Ra hoeizen 18 0.3-1 » thick,

329 tn Nigh
gravel enntent
48 tn 1w
gravel conten®

" Indureted donse, strang placy to 930 in Nign
tabular strectuce. Gm hocigzon 9ravel conctent
ts 1-2 = then, 7% in tow

acevel conten®

Indurated ond dense, thick strong 7% in alt
csbular steuciure. Ra horigon . qrave)
18 cosmonly 32 & thirk, contenry

luign 19 more than 30 percent qravels low 13 less then 20 percent qrovel.
Peccent CoCO) 1n the C(2-mm-frection of the soil. Tt, teace of cardonace,

Therefore, 1 propose that Stage IV morpbology be kimited w0 K

horizons that have laminae oc taminar tayers kess than | cm thick. -

The next stage of morpbology, Stage V (Fig. JA). is distinguished
by laminae or laminar layers thicker than ) cm and. in some

 cases, by incipient 10 thick. concentrically banded pisolitic struc-

tures. Pisoliths commoaly have cores of fragments of Stage 111 soi!
matrix or Stage IV laminac. and these fragments suggest that
brecciation is an integral part of pisolith formation ia soils.
Calcic soils of Sage VI morphology are characterized by
multiple episodes of brecciation and pisolith formation through
relamination and recementation of breccia fragments (Figure 3B);

. the resulting products are thick, indurated masses of carbonate

(pedogenic calcretes). These soils are the climax products of refa-
lively continuous carbosate accumulation over perhaps millions
of years. In castern New Mexico, Stage V calcic soils have formed
in middle to early Picistocene alluvium that cootains reworked

clasts of older calcic soils (Stage VI) of the Miocene Ogallata

Formation, indicating that the processes of soil brecciation and

.- pisolization were active throughout the Quaternary, and possibly

during the Pliocene. _ :
Calcic soils that have Stage V and VI morphology result
from varied conditions of carbonate accumulation during their

prolonged formation. Bretz and Horberg (1949) considered calcic
soils with Stage V and VI morphology 10 be sell-brecciation
features and named them collectively “Rock House structures™ -
for outcrops near Rock House, New Mexico. Bryan and Albrit-
woa (1943) indicated that these structures are related to fluctua-
tions in soil moisture caused by aliernating climatic conditions.
probably fluctuations between cool. moist conditions of the plu-
viaks and warm, dry cooditions of the interpluvials.

Stage V and Vi calcic soils are particularly well preservedat
numerous Jocations in the Southwest. The most spectacular of
these soils are associated with the constructional geomorphic sur-
faces of the following geologic units: .

CoCOy Cosmarphie surlace Gootogie wnie Lecotion
‘otoge ond prededle sge and prebadle sye
v Opper La Mysa, Comp Nice Pocmation tas Cruces,
ostly Pleiotocens  of Stesin (1964), wiedie Bev Resice
Pletetecene to Pliscons
v Rescolere Catuns Persation, Sesuthesstors
siddle Pleistocene middle Pleintecons How Resice
Yl Merson Ress, Suddy Croed Poremstion, Overton,
ostlyi?) Pliscene . Riscene Severts

¥l Ogatlala,
1ate(?) Niscone

Castern Bew
Nosice and
western Tezas

Ogsilale Pormation,
Rnlocone
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Iacipsent Stape V morphology found in the upper

Fm!.sﬁbbcdnmpladab:mshonm

. 1
o Iem

g advanced stapes of carbonate morphology. A.
part 1K 21m subhonzons of the pedogenic calerete of -

the upper La Maa sustace teardy Plenstocene) near Las Cruces, New Mezico (US. Soil Consenvation
Service pedon 60-NMex7-7) B, Stage VI morphology typrcally found 1n the upper pant of the Ogallaly
Qprock slate? Muncene) 18 eastern New Merico a0d western Texn, : )

Gile and others 11966) have shown that the difference
texture between gravelly and nongravelly parent materials gready
influcaces the ume required to form Stage L. 1, 1I1, and IV
morphologics (Table 1) However. parent-material texture s less
significant :n the two ultimate stages 1V 2nd V1), because of the
great expansion that accompanies their formation. Stage V and
IV horizons have s0 much CaCO3—commonly more than S0
pescent in gravelly matenals and more than 75 percent n fine-
grained matenals—that the texture of the parent material is com-

. pletely obscured in these horizons. ’

Yolumetric calculations o(xhecarbooitz a2nd noncarbonate

" fractions of calcic soils by Gardner (1972) and Bachman and

Machette (1977. Table 7) indicate that K horizons of strong Stage

H] or greater morphology undergo marked and progressive ex- .

pansion with continuing accumulation of CaCOsj. If the volume

'olcarbonazethummuhusiuasoatxmmeoﬁgimlpore

space of the soil's parent material, there must be a physical expan-
sion of the detrital grains. Viewed in thin section. these K horie
zons have scattered detsital grains that appear to float in a matrix
of carbonate. For example. there must be 400 to 700 percent

~ volumetric expansion in the original framework of detrital grains - -
" . to accommodate the carbonate found in some K horizons of : - .

Stage V and VI morphology. .
As calcic soils accumulate carbonate and exceed Stage 11

- morphology, their bulk density systematically and progressively

increases with 2 concomitant decrease in porosity and permeabil-

ity. Figure 4 shows the relation between carbonate content and
bulk density for pedogenic calcretes having Stage IV, V., or VI
morphology. Over millions of years of carbonate accumulation, :
these soils obtain carbonate concentrations fin percent) and bulk
densitics that approach those of limestones (Fig. 4). These physi-
cal characteristics and the gross similarity of laminar and pisolitic
features to those produced by algal masses have led some investi-
§ators 1o consider the Ogallala caprock a lacustrine deposit rather
than a calcic soil (compare Fig. 3B this report with Elias, 1931,
pl. 21B; Price 2nd others, 1936). :

PROCESSES OF CALCIUM
CARBONATE ACCUMULATION -

Secondary carbonate may accumulate through several var-

- ied processes 10 form cither calcic soils or other deposits that _
- resemble soils. Although major processes leading to such concen- -

trations have been discussed by Goudie (1973), fous of these
processes ase briefly reviewed here, because some calcic soils can
casily be confused with strictly nonpedogenic accumulations of
carbonate. ’ ‘ - )
Many calcic soils were once thought to form by “upward
capillary flow of calcarcous water, induced by constant and rapid
evaporation at the susface in a comparatively rainless region™.

(Blake, 1902, p. 225). In the Southwest, ascending CaCOj-rich

water can and should precipitate some CaCO,;. However, this
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" Figure 4. Percent calcium carbonale 1w holeaad frachon) servs oven-

-dry bulk deasity 1g/cm*) of vome pedogensc

lndudcson!yd;ubrxbonmolSugelV.v.ot\’l y. The

" carbonate contents (Clarke, 19241 and bulk densines (Krymine and Judd,
1957) of manne kmestones arc also shows for comparnon.

- process is not likely to form calcic sorls in areas of entrenched
- Pleistocene drainage. such as all aloog the Rio Grande in New
~ Mexico. The ground water from which CaCO; might be denived
bas remained at levels well below the surface simce the deposition

of the soil parent matenial or shorly thereafier 1Gae and others,.

- 1981). Secondly. the concentration of Ca** is wually low in

ground water, thereby limiting the potential amount of carbonate .

lbncou!dbeprecapiuwdifpoundumwmbmchwc

surface and evaporate. Thirdly. in the Southwest many soils are .

. - formed in medium- 10 coarse-iextured sediments that have hule
ornopoccnﬁa!fornpi!hrymc.nnlhemxo(risepwu-
hwdfumkprmmquimnopumummbimﬁmo(eﬁ-
porative. ground-water level. and soilexture conditions that docs
wmmlyexminm%nhmmmmun
8 termed, docs not appear 10 have contributed significant
_ amnsora:bomzetoumuldcsalso{tbdomhm
A second process by which carbonate can accumulate in-
, volvatheinsimm!bcringofa“hwsoﬂnm.mdlhc
 subsequent precipitation of CaCOj in the soil. Ca*"-rich rocks

such as basalt ofien are proposed as potential sources of Ca** for :

this process. Such rocks, however, do aot easily weather in semi-

_aﬁdtouidmviroamens.nordomcypmvidcabmdzma“if

Manmmmmm(IM)wﬂmwdmehldﬂwodm&t

this process could have formed the Mormoa Mesa clcrete of

southdeaandoondudcdmalbcommmﬁonolw-

bonate in the calerete would require complete removal of Ca“~,

from 100 m of basaltic gravel. Studies of the chemistry of simitar
- calcic soils (Vanden Hueval. 1966; Aristasain, 1970; Bachman
and Machette, 1977) found little evidence of depletion of rela-

(L B A
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tivdymobilcc:tiom(mchu&“.Na“.andK")inmcdcm'tal
miacralfmionollbcsoil.ncxsamcsoilslack residual accu-
mulations of relatively immobile elements, such as AL Si, or Ti,
tha!shouldexistiflhembanmwmeonceumwdbymzha-
hg.nuiummatbewmo(iu:imwumcﬂng&m
iavolvrdinthclowmxiono(lhcmjodtyorcaldcsoﬂsinlhc

For example, the alluvium flanking the eastern side of the Sacra-
mento and Guadalupe Mountains in southers New Mexico
(Fig. 1) has soils formed partly by in situ weathering of limestones
and pantly by keaching of airbome calcareous dust (see following
discussion of the per descensum model). i .
Laterally flowing. CaCOj-rich ground water commonly
fomndcpwulhatmmisk':miﬁcdnwdcsoikorpcdogmic
alcretes. This process calls for Ca**charged ground water to

- either discharge onto 3 wream bottom or reach 2 near-surface

posiion where Ca " 1s concentrated by evaporation. Supersatura-
ton of Ca° causes precipitation of CaCOj and subsequent ce-

- mentavon of rclatively  pervious sands and gravels. Such

ground-water caloretes are typically well indurated to depths of
lOmormm.mchanatmedbymvcldmlha:havcgnim
w-grmconun.andgmr;nyhdlhchodzomtionmdm-
phologic structures common in calcic soils. Ground-water
caleretes form quickly but at differing times as the subsurface or
surface flow shifis laterally into more permeable maerial, Surface
runoff may 24d 10 or redistribute this same CaCO; and produce
laminar zones that resemble pedogenic clcretes of Stage [V and
V morphology. In southeastern New Mexico, Bachman and
Machetic ¢1977) found ground-water calcretes that had laminae
as much a3 1 cm thick along highway drainage culverts n
limestone-rich alluvium. These laminae prove gulley-bed cemen-
tation can occur rapwdly. .

Latiman 11973) found that gully-bed cementation occurs
dunag surface runoff on limestone-rich alluvial-fan sediments
necar Las Vegas, Nevada. and proposed that this process could
form the laminar horizons {Sage IV and V) of many pedogenic
caleretes. | disagree ‘with his hypothesis. as it applies 1o most
cakcic soils, because laminar K horizons are commonly overlain
by Bk horizons that are formed in material of the same age as the
K horizon. However, my investigations of calcretes in the Las
Vegas area suggest that many of them are pedogenically modified
ground-water calcretes. Bachman and Machetie (1977 found

- calcretes of similar origin west of Roswell and Carlsbad, New

Mezxico; near the. Whetstone and Tombstone Mountains of
southen Arizona: and south of the Hueco Mountzins in west
Texas (Fig. 1). : ' ) :

The fourth process. which involves airborne supply cf cal-
careous matcrial to the soil surface. has uatil recently not been
widely accepted as an imporant formational process for caleic

- soils in semiarid and arid regions of the United States, panly

because of the pervasive and subtle nature of airfall, Goudie
11973, p. 136) termed this the “per descensum model™ because

- CaCOs is leached from the surface and upper horizons of the soil
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and subsequently precipitates and accumulates in lower soil ho-
rizons at a depth controlled by soil mossture and texture {see

discmsioﬂbyMcF:ddcnde’mslcy.thisvolumemenboa-

\awinthewilcomamxin!yftomexmdmccsuxhuminmz :

amounuo(solidwbomteinumsoﬁcd&sﬂtmeo!hnsmd.

and Ca** dissolved in rainwater (Gardner. 1972 Gile and others,
l979).0vamamndsofyuxs.dlecoodnualmnsloationof ;

Ca** and precipitation of CaCO; forms calcic bonzons: over
mﬂliomdymmcmmuhﬁoadwbomufotmmkk.
dense. indurated calcic soils (pedogenic calcretes). Almost 3 quars
ter of a century ago, Brown (1956, p. 14) recognized that the
ogﬂuhaprockwnp'edogm:whcabcmwdﬁhewindmd
rain bring in all the materials that form the soil and 1ts associated
caliche and deposit these materials on the sod surface.”

[ believe that aisbome CaCOj and Ca™ dissolved in rain-

water are the predominant sousces of carbonate in calcic soils that
have formed over thousands to millioas of years 1 the Southwest.

. Four lines of evidence suppost this conclusion. 11) Many calac -
_otls are 1 noncakarcous sediments well above present and
" former levels of ground water. (2) A rehet calac sod’s develop-

mmtud:muynhwdmuumdmemmmnmpmc
surface 1and parent material); this relation need not be true fthe
carbonate were denved from ground-water sources. 13) Local
sources. such as calcareous alluvium or lacustnne sediment, and
calcic soils themselves, provide abundant carbonate that s trans-
ported by the wind. Recent dust fall in the Las Cruces. New
Mexico. area has averaged about 0.2 g of CaCO; per cm? per
1.000 vears {Gile and others. 19791 which is oaly slightly less
than the long-term ascrage rate of carbonate accumulation n

_soils of this region 3ce section on “Rates of CaCOy Accumula-
~ tion™. ($) Finally, the concentration of Ca°" in ramnfall is high in

the Southwest values in the southern New Mexico area and the
Four Cormers region may exceed 5 mg of Ca*” per ter of water
tJunge and Werby. 19581 The Ca™" 1n this ramwater alone
would provide 2 majos pant of 2 soWl's carbonate if all the ran-

- _water entered the sorl and the Ca®™ was preaptated as CaCOn.
Gile and others (1979 and 1981) have been foremost in docu- -

menting these sources of sod carbonate and in populanzing the
petdcsccmummoddforalcicsahohheSomhw& o

ASSESSING THE DEVELOPMENT OF
CALCIC SOILS AND THEIR

' CARBONATE CONTENT -

o ;\dosnsxsmcntso{soildatlopmcmmba'seﬂon syste-
matic changes in soil properties in relation to those of the soil's

parent material. Such assessments can be based on single propet-

ties such as soil structure, clay concentration, color, of horizon

thickness. of on combinations of these soil properues. The soil-

© development index of Harden (1982} illustrates the importance of
integrating muluple soil propesties with soil thickness for quanti- -

- tative assessments. Yet the results of even this powerful index are '

“affected by variations in parent-material permeability, porosity,

and texture. parameters that influence the distribution and con-

centration of many soil properties. To be widely applicable. an
index must compensate for or equalize variations in parent-
material characteristics. ‘

Secondary('nrbomk Content

This study and many past studies show that with age cakic
horizons generally increase in degree of CaCO3 morphology, in
concentration of CaCO3. and in thickness: But they also show
that these horizons are strongly influenced by the character of the
soil’s pareat material. For example, 3 calcic horizon in silt and
another in gravel of the same age can have different stages of
CaCO;3 morphology. different concentrations of CaCO;3. and dif-
ferent thicknesses, and therefore may appear quite dissimilar. For
these reasons § believe that the whole-profile index of secondary
carbonate s the best quantitative measure of calcic soil
Jevelopment. S

Secondary carbonate {cS) is that component of the soil car-
bonate that has accumulated since deposition of the parent mate-
nal. Any carponate imtially in the parent material is here
considered to be a pnmary component {cP). even though some of
this carbonate may be remobilized in the soil. The cS is a quanti-
tauve measure that integrates the concentration and distribution
of carbonate throughout calcic horizons of the soil. For example.
a soil 1n nongravelly sand could have 20 percent CaCOj (the
secondary component) umformly distributed over a ¥-m thick-
ness and still have the same ¢S content as 2 soil that has 50
percent gravel and 30 percent CaCOy (secondary component in
the <2 mm fracuon) umformly distnbuted over a two-third-meter
thickness. The soil in coarse-graincd material appears stronger in
vutcrop. munly because coarse sands and gravels have less sur- ’

' face area 10 cvat with carbonate than do silts and clays. There-

fore. by considenng both the concentration and the distribution of
secondary carbonate in a soil. the texture of a parent matenal cin
be contsolled as a nonessenual factor in Jenny’s (1941) equation
of soil formavon. .

Methodology ,
The whole-profile index of secondary carbonate (cS) is the

difference between the soil’s total carbonate content {cT) and the
amount of pnmary carbonate (cP) initially preseat in the soil’s

~ parent material (¢S = ¢T - cP). The total carbonate content ofa

single honzon or sample interval (ct) consists of two separate .
components: cs (secondary CaCOy) and cp (primary CaCOs).
where cs = ct - cp. The sum of cs values is cS. Values of cs are.
computed for each sample interval (usually a soil subhorizon)
from CaCO; content. thickness, and bulk demisity as follows:
cs = capyda - ©ypychy where. ' : : :
cy is the present total CaCO; content (g CaCO,/100 g -
oven-dry soil). - o S
" ¢) s the initial CaCOj content (g CaCO3/100 g oven-dry
-sonl) S
py i the present oven-dry bulk density (g/cm’),
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) is the initia! oven-dry bulk density (g/cm?).

dj is the thickness (in cm) of the sampled interval, and

d, is the initial thickness (in cm) of the sampled interval

Values for the soil's initisl CaCO;3 content (cy) and bulk
density (py) bave 10 be estimated. Although this requirement may
scem 10 be a serious limitation 1o the technique, reasonable esti-
mates of parent-material values can be made from unweathered
and soncalcarcous material (Ca horizons) exposed at the base of

the soil. Akso, because K borizons expand volumetrically, their

initial thickness (d;) sbould be less than their present thickness
(d,).cmtbou:honcmus:med,td'.ﬂ'updonwm

cause the ¢S values to be slightly overstated for some K horizons. |
A more complicated but realistic measure ‘may be o usc

d; = ds(pi/p3)

. Values for ¢S, expressed in g/cm?, are the weight of pure
“CaCOj ia 2 1<m? column through all sodl horizoas that contain

carbonate. Machette t1978b, Table 1 and Fig. 7) has an illustra-

tion of how ¢S values are calculated from laboratory and soil-'

description data for some surface and buried calac sos. Note

" that the total CaCOx contents (cT) calculated by Gile. Hawley.

and Grossman (1981, Table 25) for the Las Cruces soils are
expressed in kg of CaCOy/m?, dimensional usits that are 10
times larger than those discussed in this report. )
Sampling Design

Jenny (1941) presented an equation for the formation of soif
that was a function of five maia factors: climate, landscape relief.

biotic activity, parent material, and time. To relate soil develop-

ment 1o soil age in his equation. one must control of equalize the
four other factors of soil formation. Such control can be obuined
by considering soils in a chronosequence. which Harden and
Marchand (1977. p. 22) define as "2 group of soils whose differ-

ing characieristics are primasily or entircly the result of differ-

ences in the age of the parent material from which they formed.

the other soil-forming factors being beid constant or nearly s0.™
Caleic soits were sampled from chronosequences that extend over
mﬂgeographicamswconudpam&!ngiomluﬁaﬁomin
the influx rates of airborne CaCO4 and Ca™". Most of the sam-
pling sites have similar positions in the landscape, bave similas
amounts and types of vegetative cover. have low-carbonate par-

‘ent materials. and are in areas of similar dlimate or have similar

soil-moisture regimes. Through this sampling design. 2 alcic
soil’s age is directly related W its index of €S, '

" An assumption basic 10 this technique is that carbonate has
continually sccumulated in the soils of arid and semiarid eavi-
ronments. Some carboaate could have been periodically lost from
the soil, because soil-moisture conditions probably varied during
the Quaternary and late Pliocene. However. in the regions
sampled. the climatic changes probably caused the zone of car-
bonammmuhﬁonon!ylpmdecpaindtcso&nonhmgh
the soil. If soils of these regions had lost carbonate through
excessive leaching. onc might expect to find the evidence as bur-
ied noncalcareous soils (pedalfersi. but buried pedalfers are rare

in these regions. The progressive burial of middle through upper
Pleistocene calcic soils along the Organ Mountains of southern
New Mexico (Gile and Haw key, 1966) provides clear evidence of
continvous carbonate accumulation in southern New Mexico
during this time.

Sampling and Analytical Techniques

To calculate ¢S, one needs 1o describe the properties of the
soid and 1o determine soil horizon and subhorizon boundaries
from pedogenic and parent-material changes. | use the K-horizon
nomenclature of Gile. Peterson. and Grossman (1965) and the
six-sage morphologic sequence to describe soil propertics and
horizon structures. Horizons and subhorizons thicker than 20 to
25 cm are subdivided into thinner units for sampling and labora-
tory analysis. The maximum sampling depth is restncted only o
the base of the lowest calic borizon. because the depth of car-
bonate accumulatioa varnes according 10 the texture of the parent
material. Samples are collected from venical channcls, and care is
taken to include representative amounts uf soil matrix and gravel.
Peds and fragments of indurated matenal are collected and separ-
ately packaged for laboratory determinations of bulk density. If
the soil is frable or docs not contain peds. a piston-type sampling
tube s used 10 extract 3 prescnbed volume of material: the bulk
density is then determined from the sample’s dry weight and
volume. Sampling must extend completely through the soil and
into the underlying noncalcareous parent matenal (Cn horizon).
commonly to several meters depth, 1o ensure reasonable estima-
non of ¢; and p; values for the soil. Soils should be sampled more
than once if they vary considerably over lateral exposures.

- Samples are air dried in the laboratory. pulverized by hand
using 2 ceramic mortar and rubber pestle. and sieved to determine
the amount of <2-mm- and >-2-mm-size matenal. Because they
will not constitute part of the total CaCOx in the sonl. gravel clasts
that are not calcareous and that are not coated with carbonate are
discarded after sicving and after their weight percentage of the
whole soil has beea determined. Conversely. if the clasts have
calcareous coatings. these coatings must be removed with acid to
determine their contribution 1o ¢T. Samples of indurated calcic
horizons are pulverized in 2 rotating-plate crusher and their car-
bonate data are reported on 3 whole-sample basis.

The < 2-mm fraction is oven-dried at 105°C and separated
into severa! equal portions. and the CaCO; content of onc or
more of these portions is determined with the Chittick device
using 3 gasometric CaCOj-dissolution technique that requires |
to S g of <2-mm materia} per analysis. The standard operating

technique and analytical precision of the method are discussed by

Dreimanis (1962). This method provides quick. efficient. and
inexpensive determinations of carbonate content (Bachman and
Machette. 1977, appendix).’ : S ‘

Bulk density (in g/cm?) is determined by the paraffin-clod
metkod as described by Chicborad and others ¢ 1975). Oven-dry
peds are thinly coated with paraffin and weighed both in air and
submerged in water. Bulk-density measurements of replicate
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samples generally vary by less than 10 percent of the average

- value of the samples.

Advantages and Limitations of the ¢S Index

The cS index is a superior measurement of calcic soil devel-
opment because it integrates three sod parameters: CaCOj con-

tent, thickness, and bulk density. The procedure for calkculating S
values is relatively straight-forward, and the analyses are simple
and inexpensive 10 perform with equipment available in most
carth science laboratories. Cakeic sous formed in materials rang-
ing from gravels to clays can be compared by this technique, and
if parent materials that have little or no pnmary carbonate are
selected, then most of the carbonate present in the soil (¢T) must
be a sccondary component (¢S), thereby enhancing the accuracy
of the ¢S determination. Pecause the pnmarny carbonate content

. of calcic soils is estimated from parent matenals and can be

controlled by sampling design, calcic soubs differ sigmificantly from

other sorls whose developmental indices are based on pnmary

consttuents such as clay. For example. clay 1n desent soils could

" be an onginal constituent of the parent matenal. an eoltan contn-
~ bution. or 3 product of 18 situ weathenng of mincral grains: 1n
" most cases these three clays are analvticalls inseparable. Layered

parent materials. such as alluvium, often have deposisonal vana-

. tions in clay content and commonly become progressively finer-

grained upwards. Thus, the il disinbution of clay in some
parent matenals can be masked or enhanced by pedogenic clay in
B horizons. :

There are two potential irmitanions 10 the ¢S index, both of
which can be controlled by careful sampling design. The first
limitavon is the difficulty of determining the bulk density of weak
calaic soils formed 1n coarse matenals, many of which lack peds
fcoherent blocks). This problem s arcumvented by taking a large
sample and by determuning both its extraction acaght and its
volume. Alternauvely. in situ bulk density can be determined

'using 3 nuclear-density probe. as 1 done in road construction to
measure the emplacement density and mowsture content of com- .

pacted aggregate. Because nuchear-density probes do not disturb
the soil. rephicate measurements caa be made on the same part of
the soil. - ' '

A sccond. more senous limitation anses for sols in calcar-
cous parent matcrials. Much of these souls’ <T content is 3 pn-
mary component. Redistribution of primary CaCOz or errors 1n
determining cP will decrease the precision of the computed ¢S
value. In terms of this technique. soils in coarse-grained, calcar-
cous parent materials ase the most difficult 10 analyze: they are
best avoided in favor ¢f more suitable materials.

RELATION BETWEEN CARBONATE
MORPHOLOGY CA"" INFLUX. AND CLIMATE

' The ume required to form successive stages of dtbonate
morphology in different repons is related 10 the-age of the soil.
the texture of the soil. the rate of influx of solid CaCO; and

soluble Ca°*, and the amount and distribution of annual rainfall.
By comparing the maximum stage of carbonate morphology in
calcic soils from cight chronasequences in the Southwest, I found
that significant regional differences in the time-dependeat forma-
tion of these stages result primarily from various combinations of
climate and Ca*" and CaCOj influx. '

The eight chronosequences consisy of noncalcarcous, gra-
velly alluvium that has constructional geomorphic susfaces bear-
ing relict calcic soils (Table 2). The vertical placement of these
geologic units and (of) geomorphic surfaces in Table 2 reflects

age esumates based on published and unpublished data. Correla-
~vions of units in different regions. however, are based panly on
the climatic modet of depasitional and erosional cycles used by

Hawley 2nd others 11976). .

Table 2 shows the mazimum stage of carbonate morphol-
ogy found in relict soils of each chronosequence. One of the
ponts 1o illustrate here i the variation in stages observed in soils
of the same 3ge over broad geographic transects. For example,

.Stage IV morphology does aot occur 1 any of the souls of the
- upper Arkansas River valley (column 1), yer Stage 1V morphol-
ogy is found on progressively younger soils southward into New

Mexxo. The areas in Table 2 form 1wo geographic transects: a
north-to-south transect from central Colorado to southern New

“Mexico ta distance of 300 km) and 2 east-to-west transect from

castern New Menswo 10 southeastern California (a distance of 850
km). The mean-annual precipitation and temperature values

{Table 2: U.S. National Oceanic and Atmospheric Administra-
_tion, 1978) are gross indicators of the soil-motsture regime n

cach of these areas and are ncluded 1o ad in companson of
CaCO; morphologies. On the basis of their climate, the study

- areas are grouped in four broad categories: ‘cool-ar'id. temperate-
semiand, warm-semiand. and hot-and.

As one many expect, this regional study shows that most
calcic soils cannot be correlated solely on the basis of CaCO,
morphology. Even aithin the same climatic grouping. soils of a
single age can sary by a full stage of morphologic development
over large regions. For example. calcic soils in 200.000- to
400.000-vear-old alluvium along the Rio Grande in New Mexico
1Table 2. columas 3. 4. and 5) have a maximum Stage I11 mor-
phology in the northern and central pan of the State. bit a

. maximum Stage IV morphology in the southern part.

Correlations based on morphology alone might be mislead-
ing because some morphologies form over intervals of as much as
hundreds of thousands of years. Near San Acacia, New Mexico
(Fig. | and Table 2. column 4). soils in late 1o middle Pleistocene
altuvium (units D. E. F. G, and H. and the CHiff surface) all have
Stage 11l morphology. and although the older units have thicker
soils, CaCOy morphology fails as a distinguishing criterion for

these soils, which range from about 100.000 to about 500.000

yearsinage. - - )
Calcic soils formed in limestone-rich alluvium have a plenti-

ful source of pnmary calcium carbonate for in sity leaching and -
thus develop faster than soils on noncaicareous alluvium. The
fastest morphologic development we have scen in the Southwest

g e oy
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TASLE 2. MAXIMUM STAGES OF CARBONATEZ MORPHOLOGY IN GRAVELLY RELICT SNILS DEVELNPED
IN ALLUVIAL UNITS OR BEZLOW CONSTRUCTIONAL SURFACES OF UNKAMED ALLUVIAL UNITS

IN THZ SOUTHWEISTERN

[Soils that have the same stages of CaCo3 morphology are shown by tie lines. Alluvisl
units designated by letters and those shown with "alluvium® lowarcased are informally
named: all other nanes of aslluvial units are formal. Wames of geomorphic sucrfaces shown in
ftalics. Ages ate shown on a nonlinear scale. Clipatic data from U.S. Wational Oceanic and

Ataospheric Adainistration (1978).]
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References [or geologic and soils data used in the above columns: (1) Scott (1975);
C.R. Scott and R.R., Shroda, writlen commun., 1977;

Machette and othecs (1976); (3) Modified from

All atluvial units are informally named. (4) Bachman and Machette (1977), =odified .from
Machette (19788); (3) Modified from Gile and others (1979 and 1981), Machette, unpubl.
dsta. All alluvisl units are informally nazed.. (6) Modified from Bachman (1976) and Hawley

and others (1376); (7) mModified from GarAnetx

{1979); Machette unpubdl. data; and (8)‘nach¢tt¢_ll’l!):*ﬂachette, unpubl. data. Al

alluvial units are informally naszed.

{2) Moditied from Scote t1963) and
Lazbect (19681, Bachman and Michette {1877y,

(19723, Bull (1974), and Ku anA others :

B‘inmekcsdeCaIBbﬂdimdsaMmNcwMéﬁﬁo.
where relict soils on the three youngest surfaces, the Lakewood,
Orchard Park, and Blackdom (Table 2 column 6), are underlain

'byaﬂuviumdcdved&omlimcswne-richmininrlhcsizmg

mento Mountains. Additionally, the Roswell-Carisbad area has
both relatively abundant rainfall (33 1o 35 cm/year) and an
extensive, upwind source area of calcareous rocks which provide

‘airborne Ca**. The southeastern New Mexico area has an opti-
- mum combination of climate. Ca"" influx. and limestone parent

materials for in situ weathering. o
Stages of CaCO;3 morphology are useful. though, for distin-

guishing and correlating soils and their associated geomorphic
surfaces within local areas, such as individual drainage basins.
C2CO; morphology can be used to differentiate some relict soils
of less than 150,000 years age. In the Las Cruces region. soils in
the Organ, Isaacks Ranch, Jornada I1, and Picacho alluvial units
(all informat terms) have diagnostic stages of morphology (Table
2, column 5). The latter units, the Jomada I and Picacho, are the

same age and contain soils that bave a maximum morphology of
Stage 111 (in fine-grained material) to weak Stage [V (in gravel).
The soils in the mext significantly younger ugil, ‘the latest
Pleistocene Isaacks Ranch, contain carbonate nodules (Stage ID
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in ﬁneogmncd matersials. whereas soils in similarly textured Hol-

ocene Organ alluvium only have filaments of carbonate (Stage I). -

nmmcegroupsofinu\iumcanbedbﬁnguishcdimheﬁddpa
the basis of carbonate morphology. Many of the soils in the older
allyvial units, such as the Jomada L Tortugas, and pasts of the

P:cacho.zllhaveamuxmumSmgeWmorpbologyandmna
- s0 casily differentiated. .

MODEL OF CaCO3 ACCUMULATION

The maximum carbonate morphology in calcic soils
tTable 2) observed along two gcognpbac transects of the

Southwest results from differences in. thew respective rates of
CaCOj accumulation, which are cootrolled by a delicate balance
between the supply of Ca°° ions and the amount and effective-
ncss of r2infall in moving Ca°" into the soll. Junge and Werby's
11958, Fig. 7) analyses show Ca°* is plenuful in rainwater of the
Southwest. partcularly ia the Four Comers region. The rainfall
component of C3°° provides a broad regional base for caleic soil
formanos and this component can be 3 major parnt of the total
C3°" influx in many areas where sources of solid CaCOj are

limited of not present.

* Variavons in the total Ca** i=flux both between and within
reprons are also caused by locally derived solid carbonate. For
example, there 15 3 moderate dilference between the average rate

of Ca** accumulation for central and southern New Mexico. vet

these areas have similar amounts of rainfall and dissolved Ca"

- Therefore, the differences in rates of accumulation must be due to

local sources of solid carbonate influx. such as the large arcas of
slightly calcareous cohan sand in the socxhem pan of the state.

Rainfall and Ca*" Influx Control of Potential Rates

In the Southwest. the potential rate of carbonate accumula-
tion appears to be controlled mainly by the supply of Ca** to the

* soil surface and the amount of moisture (rainfall) available 10

move Ca" in the soil. Because soil carbonate can form under

greatly varying conditions of rainfall and Ca** influx, the rates :

also vary widely under semianid and and climates of the South-

against a parameter that incorporates theis relative amoumso(
moisture. hrgdyasmsuredbymnualmnml(' "

~ shown on the y-axis of Fig. 5), and against their refative influxes
of Ca"" (combined sofid CaCOj and Ca*" in nainwater). The'

influx scale is open ended and ranges from no influx to high
influx. Points oo this diagram are p!onqd from long term accumu-
lation rates (sce also Table 2), panly on informed estimates of

‘local and regional solid carbonate influx ‘rates, and on the'
* dissolved-Ca™* data of Junge and Werby (1958).

Leaching, however. is greatly dependent on the supply of

'Ca"". Leaching can occur under moderate rainfall if the supply of

Ca** is low. but requires greater amounts of rainfall if the supply

CONTINUAL LOSS
PEDALFERS

v. 28 o ' / 4

EXCESS

MOISTUQE
" INCREASING ————dr

tow MODERATE “GH

Ca** INFLUX

: - EXPLANATION ,
L Buena Vista CO - S. Las Cruces. NM

6. RoswellCarlsbod. NM
3. Albuquerue. NM 7. Vidal Junction. CA
8

4. Son Acoca. NM Beaver. UT
Figure S. Carbonate accumulation raics (RX. shown by verucal and

‘ 2. Boulder-Denver. CO

. horizontal hna, m g of CaCOWm/1,000 yeans under varving

conditions of moisture and C3°* influx. Sil data for the erght chronime-
quences (Table 2) are plotted uader the interred condisons and rates of
accumulation during pluvial episodes; arrows show inferred conditions
during interpluvial epnodes. Most areas have higher accumulation rates
during interpluviali: Vidal Junction 17). an excepuion. has slower ac-

; - : cumuhwu m:sdunng interpluvials.
west. To illustrate these conditions, 1 have plotted rates of .

carbonate accumulation for soils of the cight chronosequences -

of Ca** is high. The upper limit of mosture under which pedo-
cals form is shown by 2n inclined boundary in Figure 5.
. The ficld of carbonate accumulation is divided into two
subfields: motsture-limited and influx-limited (Fig, S). The line
separating these sublields represents equilibrium conditions at
which there is a balance between Ca** supply and moisture.
When there. is excess Ca®”, that is, Ca** that is not being fully
leached from the surface of the soil. the potential sate of carbon-
ate accumulation is not realized, and the conditions are termed
“moisture-limited.” An increase in the limited factor, or a -bal-
anced increase in both factors, will mult in a net increase in the
rate of CaCO; accumulstion. -
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 Moisture-Jimited areas have a gréaier Ca** influx than can
be accommodated by local rainfall and soil-moisture conditions.
hence the potential rate of carbonate accumulation is limited

because all the supplied Ca ™ cannot be translocated into the soil.

In these cases, carbonate accumulation rates are increased by
increasing moisture, but pot the Ca™* influx, because there is
already an overabundance of Ca**. Soils from such aseas typi-
cally have silt-rich calcareous A borizons that may or may not
overlie noncalcareous B horizons. Soils of the Vidal Junction area
(eastern Mojave Desert) and the Mormon Mesa area (southern
Nevada, Fig. 1) ase probably moisture-limited at present.
Coaversely, influx-limited areas have a greater amount of
moisture available for translocation of Ca™ than is supplied to
the sofl surface by rainfall and solid debris. Such areas. especially
those where rapid snowmelt occurs each spring. can have excess
leaching potential with respect to Ca™ influx. particulasly if rates
of Ca** influx arc low. The upper | 10 2 m of soils in these areas
are typically leached of carbonate. The ficld under which these
conditions exist bounds the lower limit of the pedalfers (Fig. 5).
Although the contours of equal sate parallel either the x- or ¥-
axis in Figure S. there may be an inherent dependence 1n the
amount of rainfall and amoust of dissolved Ca°* (Junge and
Werby, 1958). Influx-limited conditions probably exist in areas
such as the valley of the upper Arkansas River near Buena Vista,
Colorado (Table 2. column 1). and the Colorado Piedmont be-
tween Denver and Boulder, Colorado (Table 2, column 2). These
conditions also exist necar the pedocal-pedalfer boundary
throughout the Southwest. especially in mountainous arcas, and
are evidenced by laterally discontinuous accumulations of soil

- carbonate. Relict pedalfers and pedocals coexist in the middle

Pleistocene Verdos Alluvium aloag the pedocal-pedalfer bound-
ary northwest of Denver, Colorado ( Machette 2nd others. 1976).

. _ These pedocals are the remnants of extensive. continuous caloic

soils that accumulated carbonate whcn the boundary was at
higher elevations in the past.

On the basis of soils data (Gile. 1975 1977 uzchcnc.'

unpublished data. 1984) and regional studics of paleoecology
(Spaulding and others, 1983) it seems plausible that ‘semuarid
sreas in central and southera New Mexico have been more arid
during interpluvial episodes fsuch as the Holocene) than during
pluvial episodes. resulting in less vegetative cover and a greater
influx of airbome Ca*" and CaCOn. Although the potential for
carbonate accumulation would have increased during the inter-
pluvials because of higher influx of carbonate. the increase prob-
ably was pantly offset by a decrease in rainfall. The New Mexico
soils (Fig. 5; areas 3. 4. S, and 6) are plotted oa the basis of their
average rates of carbonate accumulation {RX) which, in these
areas, are probably more indicative of pluvial conditions than
interpluvial conditions as shown below. If this model besed on

. Ca** influx and moisture is corvect. soils forming in these four

regions would plot further down and to the right in the mosture-
limited field during interpluvials (times of increased moisture but
decreased Ca™ influx). Their plotied positions. which reflect
conditions during pluvials. lic within the influx-limited ficld.

" In other pans of the Southwest, the effects of climatic
change on landscape stability and carbonate accumulation rates
could be much different from those postulated for New Mexxo.
For example. the rainfall over much of the Southwest is lexs than
20 cm annually, and in some arezs it is less than 10 cm. Caloic
soils in moisture-limited areas, such as Vidal Junction (area 7 on
Fig. 5 and Table 2). may have formed more slowly n the Holo-
cene than in the late Pleistocene. Calcic soils in arid regions
commonly bave an excess supply of Ca** selative to their limited
amount of rzinfall. Therefore, a substantial increase in the rainfall
of these areas (such as during the pluvials) would allow more
Ca*" 10 be leached into the soils and thereby increase the rate of
carbonate accumulation.

Analyses of CH-dated pack-rat middens from the Southwest
suggest that vegetation zones during latest Pleistocene time were
significantly lower than at the present (Van Devender and
Spaulding. 1979: Spaulding and others. 1983) probably because
a substantially wetter and (or) cooler climate prevailed during the
late Pleistocene. The Vidal Junction area in the eastern Mojave
Desen presently receives about 15 cm of rainfall. the majority of
which falls duning high-intensity summer storms. A modest in-
crease of 15 cm (10 a tota! of 30 cm) would double the amount of
annual infall and probably would be accompanicd by 2 marked
increase in the amount of vegctabional cover. to the extent that the
potential sources of Ca*” would be greatly reduced. A climatic
change of this magnitude could cause sosl conditions to transgress
the equilibrium linc. such that there are influx-limited conditions
during pluvials and mosture-limited condinons dunng interplu-
vials.

A condition not yet discussed is une of high accumulation
under high Ca"~ influx and moderate amounts of rainfall (annual
mean of about 33 cm). The long-term rates of accumulation for
soils of the Rosweil-Carlsbad arca (Fig. S. area 6) indicate such
conditions. Valucs for this arca probably plot withia the influx-
limited ficld now- (interpluvial), but dunng pluvials, the soil-
moisture conditions may have approached those of the pedalfers
(Fig. 5. upper part). Sol conditions in the Boulder-Denver area
and in the upper Arkansas River Valley ( Table 2) probadly are
analogous 1o those of the Roswell—Caﬂsbad area, except that they
have a much lower supply of Ca*®

RATES OF CALCIUM
CARBONATE ACCUMULATION

Soil carbonate accumulation rates vary over time and be-
tween localities in response to geographic. geologic. and climatic
cootrols. To make accurate sovl-age estimates from ¢S daw. one
must understand the magnitude and frequency of these possible
variations. These variations are detected by comparing the ¢S
content of soils that have accumulated carbonate during several
known time intervals (such as the past 10.000. 50.000. 100,000.
and 500.000 years), thereby yielding rates of accumulation.

Rates of carbonate accumulation are influenced by changes

- in climate both in time and over regions. | used Gile and others

v
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Figure 6. Average carbonate-accumulation rates (R) of soils formed 1 Pleistocene and Holocene

alluvial units of the Las Cruces arca. New Mexxco. Alluvial units are those wed by Gile and others
(1979 and Gide and others 11930, Table 25) 1o calculate ¢T coawents. Sobid arcles indicate the
grand-mean values of possible average rates for sods in cach alfuvial unat

(l98l.sz!e-25)chzuwdbdzumdwbomummu-
tation in the Las Cruces region. Data were sclected for sotls in

- noncalcareous parent materah. so that their ¢P component

would be small. Their T values would therefore approximate ¢S,
However, the Las Cruces soils were not sampled speaifically for
analysis of carbonate. The older soils generally had thick sam-
pling intervals in which there cousd be large but undetected varia-

_tions in carbonate content or bulk density. Also, some of these

soils are croded and others were oot sampled deeply enough 1o
penctsate noocalcareous material (Ca horizon). Therefore. some
of the Las Cruces soils may have ¢T values that are minimum
estimates of ¢S, not maximum estimates, i :
Because the 2ges of some of the Las Cruces soils are not
closely defined, I use 2 “probable age range™ in calculating the
average rates of casbonate accumulation. For example, the bulk
of the Organ alluvial unit i§ considered to be between 1.000 and

4,000 years old, based oa radiocarboa dates from organic carbon

in the alluvium. To illustrate the effect that age ranges have on
the calculation of accumulation rates, assume that a soil in
this unit had 1.25 g of CaCOj per square-centimeter columa,
The carbonate accumulation rate for this soil is 0.125 to
0.50 g/cm?2/1,000 years (cS divided by age range). Such values
represent the average rate (RX) of carbonate accumulation

because the soils are relicts; that is, they are the cumulative
products of continuous soil formation. The ages used are those |
consider geologically reasonable based on degree of soil devel-
opment, C'¥ dates on inorganic and organic carbon. corretations

‘of the Las Cruces chronosequence with other dated alluvial units-

in New Mezico. geomorphic considerations, and unpublished
uranium-trend soil ages determined by J. N. Rosholt (written
commun.. 1981). Ages for the Las Cruces soils and alluviam are
modiﬁedfromlhoscolcileando!has(l%l). '

Carbonate Accumulation Rates Through Time

One way 10 analyze the magnitude of change of carbonate
accumulation rates is to compare Holocene soils with their next
older counterpasts, late Pleistocene soils, thereby contrasting soils
formed during different pasts of the most recent climatic cycle.
ﬂlelzanmsoihmiddfoumhncompuison.Thepossi-
ble ranges in their ages against their potential accumulation rates
are shown on Figure 6 2s 2 scries of lines whaose upper end points -
represent maximum rates and minimum ages and whose lower
end points show the oppoasite. The 2ctual rate of accumulation for
any of these soils should lie somewhere on the resultant line .
(these lines are curves because of the logarithmic scale used on
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the x-axis of Fig. 6). Figure 6 shows that the soils data plot as
discrete groups of curves, and these groups range from Holocene
and latest Picistocene to middle Pleistocene age.

The young soils (Holocene and latest Pleistocenc) have a
wide range of possible accumulation rates for two reasons. First,

they are weakly developed. and their ¢S contents are caly a small

part of their ¢T contents: hence, errors in determining their cP
components greatly affect ¢S values. Secondly. the range of pos-
sible ages for each soil is large in comparison with the actual age.
Conversely. the older groups of souls have smaller ranges of possi-
ble accurulstion rates for exactly the opposite reasons. :
Because of the range in salues within any one group of soils,
1 computed the grand mean of RX values from the average value
of each soil: the grand means are shown by large dots on Figure 6.
The grand means clearly show that Holocene and latest Pleisto-
cene calcic soils have average accumulation rates that are higher
than those of older soils. The grand means for soils of Holocene

and lawest Pleistocene age are 0.86 and 0.43 g of CaCOy/ -
m~llw0mmpcmvdv.'l'hcscuusrcpmcmlhemu-.

lation of carbonate over intervals of kess than 5,000 10 as much as
18,000 years (the older limit for latest Pleistocene alluvium).
Nevertheless, these rates largely reflect sod formation under
-Holocene interpluvial conditions (the past 10.000 years). :

Soils in the Picacho and Jorada 11 alluvial units, the major-
ity of which are between 75000 and 150.000 years old. were
formed mostly undes pluvial conditioas of the last complete cli-
matic cycle, whereas older soils were formed under onc or more
complete climatic cycles. These soiks, ranging back to middle or
early Pleistocene age, have grand-mean accumulatios rates of
0.21 10 0.29 g of C2CO3/cm/1,000 years: values of about
one-half of the younger rates. By using only grand means of
accumulation rates, the effect of anomalous rates that could result
from mistaken age calls or from errant demmin.:tiom of ¢S
should be minimized.

These data clearly show lhzt scils in soutbcrn New Mexico

have accumulated carbonate under conditions of an interpluvial
climale a1 an average rate that is nearly twice that which pre-
vailed during the preceding pluvial dlimatic episode. If one as-
sumes that these rate changes are climatically controlled, then the
average accumulation rate through time can be analyzed with an
algebraic step function. To simply illustrate such a step function
{Fig. 7). the interpluvial periods of southern New Mexico are
simulated by 10 m&ar-long intervals of high carbonate ac-
cumulation (0.5 g/cm>/1.000 vears) and the pluvia! periods are
simulated by 120,000-vear-long intervals of low accumulation
(025 g/cm>/1.000 vears). This model, although simpler in detail
than most pluvial-interpluvial cycles currently being considered,
calls for accumulation rates in southern New Mezxico to double
during interpluvials, an assumption | consider reasonable based
on soil data (Fig. 6).

The instantancous rate of carbonate accumulation (Ri) is
herein defined as the accumulation rate at any point in time. In
the siep-function model (Fig. . the instantancous rate changes
between 0.25 and 0.50 g/cm=/1,000 years as shown by linc A.
From these instantancous valucs. | calculated the average rate of
accumulation (RX) for progressively longer intervals of time be-
fore the present (Fig. 7, line B). Soils that formed during one
complete climatic cycle (130,000 years) or longer have similar

" RX values because fluctuations caused by short, high-rate inter-

pluvials have little impact on the overall rate established during
the long pluvial intervals. .

A model based on these instantaneous rates shows thatlong
intervals of low accumulation during pluvial episodes have a
pronounced dampening effect on the short intervals of high ac-
cumulation during the interpluvials. Although one might disagree
with the details of this model. any model that incorporates rate
oscillations with long and short intervals of this amplitude will
produce the same basic trend in carbonate accumulation rates.

- For example, increasing the number of short. high-rate intervals

within the last climatic cycle superimposes minor fluctuations on
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TABLE ). AGE, NMAXINUM STACE OF CARBONATE MORPMOLOGY, SECONDANY CANRONATE

CONTENT (cS), AND AVERAGE PATE

OF SECONDARY CALTIUY CARRONATE

ACCUMULATION (PR) 1IN CALIIC SOILS CPF FOUR REGIONS
OF TNE AMEZRICAN SOUTHWEST

Areat i Sall  Stage cs,
Ceomorphic age of in q/cel asend oer
surface (Beyed CaCOy . Mean Pange 1,700 yases

Beaver, Utw: ' 2.3 1. 7 - 0.14:0,01
Last Chance Bench : )

AlDugquerque, Yew “esico: 2.8 ottt eaerte 2.22.0.m2
tiano de Alduguergue

. Las Cruces, “tew %esico: s ] 139 127-1'7  0,2640.02
- Lovet La “ess -
Roswell-Crgladed, *ov “wes1332 2.8 v- 28 2%-Wn° ".5140.08

Mescilero

Data f27 .301l8 %esr Serwes, Z%an, e ‘raa sachetts (171 and “achette,
unpudlished dazs. =as: of °=e 2124 for %M@ Lis Cruces ~“ronosagquencs ite from

Gile and athers :.

379 . She Ted310Ing New Neurico dvts e 173w fachwan and

Machette (19771 4al %wcnette, japudlished deta.

the basic curve and sesults in 2 slngha\ hngbct average rate of
socumulation.
If the basic structure and assumptions of this model are

valid, then soils that formed for more than about 100.000 years
should have similar average accumulation rates and ¢S values

that can be used to correlate soils locally and to cstumate the ages
of calcic soils older than about 100,000 years. The ages of soils

.sounger than 100.000 years can ako be cstimated. although such

estimates may be off becawse the average accumulation rate dur-
ing this short-term interval and those used for the ong-term
1500.000-year) interval may be significantly different

Regional Variations in Carbonate Accumulation Rates

The amount of rtpoml \anatioa m average CaCOs ac-

cumulation sates was determined by companng ¢S values of selict

calcic soils formed on correlative middle Pleistocene sediments of
three areas in New Mexico. These values were also compared
with one obtained from an area in central Utah. 600 to 1.200 km

. 10 the northwest. to determine their degree of simlarity.

Relict midJle Pleistocene calcic soils about 500.000 years
old (Hawley and others. §97& Bachman and Machette, 1977) are
preserved along the Rio Grande between Albuquerque and Las
Cruces. New Mexico (Fig. 1), just below the constructional sur-
faces of the Sierra Ladrones Formation and the Camp Rice
Formation of Strain. 1966, and in correlative piedmont-slope

' sediments that rise gently mountainward from the Rio Grande.
“Likewise, east of the Pecos River in southeastern New Mexico,

the ~Mescalero caliche™ (2 pedogenic calcrete) is developed in the

Gatuna Formation (Bachman, 1976). The Gatuna locally con--
_tains water-laid beds of the Lava Creck ash. a 600.000-year-old
' volcanic ash erupted from calderas in the Yellowstone area of
* northwestern Wyoming (Izett and Wilcox. 1982). Because the

ash is interbedded with. rather than overlying, the Gatuna Forma-
tion, the Mescalero probably began to form immediatcly after
deposition of the Gatuna Formation. about 500.000 years ago.

Calcic soils of the same age are present in unconsolidated
alluvium near Beaver, Utah (Fig. 1), which is in an intermontane
basin on the boundary between the Basin and Range and the
Colorado Plateaus provinces. The basal pant of the gravels of Last
Chauce Bench. 3 thin but widespread piedmont-slope deposit. s
interbedded with a 530.000-vear-old rhyolitic pumice ( Macherte,
1982). Anuformal uphft coupled with rapid lowering of base
tevel within the basin cawed dissection of the gravel soon after 1t
was deposited. thereby preventing further deposition on the grav-
cls after $00.000 sears ago. A strong Stage {11 calcic soil has
formed in the gravcls ol last C hance Bench during the past
500.000 vears. ’

The ¢S contents ol’ SOOOOO-\car-o)d calcic soils in these
four areas are shown in Table 3. The soils near Beaver are the
Jeast calcarcous: they have an average ¢S of 71 g/cm- and an
average accumulation rate (RX) of 0.1420.01 g/cm>/1.000
years. Near Albuquerque and Las Cruces. New Mexico. soils of
this age have ¢S contents of 110 and 129 g/cm* and R values of
0.22 and 0.26 g/cm>/1.000 vears. respectively. Along the Rio
Grande, the 500.000-vear-old soils show a slight southward in- -
crease in the maximum stage of carbonate morphology from .
Stage 111+ to IV (Table 3). This increase must be primarily the
result of a slightly higher solid-CaCOj influx in southern New
Mexico than in central of northern New Mexico, inasmuch as the
modern temperature and rainfall values (Table 2) and amounts of
Ca** dissolved in rainfall (Junge and Werby, 1958) are similar
along the Rio Grande from Albuquerque to Las Cruces. ’

In the Roswell-Carisbad area. the Mescalero has weak Stage
V development { Tables 2 and 3) and thus. is more advanced than
soils of the same age elsewhere in New Mexico. Both the amount
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of rainfall and the rate of Ca** influx in southeastern New Mex-
ico are higher than in central and southern New Mexico, and
these conditions result in & high rate of carbonate accumulation.
The Mescalero has an average ¢S content of 257 g of CaCOy/
cmZ sbout 2. times that of soils of the Liano de Albuquerque.
The Mescalero has sccumulated carbonate 8t an average rate of
0.5120.06 g/cm>/1.000 years for the past S00.000 years; this is
the highest rate yet determined in the Southwest.

GEOLOGIC APPLICATIONS OF CARBONATE DATA

The stratigraphy and geomorphology of alluvial tesraces and
 adjacent picdmont-lope sediments along the Rio Grande in New

Mexico were recently correlated by Hawkey and others 11976). -

To illustrate the potential that ¢S data have in such correlations.
suggest corrclations for some of these same sediments based on
‘new age control from uranium-trend ages by the method of Ros-
bolt (1980), on K-Ar dates obuined from associated volcanic
tocks. and on soul-age estimates. Sod ages are otimated from ¢S
data and the long-term sccumulation rates determined in each
area (Table 3). For exampie. if 2 wonl has a ¢S content of 25
g/cm® and an average accumulavon raie (RX) of 0.20
g/cm*/1,000 vean, the estimated sxt age s 125,000 years. Esti-
mated soil ages of less than about 50.000 years are probably
maximum atmates, becawse ther average accumulation rates
were probably higher than the lmg-mm rate used in the step-
function model (Fig. 1.

Quaternary Geology along the Rio Grande

The Quaternary units of the Albuquerque area shown in
Figure 8 are slightly modified from those established by Lamben
11968), but the conclusions concerning soil ages and correlations
are my own. Lambert recognures three major cut-and-fll alluvial
units that form constructional surfaces: the alluviums of Menaul
Boulevard (an unnamed surface). Edith Boulevard (the Primero
Ako terrace). and Los Duranas fthe Segundo Alto terrace).
Bachman and Machcte (1977) recognized alluvium that forms
an additiona! terrace. the Tercero Al which is overlain by
190,000-year-old basalt flows of the Albuquerque Volcanoes
{Bachman and others. 1975). An even higher, unnamed alluvium
forms a widespread picdmont-slope surface,’ referred 10 cither as
the Sunpon surface {Lambert. 1968) or the Llano de Manzano
surface { Bachman and Machetie. 1977), south of Afbuquerque in
the eastern part of the Albuquerque-Belen basin. The Llano de
Manzano surface is graded 1o an altuvial terrace which lies 92 to
113 m sbove the modern Rio Grande: it is considesably lower
than the Llano de Albuquerque surface (215 to 110 m) in the
same basin. The Llano de Albuquerque. ﬁonbemcstpm.nuw
upper constructiona! surface of the Sicrra Ladrones Formation

“(Pliocene to middle Pieistocene). Altbough pans of the surface
may have been isolated from further depasition in the early Pleis-
tocene in raponse 10 loca! uplife. the majority of the surface is

L}
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considered to-have bcoomc gcomorphmlh stablc about 500, 000
vears ago in middic Pleistocene time (Haw! lcy and others. 1976;
Bachman and Machette, 1977).

At San Acacia. near the southern end of lhc Albuguerque-
Belen basin. the Rio Grande is joined from the west by the Rio
Salado, 2 major tributary stream that is Ranked by middle to
upper Pleistocene alluvial terrace units and picdmont-slope units
(Fig. 8 and Machctte. 1978a). The Chff surface, a local fault-
coatrolled erosion surface cut on the Sicrra Ladrones Formation
{(Machette. 1978<). is the oldest gecomorphic surface in this area.
On the basis of the Clifl surface’s elevation and its soil’s ¢S
content. Machette ¢ 1978¢) considers it to be slightly younger than
the Llano de Albuquerque surface, whose nearest oulcrop is
about 20 km north of San Acacia.

1a the Las Cruces area. the alluvial stratigraphy of Haulcv
and Kottlowski (1969 and the soil-gcomorphology studies of
Gile. Peterson. and Grossman (1979) and Gile and others (1981)
provide a detailed framework (Fig. 8) to which | correlate units
in the San Aczcia and Albuguerque areas. The upper La Mesa
surface, one of the oldest geomoephic surfaces near Las Cruces.
was wolated from the depositional plain of the Rio Grande by
uplift along the Robledo fault in the muddled?) or early(?) Pleisto- -
vene. The next vounger surface. lower La Mesa, is the widespread
upper constructional surface of the Camp Rice Formation of
Strain 119661 and is correlatsve with the Llano de Albuquerque
surface to the north. The upper past of the Camp Rice Formation
locally conains the 600.000-vear-old Lava Creck ash bed (1zett
and Wilcox. 1982), thus the lower La Mesa surface and the
voungest part of the Camp Rice Formation must be slightly less
than 600.000 yeans old. The lower La Mesa surface is here con-
sadered 10 be about 500.000 vears old on the basis of depositional
and geomorphic considerations. In the piedmont areas adjacent
10 but mountainward of the Rio Grande, the Jornada 1 alluwial

unit is the youngest constructional part of the Camp Rice Forma-

tion: it was stll being Jeposited after the Rio Grande started
downcutting about 500.000 vears ago. The Tortugas, Jornada Il.
and Picacho alluvial units record successively lower levels of
Jowncutting aloag the Rio Grande and tributary Jrainages dur-

ing middle and late Pleistocene time. The youngest altuvial units
_in the Las Cruces area include the Issacks Ranch and Leasburg

tlatest Pleistocene age) and the Organ and Fillmore tHolocene
age). '

Correlation and Age Estimates

The correlation of alluvial units along the Rio Grande is
greatly enhanced if they are based on soil ages wstimated from
both secondary CaCO; contents and accumulation rates and
more traditiona! critenia (Fig. 8). For example. the alluviums that

form the Llano de Manzano and Jornada [ surfaces and alluvial
"unit H (Fig. 8) appear 1o be correlative on the basis of their

stratigraphic and topographic positions. Calcic soils below the
Llano de Manzano surface tFig. 8) have a ¢S content of about 70

g/cm?, and vield soil ages of about 320.000 vears, assuming that
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latter shown 11 tahas) along the Rio Grande i New Mexico. All of the alluwal units shown oa here are

informally named. Correlanons are based on sod

ages estimated from ¢S of ¢T contents, isotopic age
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meters above stream levd {in

) where applicadle. R is the average rate of carbonate

accumulation (g of C2COy/cm=/1.000 years) over the past 500.000 years. Time scale is noalineas.

Dark areas in “Model climate™ column

ials; pluvials are white. This column is not

. imwmmmdmwammmmmmmmmm _

Figure 7. :

CaCOj accumulated st 20 average rate of 0.22 g/cm?/1.000 .

years (RX for Albuquerque). In the San Acacia area, | was unable
10 determine the cS content of the sod in alluvial unit H, but the
soil'sstronguthuthatonalluvialunigﬁ(csﬁmtcdtobe
220.000 years old) and weaker than that below the Chff susface
(estimated o be 475,000 years old). Thus, I use the midpoint
between these age limits, about 350,000 years, for the soil in
alluvial unit H. In the Las Cruces area, soils in a young phase of
-the Jornada [ alluvium have an average ¢S cootent of 79 g of
CaCOj/cm?, which yields an age of about 305.000 years. Thus,
the cS data for these three soils indicate ages that range from
305.000 to 350,000 years, and undoubtedly would lie within
concordant error limits if one could assign such values.

. Theage of the upper La Mesa surface is poorly constrained.
but it is clearly older thaa the lower La Mesa surface (500,000
years). and sediments underlying both surfaces contain Pleisio-
cene, but not Pliocene, vertebrate faunas (Hawley and others.
1976). The soils of the upper La Mesa surface have Stage V
morphology, which is significantly more advanced than those of
the lower La Mesa surface (Table 3). On the basis of ¢S contents
of 145 10 185 g/cm?, the soils of the upper La Mesa susface have
been forming for 560.000 to 720.000 years. More imporuintly,
the disproportionately advanced morphology of the soils of the .
upper La Mesa surface strongly suggests that they cither have
been partly eroded or have lost CaCOj through excess leaching.
If ¢S contents from soils of the upper La Mesa surface ( Fig. 8) are

— .
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" The sbove examples illustrate how the ¢S cootent of calcic
soils can be used in making local and regional soil correlations
and in estimating the ages of these soils when they are in Quates-
pary scdiments. These estimates ¢f soil age al=o provide informa-

mmdu!muw:dcmgcd:edopcmnrhasmu
of earthquake hazards, landform evolution, and paleoclimatic

" interpretation.
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that displace calcic soils can be estimated from the quantitative

diffetences in soil development across fault zones. Near Albu-
quergue., calcic soils were displaced by four episodes of move-
ment along the County Dump faukt during the past $00.000
years. Machette (1978D) estimated the timing and amountss of
displacement along this fault by relating the ¢S contents of the
buried soils to their combined surface equivalent and found that
the soil overlying the fault (30l U of Machette, 1978b) required
20,000 years to accumulate its carbonate. In retrospect. this esti-
mate scems too old because the age of soif U was calculated from
‘the Jong-lerm average rate of accumulation, whereas if Holocene
rates are about 2 times faster as | now suggest, soil U could be
about 10,000 years old. However. the age estimates for buried

- (faulted) soils (90,000 1o 190.000 years each) are probably reas- -

onable. because they formed during time intervals equal to or
more than one complete climatic cycle. ‘

SUMMARY

Calcic soils, and to a Jesser extent pedogenic caleretes, are
widespread in the semiarid and arid parts of the Southwest. Al-

. though these soils have formed in unconsolidated sediments as .

ddnhuf’)“mmandnmsﬂob&mmmof
them have formed since middie or late Pleistocene time. Calcic

soils form mainly by subserial precipiation of carbonate that’

derived from Ca** dissolved in rainwater and that is leached from
solid sirborne carbonate. As casbonate accumulates in the soil., its

morphology develops progressively through recognizable suages

that are reflected in enriched carbonate content, incyeased bulk
density, and thickening of calcic borizons. -
lhavedacrﬂaedamqrpMogicsequenceo(aldcsoilsthax
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