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ABSTRACT

A stratigraphic radiocarbon study at the Wilicox
Playa and vicinity in Cochise County, southeastern
Arizona has revealed a sedimentary sequence reflecting
the lake level chronology of ancient Lake Cochise.

The

lower green clay was deposited in a lake at least 30 miles
long from before 30,000 years ago until about 13,000 years
ago.

A marl formation which began depositing about

25,000 years ago and continued until the lake diminished

to about its present state 13,000 years ago, indicates a
warm, moist climate at that time.

The period from 13,000

B.?. (before present) and 11,000 B.P. was one of alluvial
deposition north of the playa and channel cutting east of
the playa.

An upper green clay, 6 to 8 inches thick,

represented the final phase of Lake Cochise, lasting from
11,500 B.P. until 10,500 B.?.

A thin marl layer was

deposited during this phase, indicating warm moist conditions again.

The lake rapidly receded, some playa

sediments deflated from the surface, and dunes formed
north of the playa.
Preliminary studies of two playas near Lordsburg,

New Mexico and one at the San Augustin Plains, New Mexico,
x

xi

indicate these fluctuations were responding to a general
climate change rather than isolated tectonic disturbances.
The climate chronology concluded from this study
is consistent with known climatic variations in the world.

PART I:

WILLCOX AND NEARBY PLUVIAL LAKE AREAS
GENERAL INTRODUCTION TO PART I

When Meinzer and Kelton (1913) first studied the
geology and hydrology of the Sulphur Spring Valley in
southeastern Arizona they recognized the Wilicox Playa
as a Pleistocene lake which they named Lake Cochise.

The

age of the lake, the time of its disappearance and
correlation of its sediments with those in other valleys

or with other parts of the continent were necessarily
speculative at that time.

Since the development of

isotopic dating techniques after World War II, geologists
and. geochemists have re-examined many established age

relationships, and correlations have been placed on a
firmer basis than was possible before.

Although un-

expected results have often developed, the new absolute
methods have for the most part offered a welcome substantiation of previously speculative conclusions.

The isotopic dating method most useful to the
Pleistocene geologist is radiocarbon dating, a technique
which can determine the age of most carbon-containing
materials less than 50,000 years old.

Correlating

Pleistocene sediments in the basin and range province
1
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of the western United States is often difficult, as formations
are generally not continuous from one valley to the next.
Time spans of late Pleistocene formations are often so
brief and, fossils so rare that paleontological correlations

are usually difficult or impossible.

Such strata, if they

contain datable organic or carbonate material, are ideal
for radiocarbon dating and correlation.

No one had made age determinations on the Lake
Cochise sediments when the writer began this study.

Nor

was detailed knowledge available on the uppermost stratigraphy of the basin.

Contractors in the road-building

industry had made many stratigraphic exposures to recover
gravel and limestone and found a few bones which indicated
a Pleistocene age for some of these near surface sediments.

Yet it was not known how these finds related to the Lake
Cochise level fluctuations or sedimentary sequence.

The

writer felt that by' combining a stratigraphic study and

radiocarbon dating in the Sulphur Spring Valley he could
determine the Lake Cochise water level chronology for the
latter part of its history and deduce a tentative
climatic sequence for the area.

Tectonic disturbances of the lake levels and the
local climatic effect of physiographic perturbances of
the general climate could be evaluated by extending the
study to other valleys in the basin and range province.

DESCRIPTION OF ThE WILLCOX LOCALITY
AND SUMMARY OF PREVIOUS WORK
Physiographic and Climatic Settin
Figure 1 is a map of the Willoox bolson showing
the location of Wilicox, the Willoox playa, and the parts
of the surrounding mountain ranges which form the watershed.

The long axis of the Sulphur Spring Valley

parallels the general NNW-SSE trend of the basin and range
structures.

The playa, at 4136 feet elevation is the lowest

part of the Sulphur Spring Valley; the drainage basin
extends 14 miles SSE of the barren flat and 32 miles
NNW of the flat, distances measured along the bottom
of the valley.

The barren flat itself lies four miles

south of Willoox and has an area of about 51 square
miles.

It is pear shaped with edges 8 to 10 miles long.

This can clearly be seen in figure 2, an aerial mosaic
showing the playa, with the town of Willoox in the top
of the figure.

Distinct shoreline features can be seen

in the aerial photographs.

The Willoox bolson is bordered on the west by
the Galiuro and Dragoon Mountains from north to south,

and on the east by the Pinaleno, the Dos Cabeza and the
Chiricahua mountains, from north to south.

3
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Meinzer and. Kelton (1913) noted that it probably

is not a coincidence that the largest alluviated fans
spread out from the largest mountain masses, the Pinalenos
and Chiricahuas, and these fans no doubt were dominant
factors in the shaping of the valley and closing of the
ends, thus creating the internal drainage.

North of the

divide between the Pinaleno and Galiuro Mountains, water
flows into the Gila system; south of the divide formed
by merging fans from the Dragoon and Chiricahua Mountains,
the water flows into the Whitewater draw, which drains
into the Yaqul system.

No deep, distinct gullies or washes drain
directly into the playa.

Mountain canyons grade into

flat fan slopes as they approach the barren flat,
Pine (1963).

The rainfall in the Sulphur Spring Valley
averages 10 to 11 inches per year.

April, May and June

are the driest months, usually averaging 0.2 inches per
month; and July and August, the rainy season, average 2
or 2

inches per month.

The mean summer temperature is 90°F, and normal
humidity is so low that the potential evaporation rate
is 60 inches per year.

The vegetation of the Willoox basin is desert
shrubs and grasses.

The barren flat is too alkaline
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to support plant growth (but plants with a high saline
tolerance are encroaching onto the flats),

Mesquite

grows only above the 11.175 foot beach terrace.

A complete

discussion of the vegetation of the Willoox Basin may be
found in Martin

(1963a).

Geologic setting, øre-Quaternary
Cooper (1960) most recently mapped the mountains
surrounding the Willcox basin.

Of primary interest here

is the relative abundance of limestone with respect to
non-carbonate bearing rocks.

If limestone is abundant,

the c1h7cl2 ratio is lower in dissolved bicarbonate in

runoff water.

As will be discussed in detail on pages

16 and 17, a bicarbonate with a consistently high
ratio will precipitate as a more accurately datable carbonate.

The most abundant rock types in the area are
rhyolite and andesite.

Granite is next in abundance.

Schists and unmetaniorphosed sediments are the least

abundant rock types.

The sediments include shale, sand-

stone and limestone.

Hydrologic Sett1n
The water table, although still near the surface
in the barren flat (zero to 10 feet, depending on the
recency of the last rainfall), is 11O to 150 feet in parts

of the Willcox basin.

In general, the greater the

6

irrigation in a particular part of the valley, the deeper
is the water table.

The natural ground water gradient is
toward the barren flat, from which water is
evaporated from the surface and from transpiring plants surrounding the flat. Continued
pumping in the irrigated areas continues to
lower the deep cone of depression and could
eventually reverse the gradient, allowing
[salty] water from beneath the flat to move
toward the heavily pumped areas (White,
Stu].ik and Morse, 1961).

Previous Pleistocene Studies in the Locality
Cooper's (1960) map shows the types of sediments

on the present-day surface in the Willcox basin.
are lake-deposited clay,

They

ke-deposited sand and silt,

beach ridges of sand. and. gravel and, of course, Quaternary
alluvium.

The wind-blown dune deposits are at least in

part Recent.

Dunes show up in figure 2 on the north side

of the barren flat.

Cooper's map is more detailed, but does not
differ in essence from that of Meinzer and Kelton (1913).

The ridges girdling the barren flat, which show up
distinctly in Figure 2, indicated to both Cooper and
Meinzer that sometime during the Pleistocene a permanent
lake occupied the basin.

Lake Cochise is the name Meinzer

gave this pluvial body of water which he said formed the
beach ridges.

He calculated its maximum size to have been

120 square miles, 20 miles long at maximum extent.
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Methzer further stated that the Cochise phase of
the lake was merely the final one of a long lacustrthe
history of the Wilicox basin.

Drillers' logs record a

blue clay which smells like rotten eggs appearing at
depth in the basin.

Meinzer considered this clay to be

lake-derived and observed that the extent of the blue
clay beneath the surface indicates the lake was con-

siderably more than an ephemeral feature on the Sulphur
Spring Valley.

Although confined aerially to the barren

flat at the surface, this clay extends beneath Willoox
at a depth of about 300 feet.
Several wells drilled in the Wilicox basin reveal

a dark blue clay beginning at different depths below the
surface; above the clay is the normal stream-deposited or
valley fill alluvium (Herbert Schirrnann,personal

communication).

Hevly and Martin (1961) reported analysis of pollen from near shore deposits at Croton Springs.

This locality

is designated in figure 1LI. at "C' on the west side of the

playa, and is pictured in an eastward view from the shore in
figure 17a.

Samples were taken at three mounds from Sect.

6, T153, R2L'E at Zf 150 feet elevation.

Hevly and Martin

show a pollen spectrum which is high in pine and low in
grass pollen indicating late Pleistocene environments.

They concluded that the mounds are remnants of postPleistocene deflation from the playa surface.
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The Geochronology Laboratories' Willoox Core
In December, 1961, the Geochronology Laboratories
directed the removal of a

1AlOfoot core near the geographic

center of the barren flat.

Immediately after their removal

from the core barrel B. C. Arms wrapped the samples in
cellophane and in polyethylene bags.

When the core

sections were re-opened the following June, P. S. Martin
and H. G. Yocumn removed samples for pollen analysis.

J. F. Schreiber, Jr. recorded color and magascopic features
and removed samples for mineralogic and petrographic
analysis, and. the writer measured and, recorded Eh-pH
values.

Martin (1963a,b) and Pipkin (19614) have reported

some of the results.

Carbon-1

analyses run by the writer

are discussed on pages 16 through 31.

Pollen Analysis
According to Martin

(1963a),

the pollen profile

from the upper 76 feet of the core is dominated by pine
pollen, which he designates as representing the Wisconsin
glacial epoch.

He distinguishes the Sangamon from the

Illinoian by the former's greater number of pollen
hiatuses.

These zones of absence of pollen he attributes

to oxidation at times when the lake was dry.

The upper

six feet of the core lack pollen, and this he attributes
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to oxidation of pollen grains above the water table during
post-glacial times.

Petrographic Analysis
X-ray diffractometer analysis of the mineral phases
from about 40 samples from the core was undertaken by
Plpkin (1964).

Because his results are of' interest here,

he has kindly allowed the writer to summarize them.
Illite dominated nearly all samples of core
material.

Some samples, however, contained up to 50$

montmorillonite plus vermiculite.

Kaolinite and chlorite

were present only in trace amounts.

Most samples also contained a montmorillonite
phase with an incompletely filled interlayer region containing hydrated calcium and magnesium, a not toouncommon
ocourence in young sediments.

Moderately well crystallized vermiculite was
detected in about half of the samples analyzed.

Only nine

samples showed a trace of poorly crystallized chlorite.
In four samples which were near the top of the core, traces
of' kaolinite were observed.

Mixed layered minerals, the layers randomly mixed

over a wide range of proportions, were particularly
abundant in the upper 20 feet of the core.
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Analcime was found to be remarkably consistent
in its diffraction characteristics and. abundance throughout the core.

It was exclusively in the less than 2

micron fraction and comprised from 5 to 10 per cent of
that fraction.

No other zeolites were detected in the core.

Calcite occurs in all size grades in the core,
constituting up to 90% of the sand fraction in some samples.

The calcite is mostly in the form of ostracode fragments
and light brown spherical and elongated aggregates of
calcite crystals.
At a depth of 80 feet, very well developed.
calcite euhed.ra appear, which are usually a few tenths

of a millimeter long.

They occur in varying amounts from

this point down to the bottom of the core; in one sample

at 100 feet depth the crystals reached 1 to 2 millimeters
in length.

Quartz grains in the coarse fractions are angular
to subangular and show little evidence of long transport
or reworking.

The heavy mineral analysis showed zircon,

tourmaline, rutile, sphene and garnet to be rare and
pyroxene, amphiboles, chlorite, biotite, epidote,
clinozoisite and zoisite to be abundant.

Again, a short

travel distance for the detrital minerals was indicated.

11

Pipkin finally suggests that the substance which
imparts the jet black color to the fresh sediment is hydrotroi].ite, a finely-divided colloidal suiphide of iron

found in many recent muds.

Eh-pH Analysis
The electrode potential and, the pH of the fresh

core samples from 4illcox playa were determined by the

writer with a Beckman Zeromatic pH meter using a Beckman
no. 39170 fiber type caloinel reference electrode, a

Beckman no. 41263 glass pH electrode and a platinum
electrode for millivolt potential determinations.

The

measurements were made directly on a moist fresh surface
of the sample.

Since the Zeromatic is not a null-

balance type instrument, ion migration rates become a
factor, and if the electrode is not moved around during
measurement, the Eh meter reading decreases as electrons
are depleted from the immediate environment.

The re-

producibility of measurements was good within 10 millivolts, however.

The instrument measured the millivolt potential
difference between the reference electrode arid, the sample,

and these were recorded as such.

True Eh values are

standardized with respect to the hydrogen reference
electrode; thus to convert the measured values to Eh,
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the potential of the saturated calomel electrode with
respect to the hydrogen electrode (-2L

mv.) must be

algebraically subtracted from the experimentally determined
value, E.
=

Thus, Eh = E + 2. The Nernst equation states:

+ 0.059 in
N

A0

,

Where N is the number

Ared,

of electrons involved in the redox system, and
activity of the ions in the reduced state.

is the

In this case,

is a potential characteristic of the system.

It can

be seen from the above equation that as the activity of
reduced state ions exceeds that of those in the oxidized
state, the second term becomes negative.

Thus a negative

Eh indicates a reducing or anaerobic environment.

The individual Eh-pH measurement data are given
in Appendix II.

Figure 5, however, in a plot of each

measurement against depth in the center of the plays-,
visually illustrates the data.
results is discussed on page 14.0.

Interpretation of the

QUATERNARY STRATIGRAPHY IN THE WILLCOX AREA,

ITS CORRELATION AND CARBON-14 DATING

The Lateiaternary Stratigrpy of the Willoox Basin
The stratigraphic exposures from the surface to

about twenty feet down are different on different sides of
the barren flat, but consistent on each side.

No exposures

were found on the south side.

Sections on the East Side of the Playa
Figure 15c shows a generalized section which is
consistent with exposures found in lime quarries, washes
and outcrops up to three miles east of the barren flat.
The lowest member is a green clay, extending to

unknown depth, overlain by a marl layer, which crops out
at the L1475 foot elevation level.

Further eastward, and

at higher elevations sand and silt overlie the marl with
carbonate nodules at the surface.

Figure 16a shows the

marl exposed in a drainage ditch east of the playa, and
figure 16b shows a view of the marl in a lime pit nearer
the playa.

The present upper surface of the marl slopes

about 30 feet per mile toward the center of the basin at
this locality.

Some incision did occur prior to deposition

of the overlying silts, as the buried stream bed in figure
13

1k

16b indicates.
locality.

The marl is 10' thick at the lime pit

Figure lib is a photograph of a hand specimen

of the marl from the lime pit.

The marl contains varying

quantities of clay and is a resistant bed in outcrop in
the places of' higher CaCO3.

The boundary with the under-

lying green clay is gradational.

The silt and sand layer overlying the marl is
usually a few inches thick where present, though locally
is several feet thick above stream cuts in the marl.
Calcium carbonate nodules on the ground surface
are common only on the east side of the playa.

Photo-

graphs of their occurrence are in figures 6a, 6b, with
close-ups in figures 7a, 7b, 9 and a photomicrograph in
figure 12a.

The nodules were found on the surface only

from elevation 11.175 to k220 feet.

Because these were the

subject of considerable study and investigation, they are
discussed in detail on page 50.

Sections on the North Side of the Playa
Gravel pits north of the barren flat (shown as
G's on figure 1k) expose sections down to about 20 feet.
Bulldozers occasionally exhume isolated bones and tusks
of mammoths from the gravels.

The pits bottom in clay

and have another fine green clay member about a foot
below the present surface of the pits.

This upper clay
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member is 6 to 8 inches thick and has coarse sand and
gravel above and below it.

Figure 15a shows a generalized

section.

Large sedimentary inclusions one and two feet in
diameter of green clay appear in the cross-bedded sands
and gravels between the two green clay formations.

These

are not depositional pods, but clearly brought in as mud
balls.

The cross-bedded sand and gravel formation is
between 5 and 8 feet thick; the green clay below it is
of unknown thickness.
In the Gardner's Ranch gravel pit (the third "G"

from the top of figure 1) below the upper green clay,
the writer found a mammoth pelvis, tibia and tusk.
tibia is shown in figure 3.

The

The identification was con-

firmed by Paul Wood, of the Geochronology Laboratories.

Sections of the West Side of the Playa
The slope of the land surface is steepest on the
west side of the playa, as is seen from the section in
figure 15b.

Only a green clay about a foot thick can be

distinguished from the overlying and, underlying silts.

Figure 17b is a photograph of an exposure on the west
side.

The overlying silts are about a foot thick and

only the upper 5 feet of the underlying silts are exposed.
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The section in the photograph is an erosional remnant near
enough to the edge of the playa that one can project the
green clay onto the playa.

The clay, however, projects

above the surface of the barren flat.
The Playa Surface Sediments
A light brown silt covers the barren flat, but a
few inches below the surface begins green clay.

The green

clay becomes blue at the water table, about 5 feet down
at the center of the playa.

The edges of the barren flat are built up with
silt and sand.

Stratigraphic cuts along the edge show

cross bedded sand alternating with pond deposited silt,
often mud cracked.

Dunes have built up along the north edge of the
playa, and can be seen on figure 2.

The prevailing wind

direction is from the south, and on most afternoons one
can see wind transport in action across the barren flat.
The Radiocarbon Datin

Materials Collected for Dating
A variety of carbon-containing materials have
successfully been used in carbon dating.

Some are more

desirable for accurate dating than others, but wood or

charcoal is not always to be found in context with events
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to be dated.

Such was the

case

at Wilicox.

The writer

could not extract from the sediments or from bones found
in the sediments sufficient organic material for radiocarbon analysis.

A second attempt at dating the mammoth

is presently underway at the Smithsonian Laboratory.
Shell material.

sediments in

and

Shell material was found in the

around the playa.

carbon analysis are

listed on

The results of radio-

page 27.

No shell material

from sediments of the main lake gave finite ages.

Carbon-

1k ages from fresh water shells are not as accurate as
ages from marine shell material, because of the uncertainty
of the C-lk/C-12 ratio in the fresh water reservoir in
which the organism grew.

If the carbonate in the reservoir

was derived entirely from the dissolution of dead. (no C_iLs.)

limestone, the C-lk

age

of the shell will

be nearly 6000

years too old providing that no corrections are
(Broecker and Walton, 1959).

applied

If the bicarbonate in the

reservoir was derived entirely from soil CO2. the carboniLi. age will be less than 200 years too old (Dimpleby,

1965).
It is most likely, however, that the carbonate will
be derived partly from dissolution of old limestone,
partly from soil CO2 and, partly from exchange with the
atmosphere.

If atmospheric exchange has a chance to
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proceed to isotopic equilibrium between C_1L/C_12
(atmosphere) and. c-lk/c-12

(Hco3).

then the carbon-114

age of the shell grown therein will be very close to the
age of its contemporary wood or marine shell.
Factors which promote attainment of' isotopic

equilibrium between air and water are 1) time, 2) large
surface area to volume ratio of the reservoir, 3) frequent
disturbance of the water surface layer and Li.) high mixing

rate of the body of water.

Kanwisher (1963) has performed

laboratory experiments on the CO2 exchange rate between the
air-water interface.

He showed that wind velocity is a

major acceleration factor in the exchange rate.

The gas

exchange rate varies roughly as the wind velocity squared,
up to about 10 meters per second.

Thus at a velocity of

10 rn/sec., exchange is at least 20 times faster than at
2 rn/sec.

At 20 rn/sec. wind velocity, the exchange rate of

002 is 0.015 cm3/hr. per square centimeter of water surface.
Assuming the wind at Wilicox Playa Lake to average 10 rn/sec.
for a ten hour period during the day, (22 xn.p.h., which is

reasonable for the present wind velocity) then 50 cubic
centimeters of CO2 per square centimeter of surface will
exchange in a year, which is the amount of CO2 dissolved
in a column of sea water one square centimeter in cross
section and ten meters deep.
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A carbon-14 analysis on runoff water from the

Pinaleno Mountains, part of a suit of samples collected
by J. J. Sigalove (see Long, 1965) is an independent
indication of the

c/c12

ratio in Lake Cochise water.

A sample of well water from the base of the mountain in
the San Simon Valley, about 30 miles north of tjilloox,

had a C1I4 content of 0.983 ± .039 of the modern standard
in the dissolved bicarbonate phase.

Although he collected

the samples in the summer of 1963, Sigalove (personal
communication) believes this water is old enough to be
free of thermonuclear-produced o.arbon-1.

Thus it is reasonable to assume that shell
material grown near the surface of .a permanent lake at

Wilicox contained a C-14/C-12 ratio similar to wood
growing nearby.

In addition, since no well developed

rivers or large gullies feed into the present playa, the
assumption is made that at least the Late Pleistocene
lake was fed largely by sheet runoff or shallow streams.

Such a geomorphological situation would preclude these
shells having grown in slow flowing rivers, from which
erroneous dates may be expected (Rubin and. Taylor, 1963;
Keith and Anderson, 1963; Broecker, 1961l).
Tufa.

A third class of material for carbon1L

dating is lake deposited tufa.

Though not found. at the

Wilicox site, it is discussed along with other carbonates
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because it was found at the San Augustin Plains site.
page

36.

See

Lake tufa is a predominantly CaCO3 deposit coinon

along ancient shorelines of the Pleistocene lakes of the
Great Basin (Gilbert, 1890; Russell, 1885).

Orr (1958) and Broecker and Kaufman

Broecker and

(1965) used it

successfully to establish a oarbon1LI. chronology for two

of these lakes, Bonneville and Lahontan.

They found that

a modern sample from Pyramid Lake gave 0.99 of the C-1
activity of contemporary wood, not corrected for isotopic
fractionation.

The mode of formation of lake tufa is

open to question, but if it were formed by either organic
or inorganic processes, the carbon would in either case
have been derived from the bicarbonate of the lake water,

and, from the discussion above, would have approached the
C-111 activity of contemporary wood.

Calcrete and Caliche.

Calcrete found in the

alluvial sections in discrete zones provided some age
information at the Wilicox site, and at the Lordsburg site.

Some caliche was analyzed for oarbon-lk from Willcox
and nearby sites, in connection with this study.

Caliche

is a secondary deposit of CaCO3 found in a soil zone.

To

give useful age information, the ealiche must have been
formed during a short period of time relative to the 5730
year half life of C_1Ll and should be associated with the
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formation of a known soil profile.

Sigalove, Long and.

Damon (1961), Damon, Long and Sigalove

(1963),

and Long (19614.) and Arhennius and Bonatti

Damon, Haynes

(1965)

give

examples of the usefulness of ca].iche as a oarbon-lk
dating material.

A C_1LI. age on caliche will be a minimum

age if the carbonate was not derived from the dissolution
of limestone, and the carbonate was formed within a few
As the caliche formation period approaches

hundred years.

a descrete event with no subsequent carbonate addition or
exchange, its carbon-1
wood.

age approaches that of contemporary

Caleretes formed in clearly alluvial sequences are

particularly useful samples for dating.
Marl.

Fresh water limestone or marl provides a

reliable carbon-114 age if it is not spring-derived and If
no post-d.epositional changes or exchanges have occurred. to
alter the C_1L. content.

In the Wilicox ease, the carbon

in the limestone precipitated from the bicarbonate in the
lake water, which from the discussion above, closely

approximated isotopic equilibrium with the atmosphere.
Finite ages for carbonates, however,

should not in practice

be calculated. if greater than 25,000 years, owing to the

greater chance of contamination altering the age of older
samples.

Olson

(1963)

contamination problem.

gives a complete discussion of the
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Calcium Carbonate Nodules.

The occurrence of CaCO3

nodules was briefly discussed on pages 13 and 1Li.

Several

samples of nodules were analyzed for C-114, and since the

use of this material for dating represents a departure from

precedence in the carbon dating literature, a more detailed
discussion of possible origin or origins for these nodules
follows.

In the field, these nodules at Willoox can be
classed into two categories.

Type A nodules occur in the

soil zone, usually only a few inches below the surface, and
are clearly caliche nodules.

That is, they were accreted

as nodules in a soil zone, rather than as a layer of more
or less massive caliche.

The precipitation requirements

for caliohe formation are bracketed in figure 8.

Type B nodules occur on the ground surface, and
may have been formed by any of several mechanisms.

The

mode of formation is critical to the accuracy of the
dating; therefore, each possibility and its relative
importance is considered below.

For the purpose of orderly

discussion, the nodules are further classified according
to possible mode of formation.

Type B1 nodules are formed as type A nodules in
the Coa soil zone.

Subsequently the soil erodes leaving

on the surface the more resistant CaCO3 nodules.

Type

nodules apparently do exist on the west side of the
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playa as the writer found small spheroidal nodules on the
surface and. similar ones below the surface in the same
stratigraphic unit.

The distribution of the surface

nodules on the west side was irregular and sparse, in
contrast to those on the east side of the playa.

On the east side of the playa the nodules, ranging
in size from about 2 inches across down to small gravel,

are irregular in shape and quite abundant in certain zones.
The abundance is a function of elevation.

For example,

they are quite abundant at the 4220 foot level, but the
abundance tapers off sharply above this elevation.
Another crest in the abundance occurs at elevation

4175-

4180, approximately at the prominant beach ridge noted
by Meinzer.

The writer found no significant occurrence

of the nodules below this beach ridge level.

These requirements lead to the possibility of
type B2.

This type may form as nodules below the surface

as a result of the lake's perturbing effect on the water
table and chemistry of the near shore region.

Chemically,

at least, type B2 nodules are plausible.

MacKenzie (1923), who succeeded in crystallizing

CaCO36H20, studied its properties and stability range.
Occasionally, when he mixed solutions of Cad2 and Na2CO3
MacKenzie formed an ephemeral gelatinous substance,
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probably a form of CaCO3, which after three minutes
crystallized into CaCO3'6H20.

The writer reproduced these

experiments and formed gel, but further noted that the gel
could be stabilized at room temperature by addition of
sucrose and NaOH to the solutions.

It is, of course,

possible that the gel is not pure hydrous CaCO3, but also
contains chloride ions, sodium ions, or possibly sugar
molecules, or all of these.

It is established that under

conditions not conducive to stabilization of the gel, it
becomes crystalline CaCO3'6H20, then decomposes to calcite
(MacKenzie, 1923).

Gels of calcium carbonate hydrate

have also been reported in the literature by Brooks, Clark
and Thurston (1950).

Type B2 calcium carbonate nodules may be formed as
gelatinous aggregates under proper geologic conditions
which approximate the laboratory conditions cited above.
Thus, an aqueous environment high in pH and salt content,

in a location where a meteoric solution charged with
bicarbonate and soluable organic matter (from decomposition
of soil material) meets an alkaline lacustrine solution
containing excess calcium ion, would approximate laboratory
conditions for forming a stable calcium carbonate gel.
Many of the nodules, for example the one shown
in figure

9,

exhibit polygonal cracking at the surface.
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This results from dehydration, either of a gel or of water
laden clay.

Thin section studies indicate gel formation may be
an initial step in the aggregation of certain types of
carbonate.

See, for example, figures iOa and b which

show photomiorographs of tufa from the San Augustin Plains.
These structures, however, were not found. in the photo-

micrographs of nodules on the east side of Willoox playa.
Figure 12a may be considered representative of the latter.

Type B3 calcium carbonate nodules form as lake
tufa, but are subsequently eroded to nodular remnants.
There appear to be no petrographic similarities, however,

between the nodules on the east side of Wilicox playa
and the tufa at the San Augustin

Plains.

A tufa pre-

cursor to the nodules is unlikely.
Type 3k CaCO3 nodules are formed by erosion of a
pre-existing marl formation.

Figure 16a shows such

erosion in process; nodular remnants are apparent.
Figure 13 shows similar remnants from erosion of the

massive Double Adobe Caliche.

Since conditions were right

for the formation of one marl on the east side of the
playa, the assumption that the same conditions returned
to form another marl is a plausible one.

Petro-

graphically, the nodules and the marl are quite similar.
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Clay was dominant in each nodule sample residue after acid.
hydrolysis.

The percent CaCO3, based on loss on ignition,

varies from about 68 to 72%, as the data in table I
illustrate.

The nodules on the east side of the barren flat
are best explained as type B

nodules.

Therefore their

expected dating accuracy is similar to that of marl,

assuming the sample was derived from a thin layer of marl.
If the sample includes more than a single nodule, the
possibility of multiple sources must be considered.

On

the surface of the ground, these nodules are subject to
dissolution rather than deposition, and if precautions
are taken not to analyze the outer shell, modern carbon1

contamination should be minimal.

Methods of Analysis
All samples were rinsed in hydrochloric acid.

until 10 to 25% of the original weight had been lost.

The inclusion of surficial contamination of the carbonate
was thus minimized.

The sample, which consisted of

several nodules collected from the same locality or
fragments of shell from the same level, or a single
hand specimen of marl, was pulverized, then hydrolized.

in vacuo with nitric or phosphoric acid.

The CO2 thus

collected was either purified and counted a

CO2 at the
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Geochronology Laboratories of the University of Arizona
(designated by "A-a sample numbers), or converted to
methAne and, counted at the Smithsonian Radiation Biology

Laboratory (designated by

SI-" sample numbers).

All

carbon1LI. analyses were either performed by the writer or

under his direct supervision.
Radiocarbon dating techniques used, were standard
and. have been described by deVries (195,5) and Fairhall,

Shell and Takashima (1961).

Results of Analyses
The carbon-1+ results are reported as ages
calculated on the basis of 0.95 activity of the N.B.S.

oxalic acid standard, with no C-13 or deficient reservoir
corrections applied; 1. e., as it each were a normal wood
or charcoal sample.
The following evidence justifies such a straightforward procedure.
1)

The nearest relevant example of present-

day forming lake carbonate, a tufa from Pyramid Lake
analyzed by Broecker and Orr (1958), had a C-lk/C-12

activity ratio of

0.99

that of the modern standard (or

0.9k of the oxalic acid), before C-13 corrections were
applied.
or so.

The tufa had been forming for a hundred years
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Stuiver (196k) analyzed several organiccarbonate contemporaneous pairs from Searles Lake cores.
He concludes the carbon-lk ages of pairs are in essential
agreement.

Although Broecker and Kaufman (1965) calculate
carbonate dates using

0.89

of the standard oxalic activity

instead of 0.95, based on a study by Broecker and Walton

(1959),

their data fail to back up this procedure.

Indeed, on the examples they give, agreement is better

using 0.95

oxalic activity as a standard.

In an archaeological site with co-existing and
contemporaneous charcoal and lacustrine clams, for example, the dates were:

charcoal, 1620 ± 50 (L-773U);

and clams, 1500 ± 50 (sTD = 0.95 oxalic), 1000 ± 50
(sTD = 0.89 oxalic)

(L-773V).

Furthermore, recalculating

the carbonate ages to STD = 0.95 oxalic on their table 5
gives better agreement between matched pairs of organiccarbonate dates.

It is thus concluded that the simplest calculated
age will be the most comparable to carbon-ik dates at
other localitiese

Four samples from the GeochronologY core have
been dated (Damon, Long, Sigalove,
summarized in table II.

1963).

They are

A finite date on the organic
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material (A-221) was not obtainable owing to the extremely
low organic content of the sediments.

A-351 is considered

to be of no time significance other than representing a
minimum age because it is above the present water table
and almost certainly contains more recent carbonate contaniination.

A-352 and A-353 may represent the age of the

sediments, but because of ground water movement in the
area and the extremely small size of the carbonate
crystals, mixing is possible, and one must regard the
dates with reservations.

Most of the carbonate in the

reduced sediments was probably derived from bacterial
oxidation of the original sedimentary organic material,

and the dates on A-352 and A-353 are probably good minimum
ages, likely reflecting rates of crystal growth more than
the age of the containing sediments (Fiubba, Bien and
Suess,

1965).
Table III gives dates on four samples of shell

material collected by Schreiber, Long
and Mielke

(1965) and Long

(1966) also report and comment on these data.

Table IV lists dates on a limestone deposit, the

Wilicox White Marl, located on the east side of the barren
flat and exposed in lime pits (see figure 1k).

The dis-

agreement between A.-316A and A-316B is within the estimated
experimental error.

For the carbonate date the probability
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exists of carbonate contamination in a fine-grathed. sedinient.

The organic content in the limestone is low

requiring a high standard deviation in the result, and
the porous carbonate can trap humic acids with relative
ease, thus contaminating the sample.

A-i58 was apparently

contaminated in this fashion, and since it represents a
stratigraphic reversal, should be disregarded.
Table V lists some caliche measurements which,
though reported as ages, are actually minimum ages.

Finally, radiocarbon measurements were made on
carbonates formed in dunes to the north of the barren
flat.

These are presumed to be formed by dissolution

and redeposition of bess, probably derived from the dried
playa surface.

Table VI gives these data, which were

previously reported by Damon, Haynes and Long (196t1.).

The interpretation of analyses from bess is
considerably more complex, since the original carbonate

C-lk/C-12 ratio in freshly deposited bess may be greater
than zero.

The age of the carbonate deposited by solution

in the bess is

+ AA) at the time of solution

deposition, where AL = the C_1Ll activity of the original

carbonate in the bess, and AA = the c-ik activity of the
air at that time.

Because one molecule of air CO2 is

required to dissolve one molecule of calcium carbonate:
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CO2 + CaCO3 = Ca'

+ 2HCO3, the carbon_iLl, content in the

resulting bicarbonate solution is the average of that of
the carbonate in the bess at time of deposition and, that
of the CO2 in the air, rain water, or soil gas.

In

practice, the average will be between AA and 'AA and the
dates calculated, on the basis of 0.195 NBS oxalic acid.

will be between the true oarbon-lk ages and 6000 years
too old.

The Carbon-13 Data
The writer chose a few samples for carbon-13 as
well as carbon-lk analysis for two reasons:

1) to see if

any gross differences in C-13 could be found indicating
extreme fractionation and consequent great errors in a
significant number of the carbon-iLl' dates calculated,

and 2) to see if any climatic correlation might be indicated by the C-13 data.
Table VII shows the data with the C-1Ll dates.

(Complete sample descriptions are in appendix I.)

The

C_1LI. dates are not corrected for C-13 fractionation, for

the reasons explained on pages 27 to 31.

STUDIES AT THE LORDSBURG AND SAN AUGUSTIN
PLAYA LAKE LOCALITIES
When evaluation of past climates is the goal, as
it is ultimately in this study, it is necessary to make
certain that the lake level differences observed are
responding to climatic influences only.

Other factors

which could affect lake level independently of climatic
factors are 1)

geomorphologic, as down-cutting of' an

effluent stream, which affected Lake Mohave levels
(Warren and DeCosta, 19611), and 2)

tilting of a part of a basin.

tectonic, such as

Either could have occurred

in the geologically active basin and range province during
the late Pleistocene.

Moreover, one must distinguish general climatic
influences from isolated regional climates.

A change in

one does not necessarily prove the other changed.

Regional

climates may be attenuated or amplified with respect to
the general climatic trend, depending on nearby mountain
ranges or bodies of water.

If similar studies in nearby basins indicate
simultaneous fluctuations in water level, the probability
of climate being the prime controlling factor in lake
levels is increased.
32
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None of the nearby basins was studied as rigorously
as wag the Wilicox basin.

The writer visited only a few

exposures at each locality, collected and analyzed samples
of carbonate for C_1L4, and compared the results with those

obtained at Wilicox.

The goal was to find the general

climatic trends at each locality, and obtain dates if
possible.
Lord.sbur

Area

Brief Description of Setting--Comparison and Contrast
to Willcox

The Animas valley is 50 miles east of the Sulphur
Spring valley.

South Alkali Flat is in the lowest part

of the valley 12 miles west of Lordsburg; its elevation
is +13O feet.

The Alkali Flat is, as in the case of the

Willcox playa, a result of internal drainage with annual
evaporation potential exceeding rainfall.

It has a

smooth, hard surface devoid of vegetation, and is
surrounded on three sides by a continuous, low symmetrical
embankment or ridge of gravel and sand, probably a beach
ridge.

The Alkali Flat locality was studied by

Schwennesen (1918) who concluded that it is a remnant of
a Pleistocene pluvial lake, Lake Animas.
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Stratigraphy and carbon-1l1. Dates

Two stratigraphic sections from the Alkali Flat
area are illustrated in figure 21.

The top illustration

shows a thin clay-silt member sandwiched between crossbedded sand. and gravel.

This section is east of the

South Alkali Flat, locally referred to as Lordsburg playa,
about a mile from its edge.

The bottom illustration in

figure 21 shows a buried stream bed, itself exposed by a
stream cut, further from the alkali flat than the feature
in the top illustration, and. on the west side of the playa.

Caliche and caicrete were the only sample types
dated at this locality.

Caicrete, which is deposited in

the bottom of an intermittentstream, is theoretically one
of the more reliable of caliche types for dating.

In

the case of calorete, CaCO3 deposits in discrete layers,

relatively quickly, then the stream moves on to a different
location, or cuts through it, or fills alluvium over the
calorete.

Calcrete is also quite useful because of its

association with alluviation and erosion sequences.

One

expects reasonable ages from calorete since D. L. Thurber
(personal communication) has obtained ages of about a
thousand years on freshly formed caicretes in North Africa.
The caicrete must have been forming for several hundred
years and incorporating modern carbonate.
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Normal caliche formed in a soil zone is not as

useful for carbon-14 dating; nevertheless, if petrographic
analysis can establish that no detrital limestone is in
the caliche zone, and the caliehe is of a single generation,
the carbon-114 analysis will give a minimum age.

Furthermore, in the case of caliche forming at
the present time, if one can make the assumption that since
it began forming the caliche was acoreting at a constant
rate until present, then the time of initiation of
accretion may be obtained from the following implicit
equation, which is derived in Appendix III:

A =

1 -

etJ

(1)

Where t = time since sample began formation, years B.P.
= decay constant for carbon_1Ll in years -1.

A = activity of sample relative to 0.95 NBS standard.
Figure 21 shows the results of the C_1Ll analyses;
their significance is discussed on page 5Li.

Playas Lake
Playas Lake, 30 miles south of Lordsburg, is
actually a playa which is wet a greater percentage of the
time than either Wilicox or Lordsburg playas.

At L$35O

feet elevation, it is a long narrow feature eight square
miles in area extending axially along the Playa's valley.
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According to Schwennesen (1918), flattened, waterworn

pebbles, resembling the typical shore shingle of modern
beaches, may be found at various places along the perimeter
of the playa where the plain abruptly ends and the alluvial
fan topography begins.

"From the elevations of the old shore line above
the floor of the present flat, it appears that the depth
of water in the deepest part of ancient Lake Playas was

35 to kO feet."

(Schwennesen, p. 108)

The only type of carbonate material the writer
found was a sandy crust on the edge of the dry lake at
the elevation of the barren flat.

The writer believes

the carbonate crust was formed over a period of time and
is still forming today.

0.672

The carbon-114- analysis gave

of the modern standard, which when applied to

equation (1) results in a model age of 7300 B.P.
San

Plains

St4y

Brief description of Setting
The San Augustin Plains is a high intermontane
basin on the continental divide in West central New
Mexico.

It is situated in Catron county at

lat., 108° W long.

33° 50'

N

The floor of the basin is at 6800

feet elevation and is surrounded by basaltic ranges
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over 9000 feet in elevation.

Today, no drainage outlet

exists lower than 7100 feet.

Previous Work on Pleistocene Chronology
Stearns (1956) suggests the basin is a graben
formed during Early Pleistocene.

The present playa has

an area of only 35 square miles, but at its maximum
extent Lake San Augustin had an area of 255 square miles.

Powers (1939) mapped the lake terraces which Antevs
(1955) assigned to various stages of the Pleistocene.
Table VIII summarizes .Antevst tentative chronology.

Clisby and Sears (1956) carefully studied the pollen from
a core through lacustrine sediments taken at the center of
the plains.

They concluded that lower temperatures than

at present existed in the Plains during deposition of
the sediments from the 10 foot to the 5 foot depth, owing
to the high spruce pollen occurrence.
give carbon-1

Clisby and Sears

dates of 19,000 ± 1600 B.P. at the 19 foot

depth and 27,000 ± 5000 B.P. at the 28 foot depth.

The

11 to 13 foot depth produces a significant gap in the
spruce pollen curve, possibly indicating a warm interval.
Tufa Samples

Lake deposited tuft was the only material dated
at the San Augustin locality.

For a discussion of the
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reliability of tufa dates, see pages 16 and 17.

The writer

considered it especially desireable to check the Wilicox
chronology with the San Augustin chronology employing a
different sample material.

Tufa, when present, is quite obvious and abundant
on the upper surfaces of cobbles.
a function of elevation.

Also its abundance is

In contradistinction, caliche

is more generally present, but not abundant, and is not
necessarily correlated with terraces.

It forms not on

exposed surfaces, but underneath cobbles and in crevaces
which remain moist after a shower.

A hand speciman of San Augustin tufa is shown in

figure ha.

Figures lOa and lOb show a thin section of

the same specimen.

The Carbon-1

Analysis

A sample of caliche, collected from above all
lake terraces, had a carbon-V4 activity of less than 1.6%
modern standard.

The C_1Li age of' a tufa sample would

thus not substantially be affected by the presence of a
small amount of caliche.

Tufa samples were collected from a series of
terraces on the southwest edge of the San Augustin Plains.
The dates are shown in table IX with no corrections applied,

as explained on pages 27 to 31.

DISCUSSION AND INTERPRETATION OF RESULTS
Interpretation of Lithology Studied at Wilicox
Significance of the Mineralogy of the Geochronology

Laboratories Willcox Core
Pipkin (196Ll) suggested a climatic interpretation

for the occurrence of the large euhedral calcite crystals
below the 80 foot level, implying that warmer conditions
tended to saturate the solution in CaCO3 and precipitate
the calcite.

Actually the situation is more complex.

No

doubt warmer conditions are conducive to more rapid
precipitation of CaCO3, but the effect of temperature on
the original size of crystals is questionable.

The

sediment microenvironment is already saturated in CaCO3
with respect to calcite shortly after deposition as
evidenced by the presence of the ostracode valves in the
core.

The fine crystallites indicate that calcium or

CO2 or both were added to the system after deposition,
In such a small crystallite the surface free energy

becomes important in determining the crystal energy and
the smaller the crystal the greater the surface-area-tovolume ratio and the greater the molar free energy of the
39
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crystalline CaCO3.

Since the system will tend toward lower

free energy, larger crystals will form given sufficient
time.

Thus the sediments lower in the core quite naturally

contain the larger crystals independent of any climatic
changes at the surface.

Quantitative data illustrating the phenomenon of
continuous crystal formation in lacustrine sediments are
found in Hubbs, Bien and Suess

(1965)

page 102.

They

dated separate size fractions of dolomite, aragonite and
calcite from four levels in a core from Deep Spring Lake,
California.

The carbon_1LI. ages obtained were used to

determine the rate of crystal growth (Peterson, Bien
and Berner, 1963).

Larger crystals were consistently

older, and a growth rate of hundreds of angstroms per
thousand years was calculated.

Significance of the Eh-pH Analyses
As an aid in the interpretation of these data,
the writer has used the so-called fence diagram.

one shown in figure 4 was modified by Damon

The

(1962) after

Krumbein and Garrels (1952) and Bass-Beoking, Kaplan and
Moore

(1960).

By plotting Eh on the ordinate and pH on

the abscissa, the above authors demonstrated the usefuilness
of such a presentation in defining and comparing low temperature aqueous environments.
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The term

geochemical facies' has been applied by

Teodorovich (1947) to situations of different Eh-pH
conditions in sedimentary environments.

Bass-Becking

showed that certain regions on such a diagram were
characteristic of particular edaphic conditions or aqueous
situations; and further showed that different types of
micro-organisms produce or at least are found within
characteristic Eh-pH conditions.

In figure 4, the

shield-shaped line encloses all natural aqueous environments.

If organic matter is present in a finely disseminated

state, the Eh will be zero or below, the converse is not
necessarily true, however.

For suiphides to remain stable,

the conditions must lie below the sulphate -sulphide
fence, otherwise sulphur will be present as a sulphate.

Limestone can only be present in an environment to the
right of pH = 8.

Thus one can see that given a particular

environment and specific constituents falling Into this
environment, one can predict, within limits, the resulting
sedimentary composition, the main limitation being one
common to all low temperature reactions, that of attainment or degree of attainment of equilibrium.
The crucial question is:

environment in the first place?

What creates the
It appears to be an

interplay of the following factors:

1)

amount of organic

material deposited, 2) kinds and amounts of' inorganic ions

present, mainly calcium sulphate and carbonates and 3)
the types of' micro-organisms active in the depositional
area.

There is mutual interdependence or feedback between

3) and the other two factors.

Above all, it is an open

and active system as long as water passes through it and
nutrients are available for the micro-organisms.

For

example, a given depositional zone may be rich in organic
material at the time of deposition, but during diagenesis

Or

bacteria may entirely consume the organic material.

after diagenesis fresh ground water movement may aerate
the rock thus oxidizing the organic inat:erial.

Therefore

the measurement of Eh-pH in a core does give certain
information, but care must be exercised in its interpretation.

How the Eh-pH data fit on the shield diagram are
shown in figure k:

the shaded rectangles cover 99% of the

plotted points.
The distribution is clearly bimodal, illustrating

a pH shift at the 106 foot level from a mean of about 9.1

above to about

9.k5

below.

The positive Eh values were

all in the upper 10 feet of the core,

demonstrating the

oxidative effect of the aerated zone above the water
table.

No negative values were obtained above the 10 foot

level, all values below this level were negative.

The

negative values numerically correlated with the intensity
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of the black coloration of the surface where the Eh was
measured; the blacker, the more negative.

For example, in

a typical core sample, the color is mostly black, with a
sharply defined green streak slicing diagonally through
the sample.

The black area might have an Eh of -300 my.,

and, the green, -160 my.

might be 9.1.

The pH of the entire core sample

Another sample might have a slightly lighter

black color throughout, Eh of -260 my.

Most probably the

green streaks are loci. of microfaults in the slowly

compacting sediments, along which groundwater of more
oxidizing Eh could flow more easily.

In the sediments

sampled by the 140 foot core, the dark coloration is

owing entirely to finely disseminated hydrous iron
suiphides (Pipkin, 1964).

Organic contents are uniformly

low, less than 2% by weight (Schreiber, personal
communication).

Returning to figure 4, one observes that the
bimodal distribution of the negative Eh values straddles
the suiphate-suiphide fence, further confirming that it
is the iron suiphide which determines the color and the
Eh in the core samples.

Clearly, suiphide and sulphate

ions both exist in most sanples.

Some of the positive

Eh values (upper 10 feet) fall above the
fence.

Mn2

-

Mn4

This indicates that the manganese paleoclimatic

indicator of Martin, Sables and. Shutler (1961) would
probably indicate an arid, climate.

In this case, however,

if this sediment were to become buried, the more reducing
influence of the sediments below would probably render the
manganese again soluble.
The significance of the pH shift at the 105 foot
level is not clear.

The shift is real, not instrumental,

since the pH meter was standardized each day and. samples

from both above and below the 105 foot level were measured
on different days.

Perhaps the difference reflects a

greater flushing rate or flow rate of ground water
through the sediments above the 100 foot depth owing to
the large number of pumping wells in the Wilicox area.

It is also possible that the higher pH in the deeper
sediments is owing to the greater solubility of calcite
in the deeper sediments under the influence of a higher
PCO2I

The presence of euhedral calcite indicates that

the deep interstitial waters are saturated in [Ca++] [CO3=J.

The explanation for the existing Eh and possibly
the pH values in these sediments lies in their post
d.epositional history.

Bass-Eecicing, Kaplan and Moore (1960)

have observed that sulphate reducing bacteria live in an
environment roughly confined by the limits pH 5 to pH 10
and Eh + 100 to -kOO, all within the shield of natural

environments (figure Li).

These anaerobic bacteria reduce

sulphate ion to suiphide ion and consume organic material,
giving off CO2.

Baas-Becking studied all the geologically

significant groups of bacteria.

The sulphate reducing

class is the only group of bacteria he studied whose
environment falls within the very low Eh, high pH range
found in the extremely dark sediments in the Willeox core.

Green bacteria also exist in the -200 my. Eh range of
pH = 9, but are ruled out because they are photosynthetic
and require rather high light intensity.

It is thus

assumed that the sulphate reducers were the only signifi-

cant group in the sediments, and that they were the cause
of the very low Eh values in the sediments.
The original bottom muds of Lake Coohise, therefore,

must have had sufficient organic material and sulphate ion
to support the sulphate reducing bacteria.
preceded, the Eh lowered.

As reduction

The pH, which is primarily

controlled by the ionic chemistry of the water and bottom
ooze, in the absence of base exchange clays, would be
lowered by the addition of H28 and CO2 to the system.
However, 'there is essentially an exchange of 21i+
for

Ca2

on the base exchange material, during which

process CO2 that initially would have been in the analytical
free category now appears in the bicarbonate category."

(Hutchinson, 1957,

vol. I, p. 67k.)

Thus do the alkali

and alkaline earth ions concentrate in a basin with
internal drainage, and the pH consequently increases.

The

H2S would form mostly ferrous suiphide, which is soluble
in acidic solution, but not in a basic solution.

The

presence of the finely disseminated iron suiphide in the
sediments is a good indication that the sediments were
alkaline during diagenésis, and iron suiphide wag not
The bacterial reduction process ceased when the

mobile.

organic material or sulphate feeding the bacteria became
depleted.

In this case, because of' the uniformly low

organic content, organic nutrient material appears to
have been the limiting factor in the continued growth
of the bacteria.

The previous availability of organic

material in the ancient lake, and the presence of' ostracode

tests in the core are both indications of life in
Pleistocene Lake Cochise.
Sulphate ion is present in all water, but
certainly more concentrated in internal drainage basins
in arid areas.

Iron is available from weathering of the

volcanic rocks surrounding the Willoox basin.

The high

pH and the probably high original sulphate ion concentration indicate that Lake Cochise was in a somewhat arid
climate at the time the sediments were deposited.
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Correlation and. Environments of Deposition of the

Formations Described and used in this Study
The stratigraphic units of the Late Quaternary in
the Wilicox basin, their relative ages and abbreviations
used herein are as follows:
Unit

Abbreviation

Upper sands and gravels (not a distinct unit)

Relative Age
Youngest

Upper green clay

UGC

Intermediate gravel

IG

WilIcox white marl

WWM

Equiv lent
in part to
the LGC

Lower green clay

LGC

Oldest
exposed
unit

These units, their correlations and absolute ages are
discussed individually below.
The Lower Green Clay.

The LGC is the lowest unit
This

exposed in the gravel pits to the north of the playa.
unit no doubt is continuous with the playa green clays,
and extends northward beyond the 1423O foot elevation.

present spill over elevation is L3OO feet southward.

The

Thus

the body of water which deposited the LGC was over 30

miles long, if no significant tilting has occurred since
then.

Texturally, the LGC becomes more gritty northward.,

Ll.8

but it still has the characteristic green color, a high
percentage of clay and, no cross-bedding.

The statement that

the LGC is entirely lake deposited seems safe.
The Willoox White Marl.

The WWM is a lake

deposited unit indicating a warm, quiet depositional
environment.

The marl is tentatively correlated with the

upper part of the LGC.

Marl was formed only on the east

side because of quieter more detritus-free waters there.

Steeper slopes lead to the playa on the west side and a
stream entered on the north side.

According to Deevey (1953, quoted in Kauffman and
MoCulloch,

1965),

the formation of marl in fresh water is

largely a biochemical process; conditions for marl deposition
being optimum in the summer in warm shallow water.

As the

LG.0 underlies the WWM here, the marl probably represents

a receding phase of the lake.

The underground extent of

the marl and LGC must be known, however, before definite
conclusions can be drawn about this.

The WWM is shown in

figure 16a, b,; and in hand specimens in figure lib.
The Intermediate Gravel.

The IG, immediately

above the LGC represents a period of low lake level,
possibly dry, and fluvial conditions north of' the playa.
Stream cutting occurred on the east side of' the playa as

can be seen from figure 16b.

The formation is sandy in
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an exposure (figure 17b) Just 1000 feet from the barren
flat, and becomes coarser and cross-bedded northward.

The mammoth bone, mentioned on page 14, since it
was partly articulated, was not transported far from the

animals carcass.

Redeposition from an older formation

is not considered a strong possibility; the bone is thus
most likely contemporaneous with the IG alluvium.

In one exposure north of the playa 1 to 2 foot
diameter sedimentary inclusions of LGC can be seen in
the 1G.

These must have been brought in from further

north by severe storms.

This observation also proves

that the lake which deposited the LGC was a much larger
lake than previous studies have indicated.
The Upper Green Clay.

The UGC, petrographically

similar to the upper part of the LGC, is high in clay and
carbonate, non cross-bedded, and a continuous mappable
unit over a wide area north and west of the playa.

The

best explanation is that it was deposited by a final
expanded lake stage in the t4illcox basin.

This formation

is shown in figures 17b, 18a, b and c.
Wilicox Carbonate Nodules.

As concluded on page 16,

the carbonate nodules found on the east side of the playa
(see figures 6a, 6b, 7a, and 7b) are erosional relics of
an upper marl formation.

It will be shown on page 51.
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that this marl was contemporaneous with the UGC.

This

being the case, it represents lacustrine conditions
similar to those which deposited the WWM.
Upper Sands and Gravels.

In most exposures the

UGC is veneered. with a coarser grained sediment which appears

to be alluvial, or possibly in part aeolian or aeolian
reworked by water.
Type A calcium carbonate nodules (see page 22)
were found in these overlying gravels.

Figure 8, modified

after Jenny (19144, p. 122) illustrates the dependency of

depth of lime (caliche) accumulation on annual precipitation,
and brackets the observed limits.

The annual rainfall

8000 to 10,000 years ago, therefore, was less than 20
inches, if Jenny is correct.

Recent windblown deposits and dunes lie north of
the playa and are evident from figure 2.
The dunes are also at least in part post UGC, but

stages of dune formation were not distinguished in this
study.

It is clear that dunes were most active at times

when the playa was dry, and the prevailing winds were
southerly during active dune stages.

That a certain amount of deflation has occurred
from the surface of the barren flat is evident from crosssection B - B', figure 15.

The mechanism of deflation
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is most apparent on any normally windy day, and the prime
source of the dune sand, can confidently be attributed

to the playa sediments.

Radiocarbon Datin

at Wilicox

and Time-stratigraphic Correlations
Figure 19 shows a somewhat idealized sedimentary
section, and summarizes the carbon_1LI. dates obtained in

this study of the Willcox basin.

Not shown is the

pertinent gastropod. date from the edge of the barren

flat, collected by J. F. Schreiber, Jr., of 10,110
(SI-109).

kOO

According to Schreiber the level dated

represents the last pond or swamp which existed in a small
peripheral basin.
Unfortunately, the bones tested contained in-.
sufficient organic carbon for carbon_1L$ analysis, but

mammoths probably became extinct in this area by 11,000
years before present (B.P.), according to Haynes (196k).
The age of the gravel between the green,

abably lake

derived clay members is most likely 11,000 years old or
older.

The caliche 'ages", as they are minimum ages for
the overlying alluvium, further bracket the age of the
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UGC.

The minimum age of the IG is 11,000 B.P., and the

minimum age for the overlying alluvium is 811i0 B.?.

On the east side of the playa, still referring
to figure 19, the carbonate nodules fall spatially and
chronologically into two groups.

The younger group is

apparently derived essentially entirely from the younger
marl precursor which is no longer existant.

The correla-

tion of this marl with the UGC seems quite plausible,

and the age bracket of the unit narrows to 10,0011,500 B.?.

The older group of nodules is either a mixture

of erosional relics from both mans, or is derived
entirely from the WWM.

The age of the IG is 11,000 B.?. or older.
Alluvial sediments of this type can build up quite rapidly,
and thickness is not related to duration.

The WWM was

being eroded while IG was being deposited; the 12,k70
year old calerete in the bottom of the c1nnel bears this
out.

The age bracket on this time of low water or

possibly playa lake conditions is about 13,000 B.?. to
11,000 B.?.

The dates on the WWM range from 12,860 to 27,600
B.P.

Since the marl is fine grained carbonate, the

younger limit may be skewed a few hundred years toward
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the present by exchange with more recent carbonate.

The

older limit is merely the bottom of the marl at a location
two miles from the barren flat.

The lake was present

before then, but its history is not known previous to this
date.

The marl here probably represents a receding lake,

as noted on page Li8.

Summary of Lake Cochise Chronolo
and Regional Equivalents

The lake was above k230 feet from at least 30,000
B.P. until about 13,000 B.P.

The lake then receded to

about its present state until the last pluvial stage,
which lasted from about 11,500 to 10,000 years ago.

During

the last pluvial, the lake was not as high as it had been
during the previous pluvial.

Deflation from the playa

and dune formation have occurred since 10,000 B.P.
It is interesting that the Bonneville 1White

Marl" of Gilbert (1890) is contemporaneous with the
Wj].lcox White Marl (]3roecker and Kaufman, 1965), and

in each case is the only period of extensive marl formation
in the respective locality.

The Willoox Marl is also in

part time-equivalent to the Tahoka Clay (Tahoka Pluvial)
of the Liano Estacad.o (see Wendorf,

1961; Reeves, 1965a,

Correlations with other areas will be discussed
in detail in Part II.

b).
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Interaretation of Data From the Lordsburg Area
Figure 21 shows two sections from the Animas valley,
southwestern New Mexico.

The caliche date (ALl.17) on

material overlain by clay gives a rnthiraum age of 10,000
years.

It is not likely that the caliche was formed after

the clay, because of the relatively low permeability of
the clay.

Thus the clay is quite likely time equivalent

to the Willcox Upper Green Clay, and is further evidence
for lacustrine conditions at that time.

The caliche was

evidently formed during a climatic transition phase,

drywet, from the stratigraphy.
From its c-ik content (A-.k18), the caicrete also

appears to have been formed during a climatic transition,

drywet, at the close of the Altithermal period (see
Antevs, 1955).

Stream cutting in this locality occurred

after the Altithermal.

The model age of 7300 B.P. on the carbonate at
the edge of Playas Lake requires the assumption of constancy
of formation.

Since onets confidence in this assumption

diminishes with increasing model age, the only reasonable

statement is that the playa has been in a similar condition
for several thousand years.
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Interpretation of Dates From the San Augustin
Plains, and their Lake Level Significance
A visual summary of the oarbon-14 dates on tufa
and, their relative elevations is shown in figure 20.

The

last lake stage which left tufa occurred about 10,000
years ago.

The

6795 foot terrace which Antevs had

assigned to the post altithermal lake about 4000 B.P.,
appears actually to be latest Wisconsin.

Assuming no

tectonic movement since 10,000 B.P., the several tufa
dates representing the last phase of pluviation indicate

a rather abrupt lowering of the lake level between 10,000
and 11,000 B.P., namely from about 6940 to 6800 feet.

The tufa dates also indicate high lake levels as recently
as 13,500, which is consistent with the data from Wilicox.

The 19,000 year date agrees with the pollen study by
Clisby and Sears
at that time.

(1956),

who noted pluvial conditions

The lake probably had no outlet in Late

Wisconsin, as no gap lower than 7100 feet exists today.

Overall climatic picture in the
SE Arizona-New Mexico area

The pollen evidence in the Willcox core indicates

more abundant pine forests near Willoox during pluvial
times (Martin, 1963a).

The rainfall was probably greater
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and, climate cooler than at present to support the growth.

The pollen was very likely taken from sediment stratigraphically lower than the ¶,illcox White Marl, which the

writer believes marks the beginning of a warming trend In
the area.

As the latest pluvial phase at Willcox was also
marked. by marl formation, the writer feels this was also

a warm-wet phase.
The Lordsburg and. San Augustin Plains areas did.

not contradict the conclusions, but augmented them.

The

11,500 to 10,500 B.P. wet phase showed. up at both localities.

The conclusion that pluvial climates in the south-

west were wetter than the present climates is merely the
simplest alternative.

Leopold (1951) and Snyder and

Langbein (1962) point out that although the observations
can be explained hydrologically on the basis of only

cooler temperature, hence a lower evaporation rate, or
only increased rainfall, it is most likely a combination
of both lower temperature and increased precipitation
which resulted. in pluviation.

Reeves (1965a) raises the

possibility that at least for the Liano Estaoad.o, pluviation
resulted entirely from increased. precipitation.
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Comparison of Carbon-13 Data With Climate,

and Possible Siifioance
From table VII it is evident that the C-13 data
are in a range one would expect from fresh water carbonates
There is more variation than found in

(Craig, 1953).

marine environments, but still right around 00/00 on the
P. D. B. scale.

Those carbonates formed during periods of

known drier conditions are richer in C-13.

The calorete

(sI-272) was formed in the bottom of a stream bed during
low lake times, at least below Croton Springs, which is
now 1/3 mile from the edge of the playa.

The only other

positive permil value found in this limited study of the
C-13 variations was from a caliohe formed during the
Altithermal.

All values more negative than 10/00 are

from samples formed during pluvials.

Those with values

between 0 and -1 were formed during intermediate climates.

The results may be fortuitous, but it appears this bears
further study.

PART II:

COMPARATIVE SUMMARY

OF LATE QUATERNAHY CLIMATE

CONPARION WITH OTHER PLUVIAL AREAS

IN THE WESTERN U. S.
The Great Basin

Broecker and Orr

(1958), Broecker and Kaufman

(1965) and Kaufman and Broecker (1965) have reinvestigated
the Late Pleistocene chronologies of lakes Lahontan and
Bonneville (Nevada and Utah) with absolute dating techniques.

They based their conclusions on radiocarbon

analysis of fresh water carbonates, including shell,

marl, and tufas, collected at various locations and
elevations along the abandoned strandlines of the lakes.

The more recent papers include uranium and thorium dates
on certain shells.

Referring to lake levels, Broecker

and Orr concluded:

(p.1031)

....a broad maximum between 2,OOO and 1LI,O0O
years B.P. end a rather sharp maximum close to
11,500 years ago. Although some evidence is
available for a third maximum close to 10,000
years ago (separated from the 11,500 year
maximum by a pronounced minimum), more data
The
are needed before it can be established.
lakes have been comparatively low during the
past 9000 years.
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Broecker and Kaufman confirm the previous conclusions with more data, and seem more convinced of the third
sharp rise.

Searles Lake
Flint and Gale (1958) and. Stuiver (1964) have

studied cores in the central part of Searles basin, and
report carbon-14 dates on samples, both organic and
carbonate, from the cores.

These dates have confirmed

stratigraphic correlations between cores and. provide

insight into times of relatively deep lake (deposition
of mud) and times of lake desiccation (deposition of
salt).

They suggested the following lake chronology:

(Flint and Gale, p. 712.)

At least two former lakes of different
ages are indicated by two pairs of strata
revealed. in the cores. Each pair consists
of clay and. silt overlain by evaporites. The
earlier lake lasted from before 46,000 to
nearly 23,000 B.P., by which time it was dry
or nearly so. The later lake formed. about
23,000 B.P. and. ceased to receive inflow
about 10,000 B.P. The indicated fluctuations
are believed. to have been related directly to
fluctuations of the climate.
Roosina (1958) has analyzed pollen from a core, no.

X-10 at Searles Lake.

The results confirm that the muds

were deposited during relatively moist climates, while
the salts were precipitated. during warm, dry periods.

The
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top of the parting mud and the bottom of the upper salt,
which according to Flint and Gale dates about 11,000 B.?.,
mark the last cool,

wet climatic optimum.

Stuiver adds that the termination of the pluvial
occurred quite abruptly at 10,200 years ago.

Also his

studies show that there are only small discrepancies between carbonate and organic carbon-14 ages, which can be
explained by post depositional diffusion of carbonate rather
than by initial C-111 content.

Lake Mohave
In a summary of the present information on Lake

Mohave beaches, Warren and DeCosta (1964) have concluded
that the lake surface was below 930 feet 13,000 years ago,
then rose to 946 where it began cutting a gorge which
lowered the level to 935 feet.

Evaporation then lowered

the lake to below 930 feet by 9640

240 B.P.

The Salton Sea
Lake Le Conte, in the present Salton Sea Area,
California, also reflected the pluvial climatic conditions

of the Pleistocene, showing a distinct recession of pluvial
conditions previous to a 9630 ± 300 (LJ-528) date on shells.
The shells overlie pluvial lake clays which are dated by a
travertine deposit at 13,040 ± 200 (LJ-457).

and Suess

(1963).

See Hubbs, Bien

Travertine often contains originally old

carbonate from groundwater, thus one would expect LJ-457 to
to a maximum date.
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The Liano Estacado

Wendorf

(1961)

in a study of' the Liano Estacado

area of' Texas and. New Mexico utilizing stratigraphic

analysis, pollen analysis, paleontological studies and
carbon dating, summarized climatic events as follows:
Terry pluvial, more than 32,000 B.P.; Rich Lake
Interpluvial, 32,000 to 22,500 B.P.; Tahoka Pluvial, 22,500
to 15,000 B.P.

Monahans Interpluvial, 15,000 to 13,000 B.P.;

and the San Jon Pluvial, 13,000 to 6000 B.P.
out that these are estimated dates.

Wendorf points

The Late Pleistocene

Lakes on the Liano Estacaclo saw their maximum development

and stability during the Tahoka Pluvial; during the Monahans
Interpluvial the water table dropped approximately to its
present position and the lakes underwent deflation.

During

the San Jon Pluvial the climate was both cooler and considerably more moist than today.

Wendorf's evidence for a pluvial

extending past 10,000 B.P. appears to be scanty.
Lake Estancia, New Mexico

and Spring Valley1 Nevada
Hydrologic studies were made by Leopold

(1951) on

Lake Estancia in central New Mexico and by- Snyder and

Langbein (1962) on Spring Valley, in eastern Nevada.

Each

concluded that to sustain a lake at the respective locations,

the most likely climatic condition during the Pleistocene was
a combination of lower temperatures and greater precipitation.

PLUVIAL AND GLACIAL CHRONOLOGIES

ON A WORLD WIDE SCALE
In addition to the study of lake level chronology are three general approaches to the carbon-.1L

of Pleistocene climates.

study

One is a study of actual ice

mass movement, the dating of the tills and moraines left
by retreating ice.

Another is the dating of paleo sea

levels, based on the theory that water at the terrestrial
surface which is not in the ocean is tied up on the land
as ice and lake water.

The third is the dating of pollen

zones in sediments, usually peat bogs in which one can
expect fairly continuous sedimentation; the types of

pollen present in a given zone reflect the types of
plants growing at the time in question, and thus the
climate at that time.

A fourth, and less direct approach has been
employed widely in East Africa, but with debatable
success, and is often used to augment other approaches.
That is the interpretation of geologic and. geomorphologic

features (such as weathering zones, stream cutting and
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filling, etc.) in terms of climates required to produce
them, then correlating these over a wider area, dating
where possible.

Each of these approaches has its limitations,
but fortunately, they are usually a different set of
limitations, the main common assumption being the
validity of the carbon dating method itself.

Thus, one

would be gratified if all methods agree on a general
climatic scheme, though certainly local short term
variations must have occurred.
The writer, therefore, intends to summarize
the climatic fluctuations for the Pleistocene over
the past 30,000 years or so in order to test the
hypothesis of contemporaniety of pluvial and glacial
events.

An exhaustive summary of even so brief a

period is not possible here, nor is it necessary to
prove the point.

The specific cases discussed be-

low were chosen as representative of the general
locality, and where possible the most recent studies
best documented with carbon_iLl, analyses were selected

as examples.

Several samples from the East Coast of the

United States were collected and analyzed by the
writer in an effort to fill an information gap.
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Central North America

Flint

(1963)

and. Dreimanis

(1964)

summarized the

present status of the Pleistocene glacial chronology in
the central United States and Ontario regions.

Flintts

figure 2 and Dreimanis' figure 2 graphically illustrate
the glacial advances and retreats versus time in carbon1Z4.
years.

The Late Wisconsin ice retreat was complex (as,

no doubt, were all advances and retreats but the evidence
for the earlier is obscure or obliterated).
Wisconsin or aiClassical Wisconsin

The Late

ice advance can be

correlated. from Wisconsin to New York.

It began about

25,000 to 28,000 years ago, climaxed at the 20,000 B.P.
and retreated until about 15,000 B.P.

The Port Huron

glacial advance reached its maximum about 13,000 or
14,000 B. P. and retreated before the Two Creeks peat and
forest formed.

The Two Creeks interval has probably been

more carbon-1k dated than any other single glacial event,
but still the problem is not resolved.

Broecker and

Farrand (1963) have reduced the standard deviation of
the many dates from the forest bed in Wisconsin; and report

a date of 11,850 ± 140 3.1'. from six samples from which
cellulose and lignin were separated and analyzed for
carbon-13 and carbon 14.

Broecker and Farrand suggest the
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possibility that Two Creeks is contemporaneous with
glacial Lake Iroquois, which has been dated at 12,660 to
11,510 B.P.

Valders till overlies the Two Creeks peat

in Wisconsin, and accepting the Lake Iroquis sediments

as 12,000 years old, the discrepancy between the age of
Illinois Valders and Southern Ontario Valders becomes
insignificant.

The Valders retreat was rapid and complete
A glacial readvance, a minor one,

10,000 years ago.

called the Cochrane, was recorded in Northern Ontario
which lasted from 10,000 to 8000 B.P.
Wright, Winter and Patten (1963) with the aid.
of carbon_1LI. dates has correlated pollen profiles from

southeastern Minnesota lakes with the glacial stages of
the Late Wisconsin.

Western North America
Crandell, Mullineaux and Waidron (195U) describe
glaciations in the Puget Sound lowland of Washington.
They are:

VASHON GLACIATION (YOUNGEST)

EROSION INTERVAL
SALMON SPRINGS GLACIATION

PUYALLUP NONGLACIAL INTERVAL
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STACK GLACIATION

ALDERTON NONGLACIAL INTERVAL
ORTING GLACIATION
A peat that post-dates the Vashon drift in the
lowland was dated at about 14,000 B.P. (see Crand.ell),
suggesting that the Vashon was contemporaneous with the
"Classical Wisconsin" glacial advance.

The subsequent

glacial advance down the Fraser River Valley in southwestern British Columbia (Armstrong, 1956) dated at
younger than 11,300 ± 300, is in light of more recent
dates, probably the western equivalent of the Valders,
rather than Mankato as suggested by Armstrong.

Dyck and Fyles

(1964) report a date on shells

from a marine clay near Ft. Langley, B. C. (GSC-163,
11,930 ± 190 B.P.) which accumulated during post Vashon

marine submergence and prior to or contemporaneous with
the Suinas ice advance, according to J. E. Armstrong.

The Quadra formation in coastal British Columbia,

interstadial, nonglacial marine, has been extensively
dated (see Dyck and Fyles,

1963).

It appears to extend

from about 25,000 B.P. to greater than 40,000.

Porter

(1964)

studied the Amayaknaurak readvance

in the Brooks Range, Alaska.

that it occurred soon after

Carbon-14 analyses indicate

13,270 ± 160

B.P.

He also
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demonstrated that the Anivik Lake readvance began retreating
by

7240

95 B.P.

A post Hypsithermal (=Altithermal)

advance, the Alapah Mountain glacial advance, was dated
at 2830 t 120.

Eastern North America
Moraines in the Appalachian region of Quebec
have been dated by a new series of carbon_1LI. analyses
reported by Gadd. (1964).

Indications are that the ice

paused in its northward recession from about 11,500 to
about 10,500 carbon-14 years ago, while forming the
Highland Front morainic system.

northeard from Montreal.

This moraine extends

The dates are on marine

shells collected from wave-cut terraces on the moraines.
Glaciofluvial sediments on outer Cape Cod were
studied by Zeigler, et al. (1964).

Although some workers

have considered part of these sediments to be equivalent
to Gardner's Clay (Hyyppa,

1955),

Zeigler concludes that

the whole section of sands, gravels and clays was fluvially
deposited between the Cape Cod Bay ice lobe and the Great
South Channel lobe.

Carbon-14 dates show that these were

deposited between 20,000 and 30,000 years ago.

Borns (1963)

has reported carbon-14 analyses on

marine shells collected from the Bangor esker delta in
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Maine, and. from eskers which had been reworked by wave
action.

These dates were (in years B.P.) 12,800 ± 450,

on the esker delta; 11,800 ± 240 and 11,950 ± 350 on the
reworked eskers.

The ice lobe subsequently retreated,

or perhaps melted down somewhat, opening the St. Lawrence
and. allowing the formation of the Champlain Sea, dated

at about 10,600 years B.?.

Borns has not found evidence

for a Vald.ers ice advance into I,aine.

The North American paleo-olirnate is far from

being completely understood, nor indeed is each study in

agreement with the general picture outlined in the sketches
above.

For example, in a crucial study, Colinveaux (1964)

has analyzed sections front the coastal plain of Artic

Alaska.

Combining pollen analysis with carbon-14 dating,

he concludes that the climate 14,000 years ago was colder
than at present, and since then has progressively warmed
to the present climate.

In addition, he suggests that

the pollen data indicate the Artic has been covered with

ice since the Wisconsin maximim, thus precluding
glaciation by The Ewing and Donn (1961) Theory.

There is,

however, an unanalyzed. gap in his dates and pollen

analyses from the critical period 10,500 to 14,000 B.?.,
during which there may be an erosional unconformity, or
just an unrecognised. climatic break.

not adequate to support his assertion.

Colinveaux' data are
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Glacial Episodes Exclusive of North America
Butzer

(1953)

has recently suimnarized. the carbon-

14 and geochronologioal dates of the European Pleistocene
and Holocene climatic fluctuations.

This information is

outlined in table X.

Other more recent papers documenting with carbon14 dates the glacial chronology of parts of Europe, are in
essential agreement with Butzer's synthesis.

A typical

example is the chronology of Allsfjord, in northern
Norway (Holmes and Anderson, 1964).

The Skardmunken

glacial advance, dated during their study by carbon-14 at

maximum advance between 11,500 and 10,340 EP., followed
shortly after the Breid.vika glacial advance.

The

Skardinunken was quickly followed by retreat, then the

Stordal glacial advance, which was the last major moraineproducing glaciation.
The Pleistocene glacial chronologies of the other
continents are not as well known as those of Europe and
North America,

Few dates have been obtained so far.

Livingstone (1962) reports a carbon date on organic mud
from the lowest sediments of a periglacial lake in the
Huwenzori Range, Uganda.

The date, 14,700

290 (1-556)

is the:

first piece of direct evidence to show that
fifteen thousand years ago, while the W'trm
glacier in Europe and the Wisconsin glacier
in America were going through a halting retreat
from their southern limits, the equatorial
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Downie (196Ll) finds four glaciations on Mt.

Kilimanaro. Tanganyika and shows a tentative correlation
chart, but no carbon_1L. dates.

A bog in the Cherangani

Hills of Western Kenya at three meters depth has pollen
content indicating a relatively cold and treeless climate.

A carbon_1L date on this level gives 12,650 ± 100 and may
represent the Older Dryas (Cole, 1963).
Considerable work has been done on the evidence
for glaciation in the Middle East, but no recent studies
with carbon dates (Butzer, 1958).

Russian Pleistocene chronologies are beginning
to evolve with the completion of carbon-14 dating
facilities in the USSR (Vinogradov, 1962).

Results

heretofore are sketchy, but show definite similarities with
other regions (Butomo, 1965).
South America is presently under study by several
groups.

Segerstrom (196'+) in his outline of the quaternary

geology of Chile, mentions a till overlying lacustrine
deposits near Puerto Montt; wood from the glacio-].acustrine
deposits has a carbon_1Ll age of 15,00 ± L00 B.P.
According to Segerstrom, evidence for at least 2 glacial
advances is apparent in most localities which have been
studied.
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Flint and. Fidalgo (1964) have carefully studied a

segment of the Argentine Andes.

Although three bodies of

glacial drift, representing three different advances were
identified, material datable by carbon-14 was not found.

The authors believe all glacial advances to be younger
than 70,000 years.

The Sea Level Problem

Eustatic sea level fluctuations should be a good
indication of worldwide glacial formation and melting;
the build-up of glaciers stores water on the continents
and results in a corresponding lowering of the sea level.

Several summaries of world-wide level changes have
appeared in recent years, and the purpose of this dis-

cussion is to point out the salient features of the part

of the sea level chronology which is well documented by
carbon-14 dates, and assess its bearing on the climatic
picture.

Fairbridge (1961) in an important review of

knowledge on the subject through 1959 has concluded that
the observed sea level changes are the result of two
major factors:

1)

climatically controlled glaclo-

eustacy, involving vertical oscillations of a few meters
up to 100 or 125 meters in periods ranging from 550 years
to about 90,000 years.'

2) "A geodetic change, associated

either with the shape of major ocean basins or with the
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shape of the geold. in respect to the spheroid, perhaps

associated with polar shift.'
According to Fairbrid.ge, every recorded glacial

advance of the past 5000 years is matched by a eustatic
lowering.

Repressions of the sea level have been correlated

with glacials for the past 15,000 years.

Superimposed on

these oscillations is a general rise of sea level.
Fairbridge lists several Flandrian, or post glacial
submergences of the stable coastlines during the last 6000
years, and states that during that time there were

trans-

gressions and regressions, but the mean position of the
sea level has been approximately the same as it is today.

The significant post glacial emergences were a 10 to 15
foot emergence about 5000 B.P., 10 feet about

and 5 to 6 feet about 2500 B.P.

3500 B.P.,

Each is well documented

in Fairbridge's paper by carbon dates from Europe, North

America, Western Australia and New Zealand.
More recent data have been added to the evidence
for some of the emergences.

Van Andel and Laborel (196k),

for example, have published evidence for sea level stands
of 8 feet or less between 1200 and 3660 B.P. on the Atlantic
coast of the Brazilian shield.

Other South American dates

on raised beaches have been attributed to tectonic
movements (Richards and Broecker,

1963).

Most recently,
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Ward. and Jessup (1965) have studied the raised shorelines

in southern Australia, and reflect the view that they are

a result of a stable continent and an oscillating sea level.
Lower sea levels in Melbourne, Australia area have been
shown by Gill (1956) to correspond to lower temperatures,
on the basis of pollen analyses.

He also gives evidence

for the climate having been warmer than at present 5000
years ago while the sea was higher than at present.

On the other hand, the view that the sea level
has oscillated. in accordance with minor glaciation and
has stood. above the present level several times in the

past 6000 years, is not shared by all geologists.

MoFarlan

(1961), and others (most recently Coleman and Smith, 196k)
whose experience is largely in the U.

3. Gulf coast region,

support the hypothesis that the sea level has been constant
during most of the Late Pleistocene.

Broecker (1961) has

raised strong objections to MoFarlan's conclusions.
Shepard. and Suess (1956) and. Shepard (1964)

present data froni all over the world favoring their con-

clusion that the sea level has been rising at a decreasing
rate since about 20,000 years ago.

Furthermore, Shepard

(1964) maintains that the sea level did not indeed
fluctuate as described by Fairbridge, and illustrates
his conclusion with many carbon-ik dates from the world's
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"stable" coasts.

He questions Australian dates which are

above his curve on the basis that they may be kitchen
middens.

(Also see Stuiver and Daddarlo, 1963)
The writer believes that Shepard has not done

justice to much good work on the problem, especially in
Australia where some dates are on wood samples from the
marine sediments which are now above sea level.

Also the

Vermetidae limestone above the present living zone near
Recife, Brazil (Van And.eJ. arid Laborel,

1964) could hardly

be called a "kitchen midden".
There seems to be little doubt, when the individual

reports are carefully analyzed, that many coastlines show
unequivocal evidence of sea encroachment during postglacial times.

One is also struck by the lack of evidence from
the North American continent of well documented postglacial sea level positions above the present one.

The

only exception appears to be a locality in the lower
Chesapeake Bay area which Harrison et al. (1965)
evidence for Recent uplift there.

uses as

Shepard notes that

much evidence is lacking in lowland areas such as the
coasts of Texas, Louisiana, South Florida arid the

Netherlands; but Fairbridge defends his thesis by
pointing out that peat compaction of undetermined amounts
has lowered these coastlines since deposition.
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This writer has attempted to fill in the information
gap by studying the East Coast (u.s.) Pleistocene strata
and, attempting to date sea level positions above the

present stand.

It is believed that the mid Atlantic coast

should not have responded to glacial unloading as did the
Massachusetts coast (Kay and Barghoorn, 1964) nor to
subsidence as did. the Mississippi delta.

The Recent uplift

of the Lower Chesapeake Bay proposed by Harrison, et al.

(1965)

is probably isostatioa].ly rebounding coastal plain

sediments after the significant erosion during Late
Wisconsin time, about 18,000 B.P.

Note that their sea

level versus time curve resembles a damped oscillation.
The results of the writer's study are summarized
in table XI.

Wood and shells from the Pamlico formation

were dated and a new minimum age was placed on it.

The

true age is probably the Sangamon interglacial, or about
70,000 years.

Pamlico gave

Also, wood from a formation of questionable
infinjte" dates.

Other shell samples were

modern or nearly so and in the writer's opnion represent
material deposited during hurricanes.
Samples of Myrtle Beach Peat, previously described.

by Frey

(1952)

from Myrtle Beach, South Carolina were also

collected and analyzed for carbon-VJ.

These were selected

for analysis because of their inclusion in Flint's (1957)

7ô

correlation chart of the East Coast Pleistocene.

Frey-

concludes on the basis of pollen analysis, that the Myrtle
Beach Peat was deposited during the Wisconsin glacial
period.

The writer could find no.late Wisconsin or Recent
raised beaches in this mid Atlantic coastal region.

All

candidates were shown to be either too old for carbon
dating or modern storm deposits.
If, indeed, other continents:

Europe, Australia,

South America, do show evidence for relatively higher sea
levels during postglacial times, one must conclude that
apparently North America does not.

It is possible that

each continent may have flexed up or down relative to
and independent of the others; and that even continental
shield areas were not stable during the Pleistocene.
Consequently, only the gross glacial advances and retreats
are faithfully represented by terraces such as for the
18,000 year B.P. glacial maximum.

(see, for example,

Curray and Moore, 196L1., on former coastlines.)

Correlations cannot be made soley on the basis

of elevation, but must be supplemented by faunal evidence
(as by Richards, 1962), and when possible by carbon_iLl.

or TJ-Th dating (Stearns and Thurber, 1965).

77

In light of recent evidence for post Pleistocene
f]exure of coastal areas previously thought to be non-

tectonic, (Harrison et aL, 1965) one tends to look
cautiously at correlations within a meter of strandlines
across hemispheres.

Pluvial Zones Exclusive of North America
Considerable work has been done in the Middle East

and East Africa on the pluvial periods during the
Pleistocene.

This paper is confined to the problem of

time relationships between pluvial periods and glacial

periods, and consequently is not a review of the whole
problem.

Thus, the discussion will emphasize the well

dated cases.

In two recent papers, Flint (1959a, 1959b)
summarized the pluvial chronology of East Africa, the
basis for the various pluvial correlations.

After

personally examining the field evidence for the pluvials,

he feels adequate evidence is lacking to support all but
the Ganiblian and Post-Gamblian wet climates, which were
most recently proposed by Leakey (19L$.8).

Flint also

feels that the acceptable field support for climate

changes comes mainly from the Eastern Rift Valley in
Kenya,

wh1oh in itself does not justify the inference

that such climate phases simultaneously affected the

whole of East Africa or even wider regions of the oontinent.t

Flint also strongly objects to the use of climates as the
primary basis of the stratigraphio scheme, rather than the
more conventional fauna]. zones and rock units with dis-

tinctive physical characteristics.

Climate should properly

be in a secondary position.
Although there are unfortunately few oarbon-lk
dates relating to the climates of East Africa, Cole

(1963,

table 1) has listed the pluvial stages and their presumed
European correlatives.

Probably the best dated site in

East Africa is the Kalambo Falls site in northern Rhodesia
(Clark and Bakker,

196k).

on two radiocarbon dates:

and

57,300 ± 300

That sequence is based entirely

k3,000 ± 3300

(in Acheulian zone).

(upper sangoman)

Phe later is very

likely to be in error, not only because Acheultan
artifacts are generally thought to be older, but carbon
samples that old are very sensitive to contamination.

Cole (1963)

places the three phases of the Gamblian in

the middle and late Wrm (Pre B'ólling); the Makalian and
Nakuran are thought to be postglacial.

More dates are

coming out of Africa, and the pluvial chronology will no
doubt soon be revamped based on rook-fauflal units.
Carbon-ik analysis of material from Haua Fteah

Cyrenaica in eastern Libya are given by Cole.

A dry period

ended about 30.000 B.?. followed by a cold, wet period.
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Rallying to some of

suggestions, Faure

and. Nydal (1963) have reported carbon-lk dates on samples

from lacustrine sediments of immense lake Chad, which
covered a large part of Niger presumably during Pleistocene
and Recent times.

The sediment samples are between

ancient dunes of sand. and more recent eolian sands.

dates fall between 9240 and 6900 B.?.

Six

The dates indicate

humid periods in the Sahara do not necessarily correspond
to European ice ages, but may correspond to the Holocene
Boreal climate phase in Europe.
According to Flint (personal communication), the

pluvial chronology for the South American Salars is
virtually unknown.

There has been very little study and

no dating.

Damon and Long (1962) report carbon-1

analyses

on peat cored. from a bog in Costa Rica (10°N latitude)

which had been analyzed for pollen by P. Se Martin.

A

sample dating 20,750 B.P. showed. cooler flora in the

pollen spectrum, and one which dated 8080 B.P. reflected
a warm post-glacial climate.
A few scattered. dates of varying relevancy to

the climatic chronology during the Pleistocene in the
southern hemisphere are listed below, most are from New
Zealand (Grant-Taylor and Rafter, 1963).
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Lake Hawea, N. Z.:

a 15,000 B.P, date on peat

dates the early part of the retreat of New Zealand glaciers
at the end, of the last glaciation.

In the Dunedin area of South Island, a L1,000 B.P.

date was obtained on bess; a 31,000 B.P. date on an
interstadia]. zone represented by 'weak

and dates

of 11,900 and 11,500 soliflulal debris of the Otira (last)
glaciation.

From the Piako swamp, on the Hauraka Plains

of New Zealand, a date of 11,900 B.P. was obtained which
post dates the climatic amelioration representing the
last large climatic fluctuation in this area.

Finally, from Wainviomate, Wellington, New
Zealand, a date of 11,500 B.P. was obtained for the
early period. of peat formation and. shortly after the

close of the last local episode of solifluotion.

Butzer's (1958) study of the 'Quaternary
Stratigraphy and Climate in the Near East

is important

in attempting to gather the geology and archaeology into
a summary of the general climatic picture of the area.

His dating is mostly of the geologic-archaeologic type
utilizing carbon_1L$ dates that were available.

Many of

his correlations are inferred rather than actually dated,

and the chronology subject somewhat to the objections
raised by Flint (1959a, b) for East Africa.

Butzer

Si

suggests correlations to the Alpine glaciation and to the
European pollen chronologies.

In brief, his chronology for

the Near East is as follows:
Holocene (10,500 B.P. to present) -climate more
or less similar to today.

Vertical incision,

denudation, lowering of water table.
Subpluvial (=Upper Dry-as, 11,500 to 10,500 B.P.)

temporary moist interval.

Post pluvial (=Allerod, 18,000 to 11,500 B.?.)
more arid, than today and very effective wind.

Wrm Pluvial II (Main W'rm, 15,000 to 18,000 B.P.)
a limited pluvial, also characterized by
lower temperatures.

South of 22°N latitude

there is no geological

trace of

pluviation

during this phase.

Wrm Interpluvial (=Gottweig interstadial)

Wrm

Pluvia]. I (=Early Wisconsin) -Full pluvial

conditions in the Near East.
Wirni Interpluvial (=issfvJ'trm Interglacial)

pronounced

aeolian denudation.

SUMMARY, CONCLUSIONS AND PROPOSED FURTHER WORIC
Evidence has been shown supporting climatic
variations in southern Arizona and New Mexico during the
Late Wisconsin.

This evidence is largly in the form of

fluctuations in the level of Lake Coohise, a predecessor
to the Wi].lcox Playa.

The sequence inferred from carbon dating is as
follows:

Previous to 30,000 until 11f,000 or 13,000 B.P. -

pluvial conditions; 13,000 to 11,500 B.P. - non-pluvial
conditions, arroyo cutting; 11,500 to 10,500 B.?. - pluvial

conditions ending abruptly; 10,000 to present - dry conditions, deflation and dune formation.
This sequence is consistent with the climatic

pictures obtained in other parts of the western United
States from pluvial lake studies, stratigraphic-

paleobotanical studies and even glacial chronologies
for higher elevations and northern latitudes.
The climatic chronology in the western United

States has been shown to have affinities and probable
correlations over all the Northern Hemisphere.

In the

detailed analysis, certainly there are local variations,
but the main picture is the same:
82

a main pluvial or
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glacial phase ending about 15.000 B.P., and a subsequent
pulse of two about 12,000 to 10,000 B.P.
It has become apparent from the foregoing outline
that detailed work and absolute dating of the climatic
chronologies in inland areas of the southern hemisphere
is much needed.

It is indeed imperative that this

information gap be filled before any definitive tests can

be applied to the several theories of the cause of
Pleistocene glaciation.
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0
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TABLE VIII.

ANTEVS' LAKE SAN AUGUSTIN CHRONOLOGY

Elevation (ft.)

Age (yrs. B.P.)

6795

3300

6330

10,300

6850

1L,OOO

6870

18,000

6887

19,000

6903

19,700

6920

21,500
2+,000

69L.O
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TABLE IX.

flATES FROM THE SAN AUGUSTIN PLAINS

Elevation of Tufa (ft.)

Age (yrs. B.P.)
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A_kOL

6850

10,680 ± 170
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Sample No.

± 150
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10,800 - 10,100

7600 - .5000

Atlantic (warm, humid)

Younger (Upper) Dryas -

5000 - 3000

3000 to present

Approximate Time, B.P.

Sub Atlantic (cooler, humid)
Sub Boreal (warm, drier)

Pollen Zones

EUROPEAN CLIMATIC PHASES, MODIFIED AFTER BUTZER (195w)

Alpine Classification

TABLE X.
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TABLE XI.

CARBON-14 ANALYSES FROM THE U. S. ATLANTIC COAST

SI Lab. No.

184

Location

Result

Cornfield Harbor, Maryland
(33° 02' N Lat., 76° 20S W Long)

Modern

shell from 4 ft. above top of
Pamlioo (Late Pleistocene)
formation, in shell layer.
251

Shells from near top of

35,O00

Pamlico formation
252

Wood from near top of

>41,000

Pamlico formation
249

Myrtle Beach, South Carolina

(33°

40' N Lat., 78°514' W Long)

Modern

Peat, just above high tide level
(

250

= Frey's upper peat?)

Myrtle Beach, peat zone just
below low tide level
(

Frey's lower peat?)

35,00O

95

FIGURE 1.

Watershed of the Wilicox Basin, show1n
location of the playa and the town of Wi]J.cox.
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FIGURE 2.

Aerial Mosaic of the Wilicox ?laya
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FIGURE 3

Mammoth pelvis at the Gardner's Fanch
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FIGURE L.

Eh-pH Diagram or Geochemical Fades Diagram.
showing the environment of the playa sediments

in the shaded areas.
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99

DEPTH
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Eh (mv)
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FIGURE 5.

:

Plot of Eh and pH versus Depth in the Core

FIGURE 6a, 6b:

Prolific occurrence of Nodules at
elevation k175 on East Side of Playa.

i 00

FIGURE ôa.

FIGURE ôb.
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FIGURE 7a..

Examples of Nodules found at Willeox

FIGURE 7b.

Examples of Nodules found at Wilicox
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FIGURE 8

Plot of top of ealiche zone versus rainfall
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FIGURE 9,

Exaaple of Polygonal Cracking in Nodule

FIGURE lOa, b.

Photomicrographa of tufa from
Sazi Augustiri Plains, showing

sack of onions1 structure.
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FIGURE ba.

1diL.
FIGURE 1Ob

FIGURE ha.

FIGURE lib.

Hand Specimen of Tufa from Ban

Augustin Plains.
(Shown in thin section in
Figure lOa, b.)

Hand Specimen of Willoox White Marl
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FIGURE lib.
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FIGURE 12a.

Photomi. orograph

FIGURE 12b.

Photomiorograph of caliche nodule

from Willcox.

from bess.

0
'-4

FIGURE 13.

'--

-I-

-

-

l.r_Ii
Double Adobe Callehe showing erosion to nodular size remnants
'-

FIGURE ILi.

Aerial Moasic of Willoox Playa showing

sample locations and loot of cross
se ott on s

Explanations

C = Croton Springs, west of the

barren flat

G = Gravel pits studied north of

barren flat

N = Willoox White Marl Sites Dated
N = Carbonate Nodule Collection Sites
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FIGURE 14.

AerIal Moaslo of Willoox Playa how1ng sample

locations and loci of cross sections
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FIGURE 16a.

Drainage ditch exposing Willoox White

Marl at elevation 21.205 ft. on east

side of playa.

FIGURE 16b.

Wilcox White Marl exposed in Lime

pit B.
Note stream out just right of center.
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FIGURE 1.6a,

b

FIGURE 16b.

FIGURE 17a.
FIGURE 17b.

Croton Springs with the p].aya in

background..

Closeup of Bluff at Cro ton Springs
near the playa.
Note IG capped by UGC.
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FIGURE 17a.

Gardner's Ranch Section.
UGC at top mammoth bones at center.
FIGURE 18b. Gravel pit north of playa showtng
UGC (white streak.
FIGURE 18c. Gravel pit north of playa showing
FIGURE 18a.

IG capped by UGC.
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FIGURE iSa.

.,,

FIGURE 18b.
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GRAVEL PIT ON EAST SIDE OF LORDSBURG PLAYA

I
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ELEVATION OF SURFACE, 4200'
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FIGURE 21

Two Sect1on from the Animas Valley,
Southwestern New Mexioo.

&PPENDIX I

Complete list of samples dated in connection with
this study.

Unless otherwise noted, all samples were

collected by the writer.

All dates are years before

present.

A-221

> 20,000

Wilicox Playa

Organic material from core in center of playa (32° 09'
N Lat, 109° 51' W Long), at a depth of 5 feet below the
surface in green clays just below the oxidized zone.

Collected 1960 by B. C. Arms.

The very low organic

content of the sample necessitated dilution even for the

liter counter; the age is a minimum one for the age
of the sediments.

A-291

A.E.

Willoox Playa

0.406 ± .004
(7160 years)

Loess caliohe collected from large, stabilized dune
(AL-1-62) elevation 4200 feet.

NE, sect. 14, T14S,

R25E.

A-304

Wilicox Playa

A.R. = 0.634 ± .038
(3660 years)

active
Loess caliche collected from apparently young,
sect. 14, T14S,
dune, elevation 4175 feet (AL-3-62), SW*,
R25E.
116

117

A-305

Wilicox Playa

22,600 ± 2600

Carbonate nodules (AL-2-62) elevation k225, located on
large, old dune k miles east of the town of Wilicox.
NE*, sect.

A-309

11, T143, R25E.
Wilicox Playa

20,500 ± 370

Carbonate nodules (AL-11--62) elevation k180; NW*, sec. 36,

T1kS, R25E.

A-310

Wilicox Playa

17,600

1200

Carbonate nodules (AL-4-62) elevation k175 feet; SW*,
sect.

A-311

iLl.,T15S, R25E.

Wilicox P].aya

7350

130

Carbonate nodules (AL-7-62) elevation, ca. klbO feet,

sample containing a gastropod shell fragment. N*,
sect. 1k, T15S, R25E.

A-312

Wilicox Playa

1S,300 ± 900

Carbonate nodules (AL-8-62), elevation 42I8

feet; NE*

sect. 1k, T153, R25E.

A-313

Wi].loox Playa

11,Ll.70 ± 130

Carbonate nodules (L-9-62) elevation 4190 feet; SE,
sect. 14, T15S, R25E.

118
A_31Ll

Wilicox Playa

11,300 ± 180

Carbonate nodules (AL-10-62) elevation Li8:5 feet, near

intersection of Kansas Settlement Road. NE, sect. 1L,
T153, R25E.

A-315

Wilicox Playa

11,150 ± 180

Carbonate nodules (AL-6-62) elevation k21:0 feet, the

highest point for nodules on this traverse.

SE*,

sect. 13, T15S, R25E.

A-316

Willeox Playa

13,700 ± 150

Limestone outcrop suspected of being Willeox White Marl,

(AL-5-62) elevation A190 feet. (32° 0t N lat., 109°
k5'W long.) Analysis verified correlation.

A-316B

Willoox Playa

Organic fraction from A-316 above.

19,100 + 3500
-

Agreement is within

statistics.

Wilicox Playa

17,900 ± 270

Top of Willoox White Marl, 2 feet below ground surface
in lime pit 8, (AL-15-62) elevation L173 feet. (32° 08'
N lat.., 109° LI51 W long.)

A-319

Willoox Playa

21,600 ± thOO

Carbonate nodules (AL-lk-62), elevation

241 feet, on

the southeast side of the plays, apparently exhumed

119

from below by post-hole-digger, as they are abundant
only in one small area.

A-335

NEI, sect. 13, T16S, R25E.

Willoox Playa

11,100 ± 100

Carbonate nodules (AL-17-62), elevation 4212 feet; NE*,
sect. 12, T15s, R25E.

A-336

Willoox Playa

21,500 ± 370

Carbonate nodules (AL-15-62), elevation 4190 feet; NE,
sect. 12, T15S, R25E.

A-337

Willoox Playa

20,400 ± 370

Carbonate nodules (AL-19-62), elevation 4175 feet, NW*,
sect. 12, T15S, R25E.

A-338

Wilicox Playa

13,600

±

450

Carbonate nodules (AL-20-62), elevation 4175 feet, on

top of the "beach terrace". NW, sect. 12, T1ÔS, E25E.

A-339

Willcox Playa

10,400 ± 100

Carbonate nodules (AL-21-62), elevation 4220 feet,

highest level of nodules on the Dos Cabezas Highway.
SE*, sect. 24, T14S, R25E.

Carbonate from Wilicox GeochronolOgy Laboratory Core:
(320 09'
Three samples, carbonate fraction, from core

N lat., 109° 51' W long.) collected by B. C. Arms.
Levels are depths from top of core.

A-351 contained no

pollen, A-352 and A-353 contained over 95

pine pollen:

120

A-351, 19-27 inches

A-352, 6

feet 3 inches
to

A-353, 7

110

7 feet

23,000

± 500

feet 3 inches
to 8 feet 5 inches 22,000 - 500

There was no discrete carbonate layer or even visible
crystals, but the X-ray diffraction pattern of the
clay showed calcite lines.

Since sample A-351 is above

the water table, this date must include modern contamin-

ation and should be considered minimal; A-352

and A-353

may represent the age of the sediments, but because of
ground water movement in the area and the extremely
small size of the carbonate crystals, mixing is probable.

A-3,55

3190

Playas Lake, New Mexico

Carbonate deposited near 'shore

of a basin which is

intermittantly a lake CAL-23-62),

35

W long.).

160

(31° 55t

N lat., 108°

Material probably recently formed and

still forming today.

If age is calculated on a model

assuming a uniform rate of accumulation until present,

age becomes 7300 B.P. (see appendix III).

A-360

Wilicox Playa

27,600 ± 900

Willoox White Marl, bottom of formation (AL-16-62),
elevation k16.5, 10 feet below ground surface, in pit B.

(32° 08' N lat., 109° +5' W long.)
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A-361

Willoox Playa

12,890 ± 420

Carbonate nodules (AL-22-62) elevation 4175 feet; NW,
sect. 2, T14S, R24E.

A-393

San Augustth Plains

10,500 ± 130

Tufa just beneath wave-cut cliffs (AL_2Ll.-62), elevation

ca. 6800 feet (330

52'

N lat., 108° 16t W long.); NW*,

sect. 16, T5S, R114W.

A-4014.

San Augustin Plains

10,680 ± 170

Tufa on lowest major terrace on the southwest "shor&'.
(AL-36-62), elevation 6850 feet. (330 43' N lat., 108°

18' W long.) SW, sect. 3, T7S, R14W.
A-405

San Augustin Plains

13,500

± 650

Tufa on highest major terrace (AL-30-62), elevation
7000 feet, 1.8 miles southwest of A-404.

(33° 42' N lat.,

108° 19' W long.); NW*, sect. iLk, T78, R14W.

A-406

San Augustin Plains

< 1.4 % modern

Caliche forming on basalt cobbles, collected on the
continental divide, just Northwest of the old lake

bed; elevation 7300 feet
long.)

(330

57' N lat.,

108° 30' W

122

A-k17

Lordsburg Basin

10,000

±

300

Caliche 6 inches below the surface (AL-Ll1_62), elevation

200 feet (32° 18' N lat., 108° 50' W long.) east of
Lordsburg playa and. overlain by gravel of probable recent
age. The datum indicates the minimum age of the pregravel surface.
A-Li.18

Lordsburg Basin

L56O ± 90

Caliche (caicrete) formed in stream bed (AL-k2-62) at
elevation LI200 feet, (32° 17' N lat., 1080 57 W long.)
presently covered by a soil zone which itself has been
cut by stream action. Since caicrete was rapidly
deposited, the date indicates post-Altitheilnal stream
action and. down-cutting on the west side of the playa.
A-L58

Wilicox playa

10,690 ± 650

Sample of Willoox White Marl, organic fraction, (32°

08' N lat., 109° 115' Ta long.) (AL-4-62) from lime pit B,
10 feet below the surface. Anomalously low date
indicates contamination and should be disregarded.
10,110 ± 14.00
Wilicox Playa
Mollusc shell composed of Sphaeriulfl, Gyraulus, Lyinnaea

SI-109

(Fossaria), Suocinea, Vertigo (identified by E. J. Roscose,
Chicago Museum of Natural History). Sample from

123

elevation £1473 to 4174.5 feet ft excavation west of

beach ridge on the west side of Willoox Playa (32° 05' N
lat., 109°

55'

W long.).

Collected, by J. F. Schrelber, Jr.

and G. L. Pine, University of Arizona.

Sediment enclosing

the shells was probably deposited in a pond or swamp.

Willoox Playa
Samples of ostracod.e fragments collected from lacustrine

sediments at the east edge of the playa (32° 10' N lat.,
109° 46' W long.).

Three samples collected from

different auger holes by R. C. Robinson, University of
Arizona:

31-176

(WP_334-G)

4139.5 to
4139.0 feet elevation >30,000

4132.7 to
SI-177A (WP-359-N)
4132.0 feet elevation >30,000
4132.7 to
SI-177B (WP-360-K)
4132.4 feet elevation >30,000

SI-270

6720 ± 80

Wilicox Playa

Caliche (AL-1-65) 25 cm below surface and above the UGC
In gravel pit north of the playa, elevation 4185 feet
(32° 16' N lat., 109° 54' W long.)
sI-271

Wilicox Playa

8140 ± 130

Caliche (AL-3-65) 30 cm below 31-270, and 70 cm

UGC, elevation, 4184 feet.
w long.)

above the

(32° 16' N lat., 109°

54'

Willoox Playa

SI-272

12,470 ± 150

Caicrete (AL-5-65) in bottom of ancient stream bed in
lime pit B, at elevation 4165 feet.
109°

45'

(32° 08' N lat.,

W long.)

Willeox Playa

SI-273

12,860 ± 200

Top of Wilicox White Marl (AL-6-65) exposed in drainage
ditch at elevation 4205 feet.

(32° 09' N lat., 109°

45'

W long.)

Willoox Playa

31-2714.

22,670 ± 200

Willoox White Marl (AL-7-65) 80 cm below 31-273 at
elevation 4203 feet.

(32° 09' N lat., 109° 45' W long.)

Willoox Playa

31-275

5000 ± 100

aliche (AL-10-65) formed above UGC on the west side of
the playa.

31-276

(32° 10' N lat., 109° 56' W long.)

Willoox Playa

15,220 ± 250

Top of Willoox White Mar]. (AL-8-b5) exposed in lime
pit B.

31-277

(32° 08' N lat., 109° 45' W long.)

San Augustin Plains

10,360 ± 150

Tufa (AL-34-62) from terrace just above the road, on
the southwest edge of the barren flat.
108° 18' W long.)

(33°

45'

N lat.,

125

SI-238

San Augustin Plains

19,040 ± 300

Tufa (AL-31-62) from second highest terrace, 0.2 mile
northeast of A-405.
SI-289

(330

45'

N lat., 1080 18'

San Augustin Plains

J long.)

14,380 ± 300

Tufa (AL-32-62) from third highest terrace, 0.1 mile
northeast of 51-288.

(330

45' N lat., 108° 18' W long.)

APPENDIX II
Eh and pH measurements on the 11+0' core from the center

of Wilicox Playa.
Depth measurements were made at five foot intervals.
Depth (tt)

Eh Cmv)

0

+110

+160
+11+0

9.14

+180

9.2

+160
+150

9.14

-290

9.5

-300
-300
-300
-290
-290
-260
-290
-280
-290
-290
-300
-300
-310
-290
-290
-290

+11+0

+180
+170

+200
+190
+180

9,5

8.8

9.1+

9.1
9.2

+130

9.1

+170
+180
+160
+100

9.2
8.8
9.1
9.1

35

-280
-290
-290
-260

+170

9.2
9.1
9.1
9.1
9.1
9.0
9.0
9.1

-310
-290
-280

9.2
9.0
9.0

-290
-320
-300
-170
-310
-220

8.9

-21+0

80

+180
+150
+190
+160

20

25

30

+120
+200

15

-290

9.3

+

10

Eh (my)

9.5
9.6
9.1

+190

5

Depth (ft)

-310
-300
-290
-260

-280
-280

1+0

-280
1+5

9.3
9.1
9.1.
9.1

50

9.2
126

9.2
9.14'

9.3

9.3
9.2
9.2
9.2
9.1

9.2

9.1

9.2
9.2

9.1

9.2
9.2
9.3
9.2
9.1
9.3
9.0

9.0
9.1
9.1
9.1

-280

8.8
8.9

-260

9.0

8.9
8.9
5.5
9.1

9.1

-310
-310

9.0
9.0

-310

9.1

127

Depth (ft)

55
60

65

70

75

Eh (my)
-310
-210
-280
-220
-310
-230
-260
-310
-260
-310
-300
-320
-240
-290
-310
-280
-260
-280
-210
-260
-260
-280
-300
-310
-310
-290
-290
-240
-190
-130
-260
-310
-140
-210
-200
-110
-190
-140
-160
-130
-290
-260
-160
-140
-300
-170
-190
-160

Depth (ft)
9.1

9.0
9.0
8.8
8.7
8.9
8.9
8.9

80

85

9.0
9.0
9.1
9.2
9.0
9.0
9.1
9.2
9.2
9.1
9.1

9.2
9.1
9.1

90

9.2
9.2
9.2
9.2
9.3
9.2
9.2
9.2
9.1
9.1
9.0
9.1
9.2
9.2
9.2
9.2
9.2

9.5
9.2
9.1
9.1
9.1
9.1
9.1
9.1
9.1

95

100

Eh (my)
-210
-210
-290
-190
-110
-160
-160
-290
-310
-310
-180
-240
-260
-290
-300
-290
-290
-300
-290
-180
-310
-140
-210
-210
-260
-290
-230
-290
-260
-210
-260
-160
-210
-280
-260
-210
-140
-260
-160
-260
-280
-260
-160
-280
-240
-210
-260
-260

9.1
9.1
9.1
9.1
9.1
9.1
9.1
9.1
9.1
8.9
9.1
9.1
9.1
9.0
9.3
9.2
8.5
9.4
9.2
9.2
9.2
9.2
9.2
9.2
9.1
9.1
9.2
9.2
9.2
9.2
9.2
9.2
9.2
9.2
9.0
9.1
9.0
9.0
9.1
9.1
9.1
9.1
9.1
9.2
9.2
9.2
9.1
9.2

128

Depth (ft) Eh (jnvj

105

110

115

-310
-240
-260
-290
-160
-260
-280
-260
-310
-290
-290
-120
-240
-280
-160
-290
-260
-210
-270
-210
-260
-160
-210
-260
-210
-260
-290
-300
-160
-280
-160
-290
-300
-260
-2140

120

-280
-214.0

125

-150
-290
-300
-300
-260
-310
-190
-310
-260
-160
-280

pj

9.3
8.9
9.3
9.3
9.2
9.2
9.3
9.3
9.14
9.3
9.3
9.3
9.3
9.2
9.2
9.3
9.5
9.Li.

Depth (ft) Eh (my)

130

135

9.14.

9.14

9.4
9.3
9.3
9.5
9.5
9.14
9.4
9.6
9.6
9.4
9.5
9.14.
9.4
9.5
9.14.
9.5
9.4
9.4
9.11.
9.4
9.4
9.4
9.14.

9.5
9.5
9.5
9.5
9.5

140

-330
-310
-260
-290
-290
-260
-180
-260
-310
-290
-200
-300
-310
-260
-160
-160
-260
-180
-290
-210
-160
-280
-190
-140
-280
-230
-260
-230
-260
-260
-300
-260
-320
-280

BOTTOM OF CORE

9.5
9.5
9.5
9.5
9.5
9.14
9.6
9.5
9.5
9.5
9.5
9.5
9.5
9.4
9.4
9.4
9.l4.

9.5
9.4
9.4
9.4
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.4
9.14.

9.5
9.5
9.5

APPENDEX III
The continuous deposition-until-present Model:
derivation of its formula.

Today

layers of CaCO
ago with Nt C1
in each layer.

T yrs ago-_,

deposited t years

atoms now existing

Assume sample contains an equal amount of CaCO3 deposited
each year from time of first initial deposition until the
present.

Since each layer contains Nt = N0

e_t

l&i

atoms; the

whole sample contains
=

N0et

Ntdt

dt

T

T

assuming the initial concentration of each layer was the
same activity as todays 0.95 oxalic standard,

(integrating) NT

No
=

[1-e

J

The total number of C1k atoms which would have collected
in the sample if none had decayed would be:

Norig =

- N0

129

dt = N0T

130

Thus, the percent modern for the sample would be:
% Mod =

100

Nor1

- = L [1_et]
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