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ABSTRACT

Geological evidence from the West and Midwest reveals sig~
nificant variation in precipitatior rates and thus in groundwater-
recharge rates over the past 10,000 to 20,000 years. Within this
time period, the Great 5alt Lake has been as large as Lake Michi-
gan, trees have grown in current areas of desert, and the prairie
has expanded and contracted in the Midwest. Trends over the past
5000 years show that the West and Midwest have become moister
than they were 5000 to 7000 years ago. These trends suggest
that long-term increases in average annual precipitation by 20%
or more must be allowed for in any hydrological models that esti-
mate possible future groundwater-ievels at proposed sites for
waste disposal.

The geological evidence examined and summarized in this xe-
port includes radiocarbon dates for past lake-levels in the West
and pollen data from lakes and bogs in both the West and Midwest.
A large map showing the location and maximum extent of past lakes
in the West illustrates that many areas in the Great Ragin Filled
with water sometime between 20,000 and 10,000 years agoe. A
sequence of maps showing the lake-levels for selected 1000-year
intervals reveals that lakes on either side of the Sierra Nevada
were most extensive about 22,000 and about 12,000 years ago
whereas the lakes in Utah, Arizona, New Mexico, and Texas seem
to have been highest in the intervening period. Most of the
weetern lakes dried out or were at low levels about 5000 years
ago, but since then the water level has increased in four basins
with fluctuations in level of over 90 m. Pollen evidence from
the West supports the general seQuence of hydrological changes.
cOmbininé the information from the pollen data and the lake-level
data will allow use of computer models for estimating past changes
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in precipitation and groundwater-recharge rates at certain west-
ern sites.

The geological data in the West indicate several potential
hazards for the sites where nuclear wastes might be buried.

These hazards include the inundation of many basin floors, in-
cluding parts of the Nevada Test site; large fluctuations in
groundwater levels and spring activity; variations in the degree
of integration of surface (and possibly subsurface} drainage;
the sudden formation or drainage of lakes situated along active
fault systems; and episodes of catastrophic flooding and erosion
associated with the complete or partial drainage of large, deep
lakes such as Bonneville and Glacial Lake Missoula,

The radiocarbon-dated pollen evidence from the Midwest re-
veals an eastward expansion of the prairie from South Dakota into
eastern Minnesota from 1000 to 7000 years ago and then a gradual
westward retreat into central Minnesota. This vegetational change
indicates first a decrease and then an increase in annual precip-
itation by as much as 20 to 30% in the western Midwest. Current
trends that began over 4000 years ago indicate a continuing in-
crease in moist climatic conditions in the western and northern

Midwest.
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FOREWORD

The goal of the research described in this report is to
document the climatic variability over the past 10,000 to
20,000 vears in areas in which sites may be designated for the
burial of nuclear wastes. Three separate data sets were studied,
and the results are presented in three chapters.

The first data set consisted of radiocarbon dates document-
ing past changes in lake levels in lakes and playas in the west-
ern United States. We mapped the sites where water levels were
higher than the levels today and presented a table telling what
evidence is available at each site. We also mapped the lake-
level fluctuations for the past 24,000 years at sites in the West
and presented time seriés for these fluctuations at four sites.

The second data set was a selection of the published radio-
carbon-dated pollen diagrams from the western United States.
These data are a valuable source of climatic information and
complement the geological evidence of lake~level fluctuations in
th¢ West. A table is presented that gives the location, eleva-
tion, and number of radiocarbon dates for each site.

The third data set was a set of fossil pollen data from 20
sites in the upper Midwest. These data were calibrated in terms
of precipitation changes over the past 10,000 years, and maps
are presented of the estimated precipitation changes between

10,000 and 7000 years ago and between 7000 years ago and today.



ACKNOWLEDGEMENTS

The research presented in this report was funded by
Lawrence Livermore Laboratory and is part of a general long-
term project funded under the title of COHMAP (Cooperative
Mapping of Holocene Climates) by the Program for Clirate Dyna-
mics at the National Science Foundation. Technical assistance
during the course of the research came from L. Breindel, K. Hui,

K. McGown, and R. Mellor.



CHAPTER 1:

CHAPTER 2:

CHAPTER 3:

vi

TABLE OF CONTENTS

Title

Late Quaternary Lake-level Fluctuations in
the Western United States
(F. A, Street)

- Bibliography

2n Annotated List of Selected Pollen Diagrams
from the Western United States
(Thompson Webb III)

References

climatic Change in the Northern Midwest
During the past 10,000 Years
(Thompson Webb IIT and Sally Howe)

References

Page

41

54
71

72

101




Figure

Figure
Figure
Pigure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure

Figure

Figure

Figure

Fiqure
Figuie
Figure
Figure
Figure
Figure
Figure
Figure
Figure

vii
LIST OF FIGURES

CHAPTER 1

Maximum extent of Pleistocene lakes in
the western United States

Time series of water levels in 4 lakes
Histogram of lake status

Lake-level status: 24,000~ 23,000 BP
Lake-level status: 16,000 - 15,000 BP
Lake-level status: 13,000 -12,000 BP
Lake-level status: 9,000~ 8,000 BP
Lake-level status: 6,000~ 5,000 PP
Lake-level status: 4,000~ 3,000 BP
Lake-level status: 1,000- 0 BP

Location of sites with lake-level status
CHAPTER 2

Location of sites with pollen diagrams

Treeline elevation changes in the White Mts.
CHAPTER 3

Pollen diagram from Kirchner Marsh, MN

Maps of spruce pollen, cak pollen, and
temperature today

Maps of precipitation and herb pollen today
Paleoclimatic estimates for Kirchner Marsh, MN
Air-wmasy durations for Kirchner Marsh, MN
Air-mass durations for Disterhaft Farm Bog, WI
Air-mass durations for Lake Mary, WI

Maps of spruce decline and prairie migration
Maps of pine pollen and northern hardwood pollen
Scatter diagram for cak pollen and temperature

Location of 26 sites with pollen

Page

11
22
23
25
26
28
29
3l
a2
i3

67
71

76
71

78
80
8l
82
83
85

88
95



BRI nRmnr S s i T e

Figure
Figure
Figure
Figure

Figure

12
13
14
15

le

viii

Precipitation estimates for 10,000 years ago
Precipitation estimates for 7000 years ago
Observed precipitation today

Percent changes in precipitation 10,000 to
7000 BP

Percent changes in precipitation 7000 BP to

. today

96
97
98
99

100



TABLE 1

TABLE 1

TABLE 1

TABLE 2

TABLE 3

ix

LIST OF TABLES

CHAPTER 1

pata on lakes in the western United States which
have radiocarbon-dated chronologies

CHAPTER 2

Western U.S. Pollen Diagrams: Notes on a
Rep:egentative Group

CHAPTER 3

Calibration Function Used at 24 Midwestern Sites
to Estimate Annual Precipitation (in «m)

Ccalibration Function Used at 2 Sites in Manitoba
to Estimate Annual Precipitation (in cm)

Estimates of Annual Precipitation in C.M. and
Precipitation Differences in % of Todays Value

Page
5-8

55 - 65

90

92



CHAPTER 1

LATE QUATERNARY LAKE~LEVEL FLUCTUATICNS

IN THE WESTERN UNITED STATES

(F. A. Street)

4) INTRODUCTION

The value of fluctuations in lake level as an indicator of
climate has been recognized for more than two centuries (Halley,
1715). Lake depth and area respond to climatic change on time
scales ranging from 1 to 106 years. This response is most pro-
nounced in the case of closed-basin lakes (lakes without outlets),
which often exhibit dramatic fluctuvations in size. Past lake~
level fluctuations can be reconstructed from a wide variety of
evidence, including ancient shorelines and overflow channels,
lacustrine sediments and fogsils, and lake-side archaeological
sites. The large amount of data now available is beginning to
provide a highly coherent picture of environmental conditions
during the time span covered by 14C dating {(approximately the
last 30,000 years).

During the last glaciation, c¢a. 25,000 - 10,000 BPl, the
southwestern United States experienced much wetter conditions
than today. The present arid and semi-arid areas were trans-
formed into a network of interconnected lakes and marshes. The
largest of thege water bodies, Lake Bonneville, covered an area
almost the size of the present Lake Michigan, and attained a
maximum depth of around 335 m. The accompanying rise in ground-
water levels resulted in enhanced spring activity in many low-
lying areas. Towards the close of the Late Pleistocene (ca.
10,000 BP), the colonization of the Great Basin lakeland by
early man is recorded by the widespread distribution of gites
belonging to the Western Pluvial Lakes Tradition (Bedwell, 1973).2

1. BP stands for years before present (1950 AD) in radiocarbon time.
2. Bibliography '+ at end of this chapter (pp. 41-53).
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This ancient way of life, based largely on fishing and wildfowl-
ing, died out during the rapid shrinkage of the lakes after
10,000 BP.

The large changes in water level indicated by the geologi-
cal and archaeological evidence imply major shifts in water ha' -
ance over the lake catchments. Two broad approaches have been
used to investigate the climatic significance of these fluctua-
tions. The first involves the estimation of past precipitation
over individual basins using simple water-budget models
The problems encountered by this approach

(Brakenridge, 1978).
are discussed in section D. The second approach, which will be
followed here, treats the spatial and temporal patterns of lake-
level maxima and minima as an indicator of the distribution and
relative magnitude of past water-balance anomalies, without lay-
ing too much emphasis on individual climatic variables such as
temperature and precipitation (Street and Grove, 1976, 1979).

The aims of the present report are as follows:

i) To update existing maps showing the distribution and
maximum extent of Late Quaternary lakes (including glacial lakes)
in the western United States. The area covered includes Washing-
ton, Idaho, Montana, Oregon, Wyoming, California, Nevada, Utah,
Colorado, Arizona, New Mexico and parts of the Dakotas, Nebraska,

Kansas, and Texas (Fig. 1).

ii) To identify the types of lakes which respond most sensi-

tively to climatic fluctuations.

iii) "o review briefly the dating.problems involved in estab-
lishing lacustrine stratigraphic sequences, and to summarize the
existing 14c control from the study area. The glacial lakes
{other than Glacial Lake Missoula) are not included in this survey.
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iv) 7To identify the spatial and temporal patterns of water-
level fluctuations in the closed-basin lakes of the Southwest
since 30,000 BP, based on an updated version of the data bank
compiled by Street and Grove {1979). This report will no.
attempt to reconstruct the changes in the atmospheric circula-

tion responsible for the observed patterns.

v) To review the problems encountered by previous attempts
to derive palecprecipitation estimates from lake-level curves
(each of which is an index of past variations in net water bal-

ance integrated over an entire basin area).

vi) To identify potential hazards associated with lake-level

fluctuations on a time-scale of 103 tolo5 years.
B) METHODS USED IN THIS SURVEY

1) Mapping the extent of Late Quaternary lakes

Several previous attempts have been made to map the past
extent of Quaternary lakes in the western U.S.A. The most detail-
ed compilations are those by Feth (1964), which covers the entire
area of interest, and by Snyder et al. (1964), which is restricted
to the Great Basin. The map accompanying this report (Fig. 1) is
based largely on these two sources, updated using the references
cited in the key, and eliminating lakes now known to be of Early
or Middle Quaternary age. The names of the paleolakes (Table 1)
follow Hubbs and Miller (1948) and Snyder et al. (1964), and the
estimates of lake area and lake depth are derived from the same
gources, updated from more recent references wherever possible.
Figure 1 and Table 1 also summarize the distributicn of radio-
carbon dates from non-glacial lakes and from Glacial Lake Mis-
soula. Information on the other glacial lakes can be found in

standard texts such as Wright and Frey (1965) and Mahaney (1976).
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FIG. 1. Maximum extent of Late Pleistocene lakes in the western United
States.



Table 1: Dpata on lakes in the western United States which have radiocarbon-dated chrorolezies.,

Maximym
la increase in References
Oldest "¢ Maximum depth (mose uaeful
Lake Name | Lat. Long. Flnite date aced relative to Teferences
no. {modern lake or playa) {on) (O} L4c gstes  (yrs 0.p.) (km?)  present (m) undeclined)

ARTZONA

1 Cochise 12%8°  100%1" 3 330,000 363 12 Schreiber et al., 1972
Damon et 1., 1943

IWillcox playa) Long and nielke. 1966
Damon et al., 1964
Hoynes gt al., 1967
Mielke and Long 1969
Long, 1965
Schultz and Smith, 1965

2 laguna Salads 1o 1617 2 7150 + 170 ca. B ca. 27 Hevly, 1962

" S e cooley and Hevly. 1962
/ pamen et al., 1963

CALIFORNIA

3 Adove 3%s' 168’ T 11,380 & %0 52 2 Batchelder. peis. com.. 1978
{Black Lake) Snyder gt. al., 1964
- Hubbs and Miller, 1948

4 clark 1% n6tie 2 04 150 ca. 26 ca. 14 Hubbs and Miller 1948

(Clark Dry Lake) Aubbs er al.. 1960

37°17° 1e%2’ 471 10,000 + 1000 ca. 44 unknown? Miller, 1928
Snyder et al., 1964
Jones, 1965
Peterson et al.. 1563
Hubbs et al., 1963, 1965
Kubbs and Bien, 1957

§  Deep spring

6 Le Conte 3°20°  126%0° 48 350,000  ca. 4600 H¥:13 Hubbs and Miller, 1948

flubbs ct al., 1960
(Salton Seal Hubba _e:t— at., 1963
o Hubbs and Bien (1967)

Crane and Griffin, 1958
Fergugson and Libby, 1962, 1963
pien z.' pandorfi, 1972
van d= Kamp, 1973
Spiker et al., 1977
clack gt 1972
Stanley, 1966

7 Mamar 35°00°  116%2" 5 30,950+ 1000 407 6 lobbs and Miller, 1948
snyder et al., 1964
{Tiey Lake - Qoyote Lake) Hubbs et al., 1962
Fergusson and Libby, 1962
Nubbs et al., 1965
Berger and Libby, 1967

B HManly 36%0"  116%a’ 4 21,500 » 200 1601 163 Hooke, 1972
snyder ot al.. 1964
(Death valley}

Salt pan
9 Hohave 35°22"  116%s’ 24 15,350 4 240 ca. 200 2 gre and Warren, 1371
' Snyder et al., 1964

{Soda Lake - Silver Loke) Hubks et al., 1965
Stulver, 1969

) o Ee 1.. 1964
3%%8"  uia 10 32,900 1 1700 722 283 snyder et al.,
10 pananine . liubbs et al., 1965
(Panamint dry lake) Berger and Libby, 1966
Swith, 1977



11 Russell 31%;3'  118%s' 2 21900 » 600° 692 28 Lajolc, 1968 {abatr.}, 1969

and pers. comm.. 1978

{Mono Lake) Hubbs et al., 1965
Fergusson and Libby, 1962

Snyder et al., 1964

- 12 Scarles 3% 117%:' 10 46,350 & 15007 1000 00 smith, 1968, 1977, 1979
L . Stuiver, 1964
{China Lake - Searles Lake) Flint and Gale, 1958
Rubin and Berthold, 1961
Ives gt al., 1964
levin et al,, 1965
Tves et al., 1967
Rebinson, 1977
Marsters et al., 1969
Feng et Bl., 1978
Damon et al., 1964
B N 9
ca. 4110 BVL 4 croft, 1968
o Davis gt al,, 1959
Janda and Croft, 1957
Ives et al., 1267 !
Hubbs ard Bien, 1967 :
Buckley et aL., 1968

13 Tulare 36%00  119%0° 8 26,780 » 600

{xern-Buena Vista-Tulare
Lake Beds}

IDAHD

1 Anerican Falls 42%¢" 1% 4 . 242,000 unknown  unknown Irimble gnd Carr, 1961
. - varde, 1960, 1965

Rubin and Alexznder, 1958, 1950
Ives et al., 1954
Strawn, 1965

15 thatcher'? % e 6 36,000+ 1600 ca. 625 unknown Bright, 1967
Rubin and Alexander, 1960
Rubin and perthold, 1961
Ives &t al., 194

MONTANA

16 Glacial Lake - uissoula  47°W°  114°%' 3 32,700 + %00M ea. 7500 ea. 610 pardee, 1962
gaker, 1973
Baker and Nurcedal, 1978
Easterbrook, 1976
sullinesux et al., 1978
Richaond, 1976

(Pend Oreille taie -
Coeur D'Alene Lake]

VEVADA
O, " n® LI} ! 12
17 Ash Meadow 62 3 116 16 S1 Q 229,000 16 unknown Snyder et al., 1964
iubbs and Bien, 1967

15 Dinie 19%e7e5"  11%9'as” 2 11,700+ 280 1088 n Buckley and Willis, 1970

Snydex gt al., 1964
Uunboldt Salt Harsh} Hubbs and Miller, (948

19 Hubba %% 115%2' 0 330,000 31 7% Hubbs and Miller, 1948
Snyder et al., 1064
Hubbs and Bien, 1967

20 Lahentan 0% ' 1es 240,000 22,440 160 penaen, 197

. Broecker and Orx, 1958
{pyrapid Lake - dalker Olson and Broecker, 1961
Lake, etc.) : groccker and Keufoan, 1965

sorn, 1972

Ferquason and Libby, 1964
i Rubin and Alexander, L960
Levin et al., 1968
. morzison and Frye, 1965
T Libby, 195%
) Kaufsan and Broecker, 1965

it

: 21 Lag Veges %' s’ 1% 31,300 + 2500 wknom  utknown Haynes, 1967
22 Teel 36°12 30" 118%20°20° 1 10,760 & 400 [} wnknown, Hubbs and miller, 1349
yobabl: Sayder et al., 1964
. 2 ¥ et al
(Tecly Harsh) shallow Crane and Griffin, 1965
Hay, 1966

bl o T
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23

Acch

[ = B1g Salt Lake,
Laguna Salada)

1¢%4"10  103%7 307
1% 103%20°
36%s" 106%0’
19%1"  103%9" 30"

10°%6'307  10:°43" 307
1%’ 108°20"
3% 108%¢’
%0’ 12¢°30'
%10 120%s’

€a.33°05 ca. 101%8"

74 Blackwater Draw
25 Eatancia
{Laguna del Perro,
Salina Lake, etc:)
26  Lea County
27  PBortales yalley
28  San Rugustin
{5an Augustin playa)
29 2uni
(2uni Sale Lake)
OREGON
30 Chevaucan
31 Port Rock
(Silver Lake - Christaae
Lake - Fossil Lake)
TEXAS
32 Guthrie
3] Lubbock
34 Monahans punes
35 hound

1%8'  101%s°
€a.31°%6"'ca. 102"
31%s'  102%s’

5

17

2

1

16

22,300 % 700

15,770 + 440

513,000

16,010 ¢ 180

15,260 + 210

« 5000

21,000 _ 3200

23,000 & 1500

+ 2500

w700 00

+ 2000

2,007 00

34,400 + 3490

12,650 + 250

19,200 ¢ 500

237,000

ca. 130

m'nknm.m]'6

2,860%7

uncertain
{small)

unknown
(small}

660

1,240

3,885 °

unknown
{small)

unkhown
(small)

unknown

€20

&l2

unknown i

90

uncertain
(small)

unknown
{small)

SDw

15

1s

49

upknown
(small)

unknown
{ama)l)

unknawn

<15

Recves, 19663

Glass et al,, 1973
Leonard and Frye, 1975
Hester, 1975

Harboue, 1975

olson and Broecker (1961)

Heymes and Agogino, 15466
Hetdorf, 1970 -
Hester, 1972

Haynes, 1975

packhuber, 1971
Bachhuber and McLellan, 1977

and Frye, 1975
, 1518
clazs et al., 1973

Colesan, 1974
claas et al,, 1973
Leonard snd Frye, 1975

Povers, 1939

stearns, 1962

Stuiver and Deevey, 1962
Clisby and Sears, 1956
Damon et al., 1964

Long and Mielke, 1966
Schultz and Snith, 1965
Foreman et al., 1959

Schults and smith, 1965
Haynes et al., 1967
Darten, 190%

Curmings, 1968

Allison. 1966

Buckley et al., 1968

Allison, 1945, 1554

£hillips and van Denburgh, 1971
van Benburgh, 1975

Levin er al,, 1965

Ives et al., 1967

Sullivan ct al., 1970

Bedwell, 1970, 1973
Allizon, 1966

ftieaves and Pacry, 1965
Recves, 1966

Green, 1962

Hendorf, 1970

plack, 1974

Hester, 1973

Broecker and Kulp, 1957

Hayntes, 1575

{citing Creen, 1961)
@roecker and xulp, 1957
Olson and Broecker, 1961

Recves and Parry, 196§
Recves, 1366

gates et al., 1970
fester, 1975

Harbour, 197%



UTAH
38 Bonrevalle a0’ 1°%0" 109 »37,000 51,680 ca, 235 Broecker and Ocr, 1958
. . proecker and Kaufman, 1965
e o ser Late. ore.| Rubin and Alexander, 1958, 1960
o fubin and Berthald, 1961
tves et al., 1964, 1967
levin et 2l., 1965
Jennings, 1957
Karlstros, 1961
Eardley, 1962
Korrison and Frve, 1965
Marsters gt al.. 1969
Stuiver, 1369
Morrison, 1966
Kaufman and Broecker, 196%
Eardley et al., 1971
crittenden, 1963

Footnotes:

1. With one exception, these ages were measured on diagenetic dolomite ln lacustrine muds, and should not therefore be
regarded 45 &n Accurate measure of the time of sedimentation. Peterson et al. {196]) suggest that the dolomite began
to nucleate after the close of the last pluvial period, estimated to be 10,000 B.p.

2. Former lake depwn §s impossible to reconstruct due te active faulting,
3. Lake basin has been atrongly affected by faulting apd tilting, so that the Late Pleistocene configuration is hard to
recenstruct.

4. Highest shoreline remnants dated suggest maximum depth 298 m.

5. lajoie dates not published.

€. Basin has been continuously cccupied by a lake since 150,000 B.P. (est.).

7. Major fluctuations in lake level have ogcvrred throughout the ast 150,000 yrs {est.}.
8, tacostrine clay units within the Quaternary sediments of the San Joaquin Vallcy indicate at least 9 major lake expansions,
Peginning well before 600,000 B.P.

9, Oepth and extent of much larger Late Pleistocene and early Holocone lakes are uncertain, owing to structural downwarping
and changes in the height of the ailuvial-fan barriers separating the presept lake basins.

10. Llake credted by lava flows which dammed Bear R., which used to flow northwards into the Snake R; and dralned by downcutting
of its outlet southwards into the Bonteville Basin {modern course of Bear R.).

11, Stratigraphic information suggests that Lake Hissoula drained catastrophically through the Chapnelad Scabland ae least Eour,
and posetbly six, times. Ops, poysibly two, evonts ocrurred before the Bull Lake Glaciation (6,000~ 120,000 B.p. OF even
earlies: Richoond, 1977).

12, Lake area given is underestimste according to Hubbs and Bien [(1967). Tapoundment of lake no longer possidle due to tec-
tonic deformation related to Death valley sump {sec Lake Monly). -

13, Dléest z:om age; 250,000 y

14, MeAsured froa natural (pre-~irrigatlon) level of Pyramid Lake (1180 m},

15, Three from lacustrine beds, numerous others from nonlacustrine beds.

16. 5aversl closed, or at times interconnected, ponds or shallow lakes of varying extent existed in this area.

17. Maximum area includes satellite Pinos Wells and Encinc Basine. M

i8. Highest shoreline remnants Jated suggeat maximum dopth 69 m.

19, O0ldest nnﬂ: age: 2105,000 v. Major tluCtu-tionl of lakes in Bonneville Basin degan bofore deposition of Bishop ash

36 Rich 3 101 4 12,525 ¢ 2400  unknown K15 Reeves and parry, 1965
* {small) Reeves, 1566
Hester, 1975

Haynes, 1975
Olson and Broecker, 1961

31 white ca31%8’  102%4" 1 19,275 & 560 unknown  unknown fleeves and parcy, 1965
: {small) (small} Rester, 1975

Harbow, 1975

X /At dated at 710,000 y} [Eardley ot al., 19731,



2} Compiling lake-level information

Several categories of lake-level evidence are widely

available throughout the Southwest. The past extent and depth
of any lake can be determined most accurately by dating its
strandlines by 14C. Most of the shoreline dates obtained so far
have come from calcareous tufas deposited on rocky outcrops.
Tufa is often very porous and easily contaminated by younger
carbonate (Broecker and Orr, 1958; Broecker and Kaufman, 1965;
Benson, 1978). Ages measured on shell fram nearshore sands and
‘gravels, or on charcoal from lakeside archaeological sites, tend
to be more cohsistent and reliable. In many areas, however, the
older shorelines are poorly preserved, and past variations in
lake level Have been deduced from the seéuence of lacustrine and
non-lacustrine deposits in cores or sedimentary exposures from
the basin floors. More detailed information is usually obtained
by studying the sedimentology, mineralogy and paleontology of
the lake sediments themselves. 1In such situations, the dating
framework often consists largely of ages measured on disseminated
organic matter or carbonate precipitates (aragonite, calcite, dol-
omite, etc.) from the lacustrine units. These aées are supple~
mented by dates on wood, charcoal, bone or caliche from the inter-
bedded colluvial, alluvial or aeolian units. There is congider~
able debate about fhe reliabhility of carbonate dates, particularly.
those derived from caliche and highly soluble Na-carbonates such ‘
as trona (Stuiver, 1964; Broecker and Kaufman, 1965; Morrison and
Frye, 1965; Thurber, 1972; Smith, 1979). |

In basins where tectonic deformation has been negligible, S
and where good altimetric, stratigraphic and radiometric control :
is available, it is possible to draw up curves showing the varia- {
tion in lake levels through time. Only four basins ~- Mohave, . L
Lahontan, Searles, and Russell -- have so far yielded reliable N
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curves, and unfortunately all these lakes are situated close to-
gether on the eastern side of the Sierra Nevada. The often quoted
water-level curve for Lake Bonneville by Broeckér and Kaufman
(1965, Fig. 6) is based largely on tufa dates and disagrees ser-
iously with the curve published by Morrison and Frye (1965).

In Figure 2, the curves for Mohave, Lahontan and Searles
are plotted at the same scale. This reveals not only the rapid-
ity and large amplitude of the major Late Quatermary fluctuations,
but also the amount of variation during the last 5000 years: up
to 90 m in the case of wWalker Lake. Lake Mohave has not under-
gone such dramatic fluctuations because it possesses an outlet at
a relatively low level above the present basin floor.

Even where the drawing-up of detailed curves is not justi-~
fied, due to lack of data, it is often possible to make reliable
statements about the water level during at least part of the his-
tory of any given lake. By pooling all the available evidence,
and assessing the validity of the radiocarbon control in each
area, it is possible to extend the spatial coverage of the data
set.

This report is based on a careful search of the literature,
following the procedures established by Street and Grove (1976,
1979). Attention has once again been concentrated on closed
basins which have yielded radiocarbon dates (Fig. 1). The pre-
sent survey has increased the number of mappable data points from
17 to 33 (including the Salton Sea), and the entire compilation
has been thoroughly revised and checked. The resulting data set
is summarized in Figure 1 and Table 1. A simple standardization
procedure has been used to express the available evidence in a
|e-i-quantitaiive form (Street and Grove, 1979, pp. B84-87).

The Qater-levelbinformation for each lake was classified on
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a simple ordinal scale:

low 0-15% of the total altitude range

intermediate 15-70%

high »70%
Each basin was considered relative to its own internal range of
variation rather than to its level at the present day. This
scheme works well in practice and permits some flexibility at the
upper limit, to allow for downcutting of outlets or uncertainties
in dating the highest shorelines.

The radiocarbon dates for each lake have been stored in a

computer data bank in Oxford, together with the lake-level status

of each lake during each 1000-year time frame from 0 to 30,000 BP.

The status of each lake was determined as follows:

Status 0 No data

Status 1 Lake was high during all or part of this
time period

Status 2 Lake was intermediate, but not high, during
all or part of this time perigd

Status 3 No high or intermediate levels occurred

during this time period

This method underemphasizes arid periods of less than 1000
years duration, but makes best use of single l4c dates, which
tend to come from lacustrine rather than from non-lacustrine de-
posits. The 1000 year mapping interval was chosen to allow for
the effective resolution of the radiocarbon dating framework,

without obscuring the rapidity of the major fluctuations. Where

there is serious conflict between l4C dates on carbonate and non~
carbonate materials, qu example in the Bonneville and Lahontan

Basins (No. 38 and 20}, the interpretation used is based on the

following assumed order of reliability: i) charcoal and wood in
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basin sediments or cave sequences; ii) peat or organic carbon
in lake sediments; i1ii) disseminated inorganic carbonate, cal-
careous algae, ostracods and mollusca in lake sediments; iv)
tufa; v) dolomite and Na-carbonates. - Dates on hone and soil
humus or carbonate have been treated throughout with caution.
¥o adjustment has been made for the initial 14¢ /12 ratio of
the lake waters, because few laboratories have attempted to
apply this correction, and there is no consensus about its mag-

nitude (Thurber, 1972; Benson, 1978; Peng et al.., 1978).

3) Reconstructing the spatial and temporal patterns in

the lake-level data

The lake-level informatioh contained in the data bank
has been summarized in'two different ways. In Figure 3, the
broad history of lake levels over the entire Southwest is shown
in the form of a histogram of lake status against time. Figures
4 ~ 10 display the same information'on maps for selected 1000 year
time periods. The maps reveal ;maller-scaie, spatial organization
in the data which may reflect regional climatic anomalies. The
patterns selected are the most distinctive ones, representing the
climatic extremes experienced in the southwestern states during

the last 30,000 years.

D) ANALYSIS ANL INTERPRETATION

1) Distribution of Late Quaternary lakes in the western U.S5.A..

Late Quaternary lakes were very unevenly distributed
across the western States (Pig. 1). The largest group (about 120)
were situated within the Great Basin; the enormous area of inter-
nal drainage which lies between the Sierra Nevada and the Wasatch
Mountains. There was a second concentration in the 8asin and

Range country of southern Arizona and New Mexiro, extending into
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Mexico, and a third along the southern margin of the former
Laurentide and Cordilleran ice sheets. Large numbers of smaller
lakes and ponds occur in all the glaciated areas and on the Llano
Estacado (Staked Plains) of Texas and New Mexico. The distribu-
tion of radiocarbon dates from closed-basin lakes is also very
clustered: 75 percent of those in the West come from the Great
Basin.

The origin and geological setting of the palaeolakes are
important to an understanding of their sensitivity to climatic
fluctuations. These geological factors have also exerted a pro-
found influence on the length and continuity of the sedimentary
record. If we consider the factors leading to the initial im-
poundment of a lake, five common categories of basins can be
identigied in the western U.S8.A.: fault-bounded depressions,
volcanic and meteoric craters, bacins scoured out by glacial
erosion, blocked drainage systems, and deflation hollows. These
various types have differed markedly in terms of their size, per-

manence, and susceptibility to water-~level fluctuations.

a) Fault-bounded depressions

This category includes most of the lakes in the
Basin and Range Province of Oregon, southern Idaho, Utah, Nevada,
California, Ariiona, and New Mexico (Hubbs et al., 1948; Morrison,
1965; Hawley et al., 1976). 1In this area Late Cenozoic faulting
has created several hundred steep-sided, often isolated basins,
separated by mountain ranges. Many of the paleolakes became
large and attained considerable depths before overflowing. For
example, 33 of the lakes in the Great Basin exceeded 500 km? in
maximum area, and at least 27 experienced fluctuations with a

vertical amplitude of 250 m (Snyder et al., 1964) (Table 1).

. At maximum, many of the lakes were linked by overflows from one
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basin into another (Fig. 1), forming complex systems such as the
Owens - Death valley chain (Morrison, 1965, Fig. 5).

Due to prolonged subsidence of the graben floors, lakes have
existed inh many of the larger fault-bounded basins since the Mid-
dle Quaternary or even earlier (Eardley et al., 1973; Janda and
Croft, 1967; G. I. Smith, pers. comm.}), and have exparienced a
long history of fluctuations in both water-surface area and sal-
inity. Although these fluctuations may be partly attributable fo
drainage disruption by faulting or volcanism, it is impogsible to
explain the frequent and large-scale shifts in environmental con~
ditions -- from freshwater lakes to salt pans and back again --
without invoking climatic change. Recent tectonic activity has,
however, significantly affected lake levels in certain areas;
notably in the area between Death Valley and the Nevada Test Site
(Greene and Hunt, 1960; Hubbs and Bien, 1967; Hooke, 1972) and
along the San Andreas and related fault systems in California

(Hubbs and Miller, 1948; clark et al., 1972; Jenkins, 1973).

b) Crater lakes

Although a number of large volcanic and meteoric
¢raters have contained lakes, only the uppermost shoreline around
Zupi Salt Lake (a volcanic caldera in New Mexico) has so far been
dated by 140, In other parts of the world, steep-sided crater
lakes have often yielded long and detailed records of water-level
fluctuations, which are particularly valuable because they can he
attributed to climatic changes over a very restricted and well-
defined catchment (Talbot and Delibrias, 1977; Kershaw, 1978).

¢) Lakes created by glacial erogion

Although numerous ice~scoured basins exist in the

Western Cordillera, most of the lakes created in this way have re-

mained small and are unresponsive to climatic fluctuations hecause

G e S e e e
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they possess outlets. They will not be discussed further in

thig report.

d)} Blocked drainage systems

Lakes have formed in many areas through the tempor-
ary ponding of drainage systems by ice, lava, or sediments. The
first category includes a number of extensive glacial lakes which
developed along the gsouthern margins of the Cordilleran and
Laurentide ice sheets (Lemke et al., 1965; Richmond et al., 1965;
Moran et al., 1976; Easterbrook, 1976). Ice-dammed lakes have a
tendency to drain suddenly and catastrophically, due to changes
in the configuration of the ice margin or to the accumulation of
meltwater beyond'a critical depth, resulting in discharge through
tunnels under the ice (Whalley, 1971). The largest ice~dammed
lake in the western U.S. was Glacial Lake Missoula, which was
formed by ponding of the Clark Fork River during advances of the
Cordilleran ice into northern Montana and Idaho. 1t covered an
area of about 7500 km? and contained an estimated 2.0 x 1012 p3
of water (Pardee, 1942). [Lake Migsoula drained catastrophically
at least four, and possibly six times (Table 1), inundating an
enormous area of eastern Washington known as the Channeled Sca-
blands, and causing extensive downstream flooding and sedimenta-
tion in the Columbia River Valley and the Willamette Lowland
(Fig. 1). The ponding and subsequent discharge of Lake Missoula
is only indirectly related to climate, through the fluctuations
of the Cordilleran ice lobea; this is also true of the other gla-
cial lakes further east, which did not, as far as is known, dis-
play such dramatic behavior. fThe latter, and the innumerable
lmalle:‘mpriine-dammed lakes scattered throughout the glaciated
area, will not be discussed further in this report.

Like ice- and moraine-dammed lakes, lakes created by the

i
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blockage of drainage systems by lava, alluvium or aeolian sand
tend to be geoloyically short-lived. [Lava-dammed lakes have
formed at various times in the volcanic terrains of Idaho and
adjacent states, and also in southern Arizona and New Mexico
(Feth, 1964; Hawley et al., 1976). These lakes were scldom very
deep, and in humid areas, have tended to drain natutally as a
regult of fluvial erosion, or have been filled in by lava or
sediments. Lakes Thatcher and American Falls (No. 15 and 14)
are gooG examples. In arid and semi-arid areas, closed basins
may be formed. The resulting lakes or playas (such as Laguna
Salada in Arizona) are much more responsive to fluctuations in
water balance, for reasons discussed below.

The deposition of alluvium has played an important role in
isolating lakes in two of the larger fault troughs of the_South-
west: the Imperial Valley and the Central Valley of California.
The present Salton Sea is the remnant of the much larger Lake
Leconte (No. 6) which was fed by distributaries of the Colorado

River. During its recent high stage the level of the lake was

limited by overflow across the lowest part of the Colorado Delta.

Although the topography of the basin floor has also been greatly
affected by subsidence and tilting (Stanley, 1963, 1966; Clarke
et al., 1972; Van de Kamp, 1973), which have rendered it impos-
sible to reconstruct the Late Pleistocene outlet, the history of
the lake shows many parallels with basins less subject to tec~
tonic disturbance. This fact suggests that the overriding con-
trol on its water level has been climate. This is also true of
the chain of lakes in the southern part of the Central Valley
(No. 13). These were created by partial blocking of the san
Joaquin and its tributaries by large outwash fang derived from
glaciated headwaters in the Sierra Nevada (Davis gt al., 1959:
Janda and Croft, 1967). Once again, the repeated development

P TR P g B
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of lakes was made possible by long-continued subsidence of the
valley axis. Despite the complications introduced by channel
migration and changing patterns of sedimentation, the sequence
of Late Quaternary fluctuations so closely matches the history
of the lakes on the east side of the range that climatic control
seems the most likely explanation (Croft, 1968).

Basins formed as a result of the blockage of stream systems
by moving sand are most common in the western Llano Estacado
(Hawley et al., 1976). Good examples are the former ponds along
Blackwater Draw (No. 24). The lakes thus formed have generally
been small and relativelv short-lived. Drier conditions have re-
sulted in desiccation, renewed dune movement and partial defla-
tion of the lake sediments; whereas wetter conditions have led
to the integration of the drainage network and the erosion of the
former barriers (Haynes, 1975). 1In these areas, maximal wetness
may be reflected in the reestablishment of a functioning stream

network rather than in the maximal development of lakes.
e) Deflation basins

The final category, wind-eroded lake basins, are
common today throughout the southern High Plains and in the desert
and semi-desert areds further west, wherever unconsolidated sedi-
ments are expoged to wind action (Reeves, 1966a; Wendorf and Hes-
ter, 1975: Leonard and Frye, 1975). This is the predominant type
of lake basgin found in the Llano Estacado, where most are small
and reflect multiple episodes of deflation and flooding (Reeves,
1976). . During wet phases in this area, shoreline erosion under
the influence of the prevailing winds also helped to erode the
older lake deposits and yielded a sedimentary record that is
often incomplete and highly variable from site to site (Reeves,
1966a; ﬁarbour, 1975). To add to the difficulties of interpreta-
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tion, the levels of these lakes appear to reflect fluctuvations
in the regional water table rather than the water balance over
. 3

their restricted surface catchments (Brakenridge, 1978).

f} Areas without lake basins

Large areas of the Southwest never contained exten-
sive Late Quaternary lakes because they were drained by large, in-
tegrated river systems such as the Colorado, the Pecos and the Rio
Grande (Fig. l1). This fact does not mean, however, that these
areas have not undergone major environmental changes as a result
of climatic fluctuations. The latter are clearly demonstrated by
pollen, macrofossil and archaeological esvidence (e.g., Hall, 1977;
Van Devender, 1977), and are also expressed in the time and space
distribution of fluvial deposits, aeolian sands and palaeosols
(Leonard and Frye, 1975; Hawley et al. 1976; Reeves, 1976; Baker
and Penteado-Orellana, 1977).

2) Hydrological considerations

Before discussing the 1aké—level evidence in detail, the
hydrological and hydrogeological factors must be considered which
control the sensitivity of lakes to climatic changz. These have
beﬁp exomined in detail by Langbein (1961}, Szestay (1974), and
Street (in press). Their main conclusions can be summarized as
follows.

The water balance of a lake at equilibrium can be expressed

by the general equation

+
PL R + GI

where QL is the precipitation falling directly on the lake

=E+0+ Go (1)

R is the runoff from the catchment

GI is the groundwater inflow into the lake

0 is the sucface outflow from the lake
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E is the evaporation from the lake surface

G0 is the subsurface outflow

The inputs and outputs are of three different types: atmos~
pheric, surface, and subsurface. There is a crucial distinction
between closed lakes, which lose water entirely by evaporation,
and open lakes, which also undergc losses by outflow and/or sub-
surface seepage. The former are only found in areas in which
E/PLﬁbl (Langbein, 1961). They undergc much larger fluctuations
in depth and extent than open lakes. This gensitivity results
from changes in input being balanced by changes in the area of
evaporating surface alone rather than in evaporation and outflow
combined. Topography permitting, the closed lakes that exper-
ience the largest fluctuations in depth are those that are fed
predaminantly by rivers rather than by direct rainfall or ground-
water inflows (Szestay, 1974), and for which dA/dD (the rate of
change of evaporating surface with water depth) is small. Steep-
sided basins like Searles, Russell and Panamint, with average
values of dA/dD less than § kmz/m, are likely to show the great-
est vertical range in lake levels. Although extensive shallow
lakes such as Estancia exhibit a more dramatic response of lake
area to fluctuations in water balance than the deeper lakes, this
regponse is often offset by desiccation, which gives rise to de-
£lation and gullying of the sediments. The most detailed paleo~
climatic record is therefore to be expected in deep, fault-bounded
troughs adjécgnt to well-watered mountain rangee such as the
Sierra Névada.

Lakes receiving a large proportion of groundwater are un-

likely to fluctuate as sensitivély as those with predominantly

- gurface inflows, unless the flow path through the ;quifer ig very

short. Fossil spring conduits in the Ash Meadow, Las Vegas and
Blackwater praw Pasins (No. 17, 21 and 24) indicate that these
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lakes received significant amounts of groundwater. The situa-
tion in the Llanc Estacado has already been mentioned. Because
many of the former lake basins in the Basin and Rangé Province
are linked by ground-water transfers beneath surface divides
(Hunt and Robinson, 1960; Eakin, 1966; Phillips and Van Denburgh,
1971; van Denburgh, 1975: Winograd and Thordarson, 1975), the
hydrogeology of the Late Quaternary lakes deserves further in-
vestigation. Not only was the network of surface drainage more
highly integrated, due to overflows from one basin into the next
(Fig. 1); but the groundwater flow pattern must also have been
rather different from today because of changes in the hydraulic

gradient between adjacent basins.

3) Temporal and spatial patterns of lake-level fluctuation

The broad pattern of lake-level fluctuations through
time (Fig. 3) is very similar to the earlier diagram by Street
and Grove (1979, Fig. 12a), which was compiled from a much smaller
number of data points. The period since 30,000 BP can convenient-
ly be divided into five time intervals: 30,000 - 24,000 BP,
24,000 - 14,000 BP, 14,000~ 10,000 BP, 10,000 - 5000 BP, and 5000 -

0 BP.

a) 30,000~24,000 BP

only cautious conclugions can be drawn for this in-
terval, because of the ﬁncertainties attached to the radiocarbon
dating framework. 1In general, lake levels were moderately high
but fluctuating. No spatial pattern is evident. Studies of con-
tinuous cores from the Searles, Tulare, and Bonneville Basins
{No. 12, 13 and 38) demonstrate that a major rise in lake level
took place around 25,000 BP (Eardley et al., 1957; Croft, 1968;
Peng et al., 1978; Smith, 1979). Maximum levels were reached

about 24,000 BP.

i
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FIG. 3. Histogram of lake status (high, intermediate, or

low) during 100-yr time periods from 30,000 BP to present
for the closed-basin lakes of the Southwest.
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mediate; 3: low) at sites in the Southwest 24,000 - 23,000 BP, '

Lake-level status: 24,000~ 23,000 BP.
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b) 24,000 - 14,000 BP

During this period all the lakes for which informa-
tion is available were either high or intermediate. High levels
were most widespread from 24,000 to 21,000 BP (Fig. 4), when only
Bonneville (No. 38) remained intermediate. This interval seems
to be the last during which Lake Russell (No. 11} overflowed
through the Adobe (No. 3), Owens and Searles (No. 12) Lakes into
the panamint Basin (No. 10) (Figs. 1 and 2). The evidence for a
further overflow from Lake Panamint into Death Valley (No. 8) is
inconclusive (G. I. Smith, pers. comm.).

Between 21,000 and 14,000 BP only about 65-75 percent of the
data points record high levels. The intermediate lakes tend to
¢luster in the northwest of the map area, particularly adjacent
to the Sierra Nevada (Fig. 5); although there was considerable
fluctuation (Fig. 2). W¥o information is available from Oregon to
determine whether the region of intermediate levels extended into
the far northwest of the Great Basin. A brief episode of partial
desiccation in the Llano Estacado is recorded by the widespread
but thin vigo Park dolomite (Reeves and Parry, 1965; Reeves, 1376).
The radiocarbon dates from this unit, which are probably not very
reliable, scatter widely between 15,240 and 20,500 BP {Bates et al.,
1970).
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The period between 14,000 and 10,000 BP was charact-
erized by rapid, large-amplitude fluctuations that were not syn-
chronous across thé region and resulted in rather complex map pat-
terns (Fig. 6). In part, this apparent lack of synchroneity may
result from the uncertainties inherent in the radiocarben method
. when applied to a wide variety of materials from quite different

geological settings; but it also seems to reflect genuine spatial
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mediate; 3:; low) at sites in the Southwest 13,000~ 12,000 BP.

Lake-level status: 13,000 - 12,000 BP.
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variations in behavior.

Many lakes experienced a drop in levels centered on
14,000 - 13,000 BP (Fig. 2). In most cases this event was too
short to appear on Fig. 3. However, in Arizona, New Mexico, and
Texas, 13,000 BP seems to mark the end of thé main lacustral
phase (basins 1, 21, 26, 27, 32, 34) (see also Haynes, 1967).
Lake Bonneville (No. 38) ceased to overflow at about this time
{Bright, 1966). This conclugion is based on a date on peaty
lake sediments from the overflow channel, which is almost cer-~
tainly more reliable than the inconsistent tufa dates on which
Broecker and Kaufman (1965, Fig. 6) based their water-level curve
(Morrison and Frye, 1965; Benson, 1978).

The pattern of fluctuations during the concluding millennia
of the Late Pleistocene is particularly complex. A major high-
stand occurred in the lakes situated on both sides of the Sierra
Nevada (Fig. 6) (No. 7, 9, 11-13, 18, 20) and culminated between
13,500 and 11,000 BP. A second distinct peak was experienced by
two of the southerly lakes in this group, Seirles (No. 12) and
Mohave (No. 9), between 11,000 and 10,000 BP (Fig. 2). In con-
trast, widespread evidence exists for desiccation, lowered water
tables and deflation in Arizona, New Mexico, and Texas between
13,000 and 11,000 BP (basins 1, 24, 25, 34, 36) {(Haynes, 1975).
This arid episode was followed by a brief lacustrine recovery
from 11,000 to 10,000 BP, which has been christened the Lubbock
subpluvial (Wendorf, 1970).

d) 10,000 - 5000 BP

From 10,000 BP onwards, drought set in in many areas
(Fig. 7) and culminated between 6000 and 5000 BP (Fig. 3, 8),

when not a single lake is known to have bean high. In some basins
the fall in water levels was sudden and monotonic (Fig. 2), but in
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others there seems to have been a certain amount cf fluctuation.
The final desiccation is often difficult to date (Karlstrom, 1961;
Hester, 1972; Wendorf and Hester, 1975; Smith, 1979). patable
materials are usually scarce and the results on differsnt samples

frequently conflicting.
e) 5000-0 BP

This period has seen significant reexpansions of the
lakes, notably on the western margins of the Great Basin and in
california (No. 3-5, 12, 20, 32) (Fig. 9, 10, 11). The ver-
tical amplitude of these fluctuations is surprisingly large: up
to 90 m in the Walker Lake area (Fig. 2} and 85 m around the Sal-
ton Sea. The levels were much higher before the start of irriga-
tion agriculture in the late 19th century, and therefore present
conditions in many areas are highly unrepresentative of the aver-
age for the last few centuries or millennia (Harding, 1965; Benson,
1978).

D) PALEOCLIMATIC ESTIMATES DERIVED FROM LAKE-LEVEL DATA

Lake-level fluctuations are potentially the best source of
quantitative paleoclimatic data in desert areas where pollen
data are sparse or unreliable. This applies particularly to the
American Southwest, where few continuous pollen records exist.'
However, attempts to derive paleoprecipitation estimates from
lake-level information have so far met with severe setbacks, due
principally to the difficulties of estimating paleo-evaporation
rates. The problems encountered are described in a useful and

thought=provoking paper by Brakenridge (1978), which is summar-

. ized below.

The surface area of a closed lake fluctuateé in order to

balance its water budget, as given by the following equation:
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FIG. 9. Lake-level status (Blank or 0: no data; 1l: high; 2: inter-
mediate; 3: low) at sites in the Southwest 4,000 - 3,000 BP.

lake-level status: 4,000 - 3,000 BP.
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FIG. 10. .lake-level status (Blank or 0: mo data; 1l: high; 2: inter-

mediate; 3: low} at sites in the Southwest 1,000-0 BP.

" Lake-level status: 1,000~-0 BP.
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where AB is the catchment area, AL is the lake area,

Pi ig the precipitation falling over the lake,

PB is mean annual precipitation over the catchment

k is the runoff coefficient (the proportion of rain
falling on the catchment which eventually reaches

the lake),
E is mean annual evaporation from the lake-

Equation (2) is equivalent to equation (1) when O, GI’ and Go
are all negligibly small. It can be used to calculate past

values of PL provided that:

{i) The basin has been topographically and hydrographically
stable

(ii) AL and AB are known from geological information

(iii) PL is a known and constant function of PB

(iv) E and k can be reliably estimated.

All studies to date, including Brakenridge (1978) have been
forced to make the assumption that E can be satisfactorily esti-
mated from modern empirical relationships between lake evaporation
and mean monthly, sgasonal, or annual mean temperatures. This will
be referred to a; the hydrological approach. The greatest diffi-
culty lies in the selection of appropriate paleotemperature val-
ues for the time-period being modelled, which is usually loosely
defined as "the last glacial maximum". Temperature estimates
have been variously derived from data on snowline lowering, peri-
glacial slope mantles, and timberline lowering. All of these

methods are subject to a variety of pitfalls, but the most crucial
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assumptions concern i) the stability of the environmental lapge
rate through time and ii) the magnitude of the full-glacial tem-
perature depression and its seasonal variability (Brakenridge,
1978).

Unfortunately, the resuits obtained hy various authors have
proved to be highly sensitive to the exact paleotemperature val-~
ues adopted (Table 2). The assumption of a constant lapse rate
and year-round cooling leads to the conclusion that full-glacial
conditions were drier than today (Galloway, 1970; Brakenridge,
1978). 1If, however, the temperature lowering was significantly
less in winter, or at lower elevations, a iarge increase in pre-
cipitation must be invoked in order to explain the expansion of
the lakes. A further problem, not discussed by Brakenridge,
emerges from Figures 4 -10. This is the extent to which the tim-
ing of the lake-level maxima varied from one basin to another, and
therefore may not have corresponded with the maximum displacement
of snowlines and timberlines. Other, potential sources of error
include the effects of past changes in wind speed, precipitation
intensity and frequency, runoff, and groundwater levels.

Brakenridge (1978) concluded that:

(i) There is very little aqreement among published lake-

budget results;

(ii) Recomputation of geveral lake budgets using a uniform
cooling of 8°C produces comparable results from apparently diver-
gent studies and indicates the precipitation was about equal to

that of today (Table 2);

(iii) The neglect of groundwater in the traditional paleolake _
reconstructions casts doubt on the resulting conclusions and es- B

pecially those from the Llano Estacado lakes; and

(iv) The paleolakes do not provide convincing evidence for a
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vpluvial* or rainier climate in the full-glacial Southwest.

The spatial and temporal variability in lake levels during
the interval 24,000 -10,000 BP (Fig. 4-10) seems to conflict with
Brakenridge's conclusions. The pattern of water-level maxima is
not nearly as uniform as might be expected if lowered temperatures
were solely responsible. Precipitation anomalies, and long-term
changes in glacier and groundwater storage, seem to have played a
significant role in determining the response of different basins
through time. A breakthrough in techniques of water-balance
modelling is therefore required in order to resolve the present
controversy. The way forward seems to lie in the combined energy-
and water-balance models currently being develgped by J. E. Kutz-
bach of the Climatic Research Unit at the University of Wisconsin-
Madison, which handle evaporation as a function of net radiation
balance rather than of temperature (Kutzbach, pers. comm.). 2
logical extension of this approach would be the development of
combined models which consider the response of the glacier and
lake storages within a single catchment to the same climatic event.

E) HAZARDS ASSOCIATED WITH LAKES

Apart from the hazards associated with the rapid rise or fall
of lake levels and the accompanying adjustment of groundwater
levals, which have been discussed in previous sections, certain
lakes exhibit catastrophic behavior which may have severe conse-
quencés if repeated in the future.

'The outburst fleods from Glacial Lake Missoula are the largest
hydrological events known to occur on Earth (Baker, 1973, 1978;
Baker and Nummedal, 1978). Maximum discharges of as much as 21.3
x 10° m3/5ec are thought to have occurred in the Spokane area of
washington. The last two outbursts apparently took place just be-
fore and just after the last maximum of the Cordilleran ice, ca.
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18,000 and 13,000 BP (Baker and Nummedal, 1978). fThere is some
disagreement about the relative magnitude of the two events.

The impact of Lake Missoula flooding was greatest in the
Channeled Scabland (Fig. 1), an enormous area (ca. 40,000 km?)
of anastomosing channels and rock-cut basins. Some of the most
significant geomorphic features created by the flooding are
listed in Table 3. From the viewpoint of nuclear waste disposal,
the most significant point to note is the dramatic erosion of the
strongly jointed Scabland basalts during floods. The peak flows
were capable of moving boulders up to 11 m in diameter. They
created numerous abandoned cataracts in excess of 100 m in height
and rock basins as much as 60 m deep. The 32 km-long upper Grand
Coulee was formed by the upstream recession of a cataract 250 m
high.

Similar, though much smaller, erosional and depositional fea-
tures were produced by a catastrophic Late Pleistocene overflow
from Lake Bonneville into the Snake River via Red Rock Pass (Malde,
1960; Trimble and Carr, 1961; Strawn, 1965; Morrison, 1966). The
flood peak is estimated to have attained 1.3 x 10° nd/sec. The
floodwaters entered the american Falls Lake, causing a dramatic
overspill, and depositing a delta of coarse gravel up to 15 m thick
(Pig. 1). Below the lake there is a strip of basalt scabland erod-
ed by the flood. This is 16 miles long and 1 -6 km broad, and is
bounded by abandoned cataracts up to 30 m high (Malde, 1960).

The date of the Bonneville flood remains controversial (Morrison,
1966). an age of 30,000 BP has been suggested on the basis of
the available radiocarbon dates, but these lie :lose to the limits
of reliability. Tie catastrophic nature of this flood has also
not been adequately explained. It was once thought to have re-
sulted from the overflow of Lake Thatcher (No. 15) into the Bonﬁe-
ville Basin (Rubin and Alexander, 1960}, but this hyﬁothesis can
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| |
no longer be substantiated (Morrison, 1966). }
Floods of smaller magnitude are to be expected from lakes }
which form along the San Andreés and related fault systems in ;
California. Strike-slip motions of the San Andreas fault have
‘ repeatedly created lakes by triggering landslides which block

small rivers and streams (Jenkins, 1973). One example, Pleis-

of water from a lake of this size during an earthquake could

i
|
tocene Lake Benito, covered about 570 km?. The sudden release }
j
)
greatly compound the resulting damage.

i

r

P) CONCLUSIONS

1) The distribution of Late Quaternary lakes in the western {
United States is highly clus?ered.' The largest group of about
120 lakes was situated within the Great Basin. Other concentra-
tions of lakes occurred just north of the Mexican border, in the |

Llano Estacado, and along the southern margins of the ice sheets.

2) The lakes which respond most sensitively to climatic

change are the closed-basin lakes of the Southwest, particularly
the deeper, river-fed lakes in the Basin and Range Province.
Fluctuations of the ice-marginal lakes were essentially control-

led by ice-sheet dynamics.

3) 33 of the palaeolakes in the Great Basin exceeded 500 km2
in maximum area, and at least 27 experienced fluctuations with a’
vertical amplitude of 250 m. The largest and deepest was Lake
Bonneville (51,640 km2, 335 m). At maximum, many of the present
closed basing were linked by overflows. The most complex system !
thus created was the Owens-Death Valley chain in western Nevada

and California,<which may have included as many as 15 individual

lakes. There is evidence of increased spring activity during the
lake maxima, particularly in southcastern Nevada and the Llano

Estaca@of
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4) Fluctuations in the lakes of the Southwest have occurred
throughout at least the last 700,000 years, and appear to reflect

ciimatic changes as well as faulting and volcanism.

5) The radiocarbon chronology from the lakes of the South=-
west is based on a wide range of materials subject to varying
degrees of contamination. This report is based on the following
agsumed order of reliability: 1) charcoal and wood in basin and
cave sediments; 2) peat or organic matter in lake sediments; 3)
disseminated inorganic carbonate, calcareous algae, ostracods and
mollusca in lake sediments; 4) tufa; and 5) dolomite and Na-

carbonates.

6) The Southwest experienced a major lacustral phase which
was broadly coincident with the last glacial maximum, ca. 25,000 -
10,000 BP. During this interval, however, lake levels varied sig-
nificantly from region to region. Probably at no time were all
the lakes simultaneously high. The lakes on either side of the
Sierra Nevada appear to have been most extensive during the inter-
vals 24,000 - 21,000 BP and 13,500 - 10,000 BP, whereas the less
complete information from Utah, Arizona, New Mexico, and western
Texas suggests that many of the lakes there were highest in the

intervening period, with a mincr recovery from 11,000 to 10,000 BP.

7) This study p;ovides strong support for the concept of an
arid Altithermal period in the Southwest during the mid-Holocene.
Conditions were most severe between 5000 and 6000 BP, when sur~
face water supplies became so restricted that the Palaeo-Indians
were forced to move up into the wetter mountain areas (Benedict

and Olson, 1978). ¥

8) Cconditions have fluctuated widely during the last 5000 .
years. Many of the lakes have experienced fluctuations of quite

"y Wi e T
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large amplitude (£90 m). ‘'he present day is highly unrepresent-
ative of the long-term average for this interval because of the

reduction in runoff and groundwater levels resulting from irriga-

tion.

9) Previous attempts to estimate paleoprecipitation from
the former extent of closed-basin lakes, using simple water-budget
models, have yielded highly ambiguous results. This problem is
due largely to the difficulties of estimating paleo-evaporation
rates. New, combined water- and energy~balance models are cur-

rently being developed.

4 10) The spatial patterns of fluctuation in the closed-basin
lakés suggest that precipitation and runoff anomalies were at
least as important as changing evaporation rates. Glacial melt-
water may have played a role in the history of lakes adjacent to

the Sierra Nevada and Wasatch Mountains.

11) Potential hazards for the sites with nuclear wastes in-
clude: the inundation of many basin floors, including parts of
the Nevada Test site; large fluctuations in groundwater levels and
spring activity; variations in the degree of integration of sur-
face (and possibly subsurface) drainage; the sudden formation or
drainage of lakes situated along active fault systems; and epi-
godes of catastrophic flooding and erosion associated with the
complete or partial dfainage of large, deep lakes such as Bonne-

A ville and Glacial Lake Missoula.
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CHAPTER 2

AN ANNOTATED LIST OF SELECTED POLLEN DIAGRAMS
'FROM THE WESTERN UNITED STATES
(Thompson Webb III)

INTRODUCTION

In future work to gain quantitative estimates of past
changes in the rates of ground-water recharge in the wWesc, know-
ledge of the past vegetation cover will be essential. This in-
formation is needed in models such as the one recently introduced
by Kutzbach (in press) for transforming lake-level data into esti-
mates of past precipitation and temperature. (See p. 21 in Chap-
ter 1 for a discussion of the potential uses of this model.) I
have therefore summarized some of the information available from
a selected set of published pollen diagrams from sites in the
West, because well-dated pollen diagrams provide the best con-
tinuous records with quantitative information about the vegeta-
tional changes over the past 20,000 years.

As illugtrated in Chapter 3, pollen diagrams are also an
excellent source of paleoclimatic information. A brief review of
the major pollen changea during the past 20,000 years shows that
climatic conditians.during the past 2500 vears have heen gcherally
cooler and moister over much of the West than the conditions from
7000 to 4000 years ago. This pattern agrees with the trend toward
higher lake levels in several of the basins in the West (see Fig.
2 ih Chapter 1). Were this trend to continue for the next 100 to
1000 years, and evidencé.exists that it may, then higher water
tables and faster raves of ground-water recharge can be expected

over many areas in the West.

THE SITES

Table lvpreqents the main information contained in this chap-
ter. This table was designed to provide a short summary of the




Notes on & Representative oroup,

Table 1. westarn U.s. Pollen Diagrams:
* site Nams and $ite Location Chronostratigraphic
Locality and Elevation Information
C. Texas
Bershop Jog 25035 2002 4 80
97937'w 6006 £ 100
124 = 10,574 ¢ 160
from a 540 cm core.
Max. age is ea.
13,000 B.».

Larson, D.A., Beyant, V.M., Jr., and Matty, T.5. (1972),

Follen analysis of a central Twxas bog.

M{9jend Naturaligt 88, 35B-367.

ca. 30%30'%
ca. 97008'w
ca. 100 m

Borisck dog

peyant, V.M., Jr. {1917).

American

37704 80

99303 160
14,1154 210
15,460 ¢ 250
from 540 cm
core, Max.
ags is ca.
16,000 B.P.

A 16,000 year pollen record of

Tha site and
Prasent Conditions

pomsd-quaking pest
bog. 155 m diameter,
$.4 m decp. Dopends
on saepage from
carrizo Fa.

1.4 hectare bog in
Post o2k savanna.
Seepage ftom Carrizo
sandstone Fm,

vegetational change in central Texas. Falynology 1, 143-156.

ca. 30950°N
ch. 95040 W
cA.90m

Ghuse B9

pryane, V.., Jr. (1977).

W Texks
Llano Estacado a) D178
a) Mch Lake 102°02°w
b) Crane Lake 1000 »
b} ca. 31930
2. 20940 W
ea. 600 m

1len ai

¥o C~14 dates. Es-
timated to be older
than 10,000 B.p. at
bass of 170 cm core.

A 16,000 year pollsn record of
vagetational change in central Tesed. Pplypology B, 14):

2) 17,400+ 600
26,5004 900
at 125 cm and 350 cm
levels in a 560 cn
core. Hax. age is
possibly 33,000 8P
Min. age (at top)
may be no latsr than
15,000 B2

b} Ko dates £p )00 cm
core of gypeum s,

for the

3 ha. Bog formed in
Corrizo Sands agui-
fer. Gphiquus on
surface today. [Lo-
catad on vestern
adge of Poxt ok
Savanna.

=156,

Llsno Estacado is
southern most extun-
sion of high plains
with grassland and
desert vegetation.
a) Playa (dried up
lako) today, o
pollen in upper 40
o

tlano Estacado Cli-
itey

Jen. Temp. » 2.7%
July Tesp. w 25-20%
Aon. Precip, = 400-
500 mm

8 surface panples

“mafstan, U, (1964), A

»
high plains, UiA, covering the period back to the early

Wiscomsin Qlacistion.

Baport of VI INMA, Warsaw, Vol. IIy

Palecbotanical section, Lodz, 407-420.

.pollen.

The Pollen pacord
and Interpreted
Vegetation

shift from 25X AP
to 10% AP at 10.5K.
AP = Oak and Xirch.
Change from Oak
parkland to Oak
SBVANDD.

AP(Alnus) 70% from
16K to 8K, than
Grass dominant.
"Altithermal® per-
iod not well defined
in pollen record.

40% Alnus pollen up
to 110 cm in cors.
Grass pollen domin-
ates with 20% cak
and 20% Compoaite
pollen to aurface.

a) 26K 13K 1%
Pinus pollen, 80%
AP 26X ~ 17Ks
Gradual rise in % -
of pinus pollen to
50% with 5% Pices
after 17K to ca.
15K. Change from
herh grasslamd to
woodland.

b) - 2m=90% pinyg
limto
surfaces 18X pinyg
and 80% RAP.

Clisatic
Interpretation

Drier conditions
after 10.5K than
bafore.

prier after 8K than
before.

prisr after 10X
than befors.

26K - 15Kt became
wetter and colder
than today. DPest-
glacial time: dry
1ike today. Some
ascillations.




N. B. Cklahoma
Little Cansy 3%56' %
Atluvial Valley 5%y
Copan srea PR Y

69455
1961275
from a composite set
of samplen from agchi~
eological sites,
eolian and alluvial
deposits, Max. age
is 1981 B, P,

Samples from seversl
sections in valley
where Little Caney

R. hag incised 6 m
into its flood plafn,
Includas the Copan
palacsol dated at
13304 100 870 Lo~
cated Gt transitio
from Cross 7imbers
post oak-blackjack
oak (Q. gtellats -

Q. mprilandice)
forest to the west
into the tall g
praizie to the ®

Rall, 5.3, (1977),  Geology and palynology of Archeological sites and ssociated
sedirants. In “The Prehistory of the Little Caney River, 1975 Pield Seasen.”
{D:0» Hanry, B4.) pp. 13-42, taboratory of Archeclogy, Univ. of Tulsa, Tulsa OK, 181 p.

Bitch Creek Valley  36°32'N
rainted Shelter 96%08'w
U w

Hall, s.A. (1977). logical and pal

1450+ 80
atdicmina 7 ca
section from an arche
eological site. Max.
age is ¢G. 1600 B.p.
Age at top of section
is ca. 00 B.P.

1 1 studies.

and Palecenvironment of Birch Craak valley.* (D.0. Henry,
Laboratory of Archeology, tniv. of Tulsa, Tulsa, OK, 134 p.

New Mexico
gan Augustin Plains  33%50'w
108000"%
FEOON ]

Clisky, K.M. apd Sears, I (19%6) .
changes. gcience 124, 537-539.

19,700 ¢ 1600
22,000 3 4000
in upper part of 100w
core. 10,000 B.p. at
about 600 cm.  Kax.
age perhaps over 100K.

70 ca ssction from &
rock shelter aleng &
anall stream in Crows
Timbers postoak=
blackjack oak forest.
Tall grass prairie to
the wast and mixed
praleie and oaks to
the eant.

In "Tha Prehistory
Ed.), pp. 1131,

Core from plays in

gras:
Ann. Temp. »11.7%
Ann. Prechp. =407 mm

tan Augustin Plains -- Pleictocens climatic

2K to IX: 25% grass
patlen, 20% Asbrogia
% cak poilen. 1K~
€9 B.p.s 20X Cheno~
pod., 20% Ambrosis,
3% grass, 10% oak
pollen. Modern: 0%
oak, 10% hickory,
15% Asbrosis pollen.
Intexproted that
fever oak trees in
arcs at JK to 2K than
there today.

Oak pollen dominates
at 40 to 55%. 10%
Ambrosiz and 5% griss
pollen, Slight rise
in pine pollen %'s
{2 to &%) in upper
20 cm. Oak forest
like today.

Very general pollen
diagram. Laat 10K =
about 1.5 m.  20%
Picea poilen 12-320%
WA, 60 -70% Binue
pollen at 16K {ca.

6 m in cora), 20%
picsa pollen con-
tinusy to 1.5 &
whan replaced by

20 - 30% semidesert
sceub and graes pol-
len.

No interpretation
qliven.

climte 1ike todays
from 1600 to €00 B.P.

16K: Colder than
present

i
i
1




N W, Bev Mexico

Chaco Conyon 36018
a) Gallo wash 107053"w
b} chaco wWash 1131 108 n

€) chaco wash 11
4) chaco Wash 1V

8y 29004330

5600 + 120

67252 110

58603 700
Only bottom date from
635 cm section with
pollen diagran.
dates fitted in by
corralation.
b) Mo dates on 460 ca
section.
¢) 1010490
at 75 cm in 410 cm
section.
a 1025485

21702 310

1655+ 85
Top date fitted in by
cotrelation in 240
section.

m ion and pal

Other to 6.7K.

sections of alluvial
sadiments in » modern
arroyo that hegan
ercding in 2860 A.D.
4 majn allyvial unics.
Qldest dated at 5.6
Pusblo Bon-
ito excavations at
Chaco.

logic history of Chaco

mll, EA. (1977). late
Canyon, Few Mexico.

chaska Mts, 1018w
Dead Man Lake 108955'w
{3 other Inkes 2700 m

atudied bur no
dates for them)

Wright, N.E., Je., Bant, AM., Bansen, N.f., and Maher, L.J., Jv. (1973},

‘Three colus:

1} 39004300

date at 20 om in 35

cm core that has

younger sadisents

than the top of the

long core.

2} 4 C-14 dates
19,400 to 20K

in 810 ow core with

19.4K date at 160cm.

Geologica) Society of America fulletin BB, 1593-1618.

12 hectaze, 11 m desp
lake at ccest of.
mountnina. Open Pon-
derasa pine forest
around lake and down
to 2250 m.  Pinyon/
juniper/sags to 1900
m, and steppe below
that., Spruce/fir
forest not in wta.
today except in can~
yons ahove 2400 m;
replaces p. pine in
San Juan Mts. st
2900 m today. &
surface samples.
Ann. Tewp. » 119
Jun. Tesg. w 1%

July Temp. = 25%
Anns grecip. = 142 m
(et the nearest met.
station).

Fragant

and pust vagetsticn of the Chuska Mounteins, northwestemn Wew Nexico.
Sgciety of America ylletin 4, 1155-1180.

Climkte 8rid Irce
5.8K to 2.4K and
drisr than today
till 500 NP,

7X-5K: Plna zone
with 60% pine pollen
6K = 1X: Chanopod,
tone with 10% pins
pollen, 50% chenopod,
pollen, 500K-0s
Pire- henop. zont
with 40% pine pollen.
pinyon pine woodland
today. .

S pollen zones 20Kt Ann. Temp.

Cora 1)1 before 4K; 4 to 7°%C lower than
Picea and NAP decline. today. Climatic
After 4K: Pinue pol-  gradient up mountaing
len to 70%. 20% was steeper than today.
Chenop., 10% Aptemi-  Postglacials warmer
438 pollen, 2% Quer~ than in glacial times.
cug pollen. Evi-

denee for compres-

sion and lowstlng

of vegstation zones

in glacinl times.

The alpine zone de-

craaged in elevation

nore than the lower

vegetation zanes.

Core 2) 65% MAP

with 45% Aptemigiu,

10% Picea pollen

from top to 28K,

Alpine vegetation

of apruce parkland

Treeling deprassion

of 8G00 to 1000 m.



Colorado

1A Plats Nts.
. Twin Lakes

37%28'y
108905'w
2290 »

11 radiocarvon dates
from 2545 to 9765
B.P. in & 135 cm
coxe. Max, date ca.
10,000 B.P.

petersen, K.L. and Mehringer, P.J., Jr. (1976). post

278-288.

Front Range
Redrock Lake

paher, L.J., Jr. {1972).

Resparch 2, 531-583,

Arizona

Montezuma Castle
¥aticnal Monumeat
Montezuna Well

glacial timberiine £
southwesters Colorado.

long, la Plata ine,
Arctic and Alpine Research B,

40905'n
105032°w
3095 m

7 radiocarbon datew
from 1640 o 9760
B.P. in 2 180 cm
core. Max. date of
ca. 10,000 p.p.

Absolute polles diagram of
Redrock Lake, Souldsr County, Colorado. Quaternary

%'y
111948'w
120 m

8 c-14 dates, 7 on
Dodern mat 1, 3
of thase are 17R to
24. 7% datds and date
ancient carbonates.

Corc from edge of
small, 1 m deep pond.
Opon Engelmann spruce-
subalpine fir forest
at site which 3 290 &
below treeline, ¢
surfoce eamples.

July Teap, = 11.4%
Jan. Temp. = 8,5

Ann. Procip. » 1063 mm
Maximum precipitation
in July and August.
Lapse rate in July is
79¢/km.

2.1 heotare, 1 m decp
lake. Limber pine,
Enyclmann spruce, sub~
alpine tlr, and other
trees and shrubs on
the slopes about the
site. Timborline at
3300 m.

1 hectare watar-con-
talning limestone-
vinkhole fed by azte-
sian gpring waters.
10 = decp. 300 em
core from sedgc-
peat mat less than

1 m under water at
edge of sink. 56 ca
core from center of
lake. In lower son-
oran vegatation zone
with aome Jupiper and
stundant grams.

p:ces and Pinus
domirance through-
out; {60 to 80%).
Usc ratios of pol-
len types to esti-
mate treeline fluc-
tuations. 9.6-8.6
K: trea line lower
than today. Several
changes since then,

10K = 9.7K: 60%
Artemigia pollen
9.7K - 8k: 40%

pinus pollen.

Poak in Picea pollen.
BK - D: 50% Pinus pol-
len with a rime in
petula pollen after
2.5K: pices/Pinus
rotio ugsed to plot
elevation changes

of vegetation.

56 cm core shows in=
crease in AP and
deep water pollen
types at 21 oa lavel.

Hevly, M.H. {1974). Recent paleosnvironmants and geological hictory at Montezuma Well.
Jourpal of the Arizopa Acadecy of Science 9, 66-79,

B+ Arizoms
White Mts - Mogollon

Rim
* Laguns Salada

Havly, R.H. (1964).

34%21'y
110°17°w
1900 w

3500 + 60
at base of 190 om
&ore from canter of
lake and

22504 170
at 110 c» leve] of
290 cm section ex-
posad in arreyo to
west of pras
lake. max.
not well tixed.
Could be as much oy
14K.

Huggue Fipldlans (Anthropology) S5, l71-167.

Spring and arroyo-fed
lake in 2 kn? basins.
Seasonally dry lake.
Follen samples from
centezr of leke; cxpos-
ed Jake sedimonts in
arroyo west of the
present basin,  Pin-
yon pine - Junipex
grasaland rogion
{savapna - voodland) .
Ann. Temg. = 65

dan. Temp. + 1%

July femp. = 1792

Aune frecip. « 637 mm
Some gurfaco somples.

Palecacology of Laguna Selada. Chicago Natupal Nistory

Today: 25% Juniperus
20% plous, and 50%
NAP. 4 pollen zonaa.
7K and carlier: 60~
70% Plnus pollen.

7K - 5K: Grass peak
of 1%, After 7K:
increase in Chenopod.
pollen to S0% at top
of arxoya section.

Tree line changes
imply a fluctuating
climate over lost
10,000 years.

Evidence for early
warming and later
eooling. Changing
throughout last
10K years,

Hatura of change
not clesr.

Drier climate after
%
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W. Arizona
Kublapal Mts 35906 N Ko ¢~14 dates. Dat~
Boulder Springs 114%8°w ing frem pollen and
Shelter 86 m cexanic anblyais,

B0G to 1050 B.P.
for 100 cm of sedi-
ments. Max. age
estimated at 1050
8. P,

Hevly, R.H., Heuett, M.L., and Olssn, S.J. (197B).
from an upland Patayanh rock shelter, Arizonw.
Acadeny of saience 13, 67-78.

5. E. Azizona
Willcox Playa 31%0'N 20,000 B.P.
Lake Cochise 109%50'W 22,000 3 500
1290 m 23,200 £ 500

in 42 m core. AL
dates fzom 150 to
210 cm. Max. age
is between 70X and
210%.

Geochronolegy of pluvial lake cochise,
Ecolagy 44, 436-444.

marein, p.S. {1963).
pollen analysis of a 42-meter core.

9 C-14 daten betwsen
7756 and 9350 B.P.
from & 380 cm and &
100 cm section. Max.
age is ca, 9000 B.9.

Cochise County 31°8°n
pouble Adebe Sulphur 109942'w
Springs Site 1234 n

marein, P.S. (1963). Early man in Arizona; the polle:

svidence. American Antiguity 29, 67-73.

5an bedro Valley 31"’]5:“ 7 radiccarbon lates

Horray Springs 110°10'w from 1550 (unit E)
1292 m to 8270 {unit A} in

115 cm section. Max.
age ca., 8270 B.P) oOr
youngor since dale
on eroded ~aat.

Mehringer, P.J., Marein, P.6., Haynes, €.V., Jr. (1966},
Marcay Springs, a mid-postglacial pollen profile from
southern Arizons. Interia Research Repc-t Ne. 13,

Archeological site,
tock ahalter.

Desert vegetation,
semiarid elimate.
ann. Proeip, » 270 ma

Palececological reconstruction
Journal of the Arizona ~Nevada

Descrt grassland and
sheubs jn Willcox
fasin todsy (Hilaria,
touteloy . Aristida,
Sporobo i3, and mes~
quite}. No plants

on playa == too galty.

ann. Tomp. = 32% (2)
Ann.  recip. =469 na

Anh. vap. 1550 om

Souti:ein Arizona. 1J

Pollen dimgrams from
north and south wall
of an archeological
site. pollen spectra
{rom a3 mAfpoth togth
axe included. bDesert
grassland today,

Stratigraphic 1ectjon
from a tributary ay-
rayo to the San fedra
fiver. In desert
scrub vegetation. 8
stratigraphic units
from basal A to upper
.

Geochronology Labormtories, Univ. of Ar.zona, Tucson, 10 pp.

NAP dominated gpec-
tra with 15 to 20%
Ephedra pollen,

¥o pollen counted
above 200 em, ex-
eept at surface.

Yo postglacial re-
cord.  20K; 90 te
100% pipus pollen.

3 of & pallen zones
are illustrated.

NAPp dominates with
Compositae highest
in zone IV before BK
and Chehcpod. pollen
up to SO% after BX
in zone I and III.

Chenoped pollen dome
inates &t base in
unite A to D apd
units P to H and
short-apine Compori-
tac pollen dominatesg
in the 95 cm ol unit
E. Unit B deposited
in $00 years betwosen
4000 and 5000 years
ago., Vegetatien
tones lower by 300 m,

My indicate climatic
fluctuations from sume
rey dominate bisenson-
al raintall to winter~
dominated reaime.

20K: colder and
moister than today.

kartin argued that
the "Altithermal®
{8 - 4K) may have
heen moister than
today. Final proaf
not In hand,

kathors argued that
higher pine pollen
{up to 10%) in unit
B (4-5K) loply
moisture conditions.

~i
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Wasatch Hes. 40038°n 5 c-14 dates from 375 Lo 450 cm thlck

Litele cotconvood 111%5'w fros 1870 to bog over 1 -3 ® of
canysn 240m 12,100 C.». in a llegum Fork till
Showbird Pog Composite protile (1] te 14K old).

Bog section includos
7 foreat-floot mats
with spruce and fir
necdlcs ond roots and
6 cloy-loam units.
Fngelmann apsuce and
sybalpine fir at site
with fouglas fir,
agpen, wiliow, and
alder noachy.

of 2 profiles
Max. 4ga of ca.
13,000 B.p.

Madsan, D, 8. and Currey, O.R, {1379} Late Quaternary glacial and vegetation
changes, Little Cottonwaod canyon ares, Wawdtch Mountains, Utah. Quareznary

Research 12, 254-210.

Zion National Fark ca. 37°10'N Presiminkry report
Beatty Lake, ca. 3% of some potentially
Paris Lake, Sen- 1280~ 1977 m interesting slten.
tinal Slide Lake, Poilen records alse
Trail Canyen lava preliminary.

Lake, Cohlpita
lava Lake

Hevly, R-H. (1978). Palececology of Holocene and pleistocene lacustrine pedirents
from 2ion National Park, Utah, Pirst Annusl conforence of Research in Natiopsl
Farks, A 1.B.S. Publication, 151-158.

§. E. Idaho
¥. B. Grest Basin u°171u 1850 + 200 10 ha lzke 4n cutlet
Red Rock Fass 112°%1w 10, .90 # 250 of Lake Bonneville
Swan Lake M50 m 12,090 4 300 when at itg highest

{1430 m). In Artemi-
sid Atepps. Pollen

and olant mactofossil
& puxface sam-

In a 805 em core
{with pollen}.
Max. age (s oldest
date. datr
ples.
Jan. Temp, = 69¢
July Tomp. s 21%
Ann, Precip. =400 m
Snowfail = 1260 mn

Bright, R,C. {1966). Pollen and seed stratigraphy ' { Swin Lake, sauthenstern Idehot
{ts relation to regional vegcemiional history and to Lake Bonpeville ffistery.

Tebiws, The Journal of ths Idaho ftate University Museum 9, 1-47.

wontand/1daho
mittarroot Mis. 3’y 16 radlocarbon dates 2 hectare beg and
Lost Trail Pass 30§ 113956°W from 60 to 585 cm mcadow.  In aube
A52 and 125 to 11,200 alpino fir gone

B.P. in 625 cm core. (1900 - 2900 m),
Hax. age ca. 12,000

: 33

Meheinger, BiJ., Jr., Ame, B.F., and Putersen, K.L. (1977). Posiglacial history

Sedimeht strati-
graphy auggcsts
several bog~
meadow/forest re-
Placenents.  Local
Bqquence, fiot BCen
in regional pollen.
13K - 8k: 40% sage
and NAP, up to 3%
alder pollen.

8K - SK: 60X spruce
and 20% pine pollen.
5k - 0 1% sage, up
to 40% alder with
penks in spruce.

7 pollep zones 12K -
10K: 65% Binus pol-
len with 20% B
flexilis type, 10~
25% Artemisia poilen.
10K - 0: 15% {5 - 30%)
pinus pollen and 20
to 5% Artemisia, 5%
Ambzosia, 10% Gramin-
eae pollen. 8.4 -0:
20% Chenopod. pollen.
1.1k~ L.8K; 10X Pinus
pollen, with ! % B.
flexilis, rest is P.
contorta type. L.

Bonneville lowar than

1430 m oy 12K and pos-

sibly by 13K.

Artemisia zona to
11,500 B.P. Plnus
pollen dominatep
since then (B0x}.
peaks in Artemigia
pollen about 600
years ago.

of Lost 7Trail Pass Bog, Bitterroot Nountains, Hontama, Arctic nnd Alpine Research

9, 345-368.

Uses spruce/pine

ratio and conitec/
other pollen ratio
to trace temp. and
moisture changes.
13K - BK: cool, dry
BK ~ SK: warm, wet
3K~ 0: cool, dry.

12K - 10%; coldsr than
todey. 10K - 0: like
today or warner except
from 3.1 to 1.6X when
colder.

11,5K = 7K coolar
than today.

7K = 4K: warper,
4K - 0: cooler with
perhaps more moist
interva) 3.7 ta
3.4k
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N. W. Wyoming

Yellowstene Park 4i%28'n
Cub Creek Pond 169 W
2520 m

Waddington, J.C.B. and Wright, H.E., Jr

on the east 11de of Vellowstone park, Wyoming.

Yellowstone 44030°5
Natjonal Park 110°20"w
Abandcned 2384 m -

lagocn above
Yellowstone Loke

paker, R.G. {1970). Pollen sequence fr
park. Scicnce 168, 1449-1450.
Nevada
Guano Cave ca. 40%00°N
fishbone Cave ca. 119%30'w
1350 m

Sears, P.B. and Roosma, A. (1961),

- 6l -

11,6302 180
14,360 » 40N
in 030 <m core
with Mazama ash layer.
Max. age ia ca.
14,360 0. P,
in an ash horizon.

Lodge pole pine
dominates with some
spruce ond fir.

. (1974),
Quaternary hescarch 4, .175-183.

vegetation today:

2,470+ 250
6,390+ 250 Pinua contorta about
9,240 « 300 site with Picea gnael-
11,550 + 350 mannic, Abiga dazio-

on a 950 cm cora.
Hax. age is ca.
11,000 B. 8. or
older.

cacpa, and Pinus albl-
caulis on slopes just
30 m above the site,
Treeline at 1015 m.

om late Quaternary sediments in Yellowstone

8 C-14 dates from
3200 to 15,760 B.P.
in two series of
samples from both
cavesd. MAX. age i3
dated by oldest date
in 10 cm of lake
silts at Level 6 of
Fishbone Cave

Sections of cave
deposity from caves
in the desert. The
caves were cut by a
high stand of L.
Lahontan.

hnn. Temp. = 10.6%
Jan. Temp. = 0%
duly Temp, = 21%
Ann. Precip. = 166 mm

A cliratic sequence from two Nevada cavea.

Americhn Jourpal of Seience 259, €69-670,

5. Nevada
Hohave Dusert 36°19'N
Tule springs 115°11'4
55 m

Hehringer, P.d., Jr. [1967).

Pollen data from
lake sediments.

Some work associated
with archeological
sites. In Mohave
Desert today with
crcosote bush and
bursage.

Ang, Tepp. =17.89C
Jan. Temp. = 6.4%
July Temp. = 30.69C
Anp. Precip. = 10l mm

7480 » 120
9000 » 1000
12,400 + 350

in 3 separate sec-
tions comprizing a
composite postgla~
cial profile with
scme overlap from
12.4K to ca. 6.5K.
Hiatus at site from
ca. 12.4K to 22K,
then 2 dates of
22.G6K and 11,2K for
the max, agoe at the
aite,

The enviranment of cxtipction of the lata-Ploistocene
Fegatauna {n the arid aguthwestern United Statoa,

1n "Ploistocens Extinctions."

{P.5. Martin and H.x. wright, Jr., Eds.), pp. 247-265, Yale Unlversity Pross,

New Haven, CT.

Hartin, P.5. and vehringer, P.J., Jr. (1965).

biogeography of the Southwest.

y M. .

Pleigtocenc pollen analysis and

In “The Quaternary of the United States.™
Arvight, Jr. and 0.G. Frey, Eds.}, pp. 433-451, prioceton Univeralty

14K - 11.6K: Tree-
line lower by S00 m
with 30 - 4905 Artemi-
aia pollen and luy
#erula, 11.6K=-0:
40% fanus mostly B,
Gontorta type.

4.5 - 0; % more
Dicea pollen.

Latc Quaternary veqetational changes

2 main pollen zones,
Upper one with 3 sub-
zones.  ca. 1JK-
11.6K: 304, Artemi-
sia pollen with some
Juniperus and Picea
pollen and 4{% Pinug
pollen implies alpine
vegetation. More
trees in upper part
of zone. 11,6K=0;
Pinus contorta zone.
70 - 80% Pine pollen.
P. albicaulis pollen
high till 10K. 10K -
SK: mainly P. gontor-
ta pollen. Hiatus in
sediments possible.
5K ~0; more Picea apnd
Abies pollen (5%},

Composite disgram
made from different
samples. Pollen
stratigraphy is
fough, 15K: 1 level
with high pinus pol-
len, rest high NAp,
7K to 2K or 0: Desert
pollen types dominate,
some rise in AP hear
top.

12.5K: pominancg of
Artemisia and Juni-
perus as Ocgurs in
N. Nevada today.
30% pine pollen,
15% Artemisia pole
len. 12K: Gradual
change to sagehrush
and shadscale (Atri-
plex) as Chencpod.
pollen rose to 60%
art pinc pollen de=
creased 15%. ca.
6.5K: 2% Pinus, 15%
Chenogod., and 70%
Compositae pollen;
conditions like to-
day.

14K - 11, 6K: Cooler
clirate. 1l.é6x -
4.5K: warmer and/or
dricr clirate,
4.5+ 0: perhaps a
little cooler.

13k-11,6K: Colder
than teday. 11.6K-
10K: Cooler and drier
than today. Annpual
temp. of -16¢ or 1.5%
colder than today.
10K - 15K: warmest and
drieat. 5K and 2.BM:
Cooler pulses perhaps
tied to neoglaciation.

15K: mostly dry
7K=- 2K or 0: Dry or
drier than today.

12,5K: colder than
today, 12K~ 7.5K:
trend toward wacner
drier conditions

with some short in-
tervals that may have
been wetter and cooler.
ca. 6.5K: climate sim=
ilar to todays.



California
Yeserste and a1 37995’ al tio dates in 6BS
L. Jance Arean 119052°% om af stratiqeas

a} Bedzden Ranch pETL} phic rectiun,
. b} Crane Tlat bl 3!045::: b 950« 10
e} Scéa SRErings 1198457 w AR
d) Oscaed Seatp 185G 204 « Vi)
€] 3195671 in £15 ¢m osecticn
119920" % trom an arclicelog-
0 PN 1cal mpdden.  Max.
d) J80sQ'x wye of 3000 b0,
1200004 poscilile.
1900 m €) Mo dates an 134
om CQre
41 2010200
9900 ¢ 00

in 330 <m corr.
Max. age of 12,000
0.p. possitle

Adar, D.P. (1967). Late-Pleistocene and recent palynology in
the central Sierra Nevada, Califormis. In “Quaternary
Palececolegy™, (E.J. Cushing and N.L. Wraght. Jr., ©63.),
pp. 2375-301, valc University Press, bew Jlaven. CT.

nepr L. Tihoe 38051 "1 1135240
ralsten Ridge Bog 126907 "% 1345+ 9%
2300 m 2595 1 89
Last date at base of
102 ¢ core. Max.

age = 2595 B.P.

Sercel), . and Adam, D.P. (1975). A late nolocene pollen
diagran {ron near Lake Tahoe, ElDorsdo County, Calafornis
Jcurnal Research Y.5. Geological Survey 3, 737-745.

San Franeisco 1o’y 1545 £ 85
Peninsula 12:°15'w 21903 85
Weeks Creck H5a 304 55

Pearson’s pond in 210 o» coze.

Max. age iy M400 B,P.

Adam, D.P. (1975).

Siten near Mono Lake.

A-c) Sections frum
arcnenleqical aites.
a) 100 m diamet r
lake.i M doep weter
Letore artaficaally
drawned 0 tyms. 31
suftsce samplee {eom
2 altitudinal fran-
sects.

Boq 13 250 m from
crest of Sierra ties
ada.  Several small
springs account for
peat growth at site.
Year 01qood Swatg
[Adan, 1907).

Srall pond in grasa-
land and chaparral
with redwood and
mixed evergrecn for-
©3ts :n stlean val-
leys. Soke aarl in
Sediments.

Ron. Precip. =900 m

A late Holocene pollen record from Poarson's

4 Pond, Weeks Creek Landslide, San Fréncisco Peninsyla, califorpia,

Journsl of Research, U.8. Geological Swrvey 3, 721-7)1.

Y 17K - LG
LU
pollen il
for. 105 - 0:
% Ban oz peller
2.6 ey Highez
fae s grd fftcas
roar el

Complacent pollen
racord with 60%
Diplex. pine, 15%
Haplox. pine, 29%
T-uaa. 4 roat hor-
1zons frem 35 to 7%
cp may indicate per-
1005 of relative dry-
ness ang decreased
2pring eischars
T<0 Of these ate dat-
ed by the 2 younger
C-13 dates.

20 to 40% TCT
pollen (prebably
f1om Sequela) an
core. 3.4 -1.0K:
10 - 20% prous and
Lorylus pollen but
nene from JK 10 0.
Active record with
Cheneped,, Quescus,
Gramipae, and TCT
pollen. Human dis-
turbance indicated
by rise in % of
Crass pellen in
upper 30 cn.

Ead ¢f glacial
elimatic ecnditicns
by W#. Cooler
after 8K

Drier at 1100 to
1100 8., than ‘c-
day or &t 7500 8.7,

Two wet intervals
fram 2.) to 1.9k and
from 1.3 to JK.


http://Voicff.it

S. california

35017’
117920"w
ca. 510 m

Searles Lake

Leopold, E.B. (19671,
sear
sesrles valley, California.”

Vell-dated from
12,730 to 21,200
in parting mud of
orgonic lake sed-
inents,

Summary of palynological data from
lake. In "Pleistocene Gaology and Palynology of
Guidebuck for Friends of

the Pleistocene, Pacific Colst Section, $2-60.

hocsma, A. (1958).
califormia. Science 128, 716.

¥. 1dare
selkirk Range 48°16°K
Hagex Pond 117958°w
850 m

Mack, R.M., Rutter, W.W., Bryant, V.M., Jr., Valastro, 5. (1976).
tacisl i Hager Pond, Bonnez Co.

A clisatic record {ros Searles Laks,

12 C-14 dates from
2670 to 9510 B.P.
for & 970 ca cote
with mazama ash.
Max. age is ca.
10,000 B.P.

1daho:

p g history in
Quatetpary Resesrch 10, 241-255.

63 -

Pollen data from
Upper Salt and Part-
ing Mud 1p core L-31.
pried up lake bed
located in Su corner
of Bamin kanye pro-
vince. Was part of
4 chain of lukes,
those dpacream in

the high Sierzas
{e.g., Momo L., Adobe
L.) cothectcd by the
Owens R. Degert
scrub, bare arcas and
phreatophytes in basin
today. Desert scrub
to 1300 m on =mt.
tlopes. Some Ceano=
thus, Juhiperus, pin-
yon-juniper woodland
above 2120 m in Pana-
mint Mts.

Ann. Temp. o 19.)0C
Jan. ‘vemp. = 8%
July Teap. = 30°%C
Ann. Precip. = 97 ke

Hemlock/pachigeims

vegatation type

79 in Januasy

179C in auly

600 mm Ann. Precip.
Peat aince 2700 B.P.
over lake sediment.

Reexamination of

Hodern pollen: 35%
wyodland polien
{pine, oak, sage,
juniper). 20% Coa-
positae, 30% Chefo-
pod. pollen, 23K -
10K: 75% woodland
polleh types. 10K

to top of Upper Salt

unit: $0% woodland
pollen types. In-
creased amounts of
Chenopod.
pollen.

in amounts of these

pollen types.

5 pollen zones 50
to B0% pine pollen.
Highest pine 10K to
ex and 6K to 0.

10% fir and hemlock
since 2.5K.

Campositae
Oscillations

Climate drier apd
wvirser diter 10K.
Oseillations in
climate in lest 10K.

10K ~ 8. 3K: cooler,
moister. B.3K- 3K
varmer, drier

% - 0: cooler,
Boister



§. E. Weshington

colville A, valley 480)7'n
uaite Lake 117%6'w
élom

8 C-14 dates from
1930 to 11,950 B.2.
In a 1060 co cors of
calcaraous sediments,
patea coreected uning
Kazala and Clacier
roak . Mezase
ath dated at B ond
11.9K dats 50 cm
above 11.IK G.P. ash,
Has. age is cm.
12,%0 0.7.

180 hectace lake,
cors from s shote.
peat over Jyttja and
marl in upper 100 co.
povglas fig/physotae-
gu8 vegetation type.

%0 to 75% pine pol-
len tnroughgot core.
L5 to 20% Artesigin
pollen until 5K,

1% pine after SK.
Alhus, grass pollen
also decrease #t K.
4 major pollen Iovas.
nodern climax forest
of Douglas fir since
2-2%.

Mack, R.N., Rutter, B.4., Valastro, b., and Bryant, V.K., Jr. (1978}, Late Quaternsry
vagetation history at Waits Lake, Colville RMiver valley, washington. potanical

Gaigtty 139, 499-506.
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Btg mndow 117913°w
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mack, R.M., Rutter, K.¥., Bryant, V.M., Jt., and valastro,
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1170 to 10,460 B.P.
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1030 cm cote. Max.
age is earlier then
11,000 2. P, cu.
12,%00 8.P.

5.

Fen in glactally erod-
ed trough, 55 ke north
of late pindale limit.
In hemlock (7. hetero-
phyila} sericn or
Abiog grandie zona.
Jan. Temp. = 5°C (1975)
July Temp. = 21% (197%)
Ann. Precip. = 100 ma

{1978). late

Ouaternary polien record from Big meadov, Pand Oreille County, washington.

Quaternagy fesearch 59, 956-966.

Sanpoil R 48025y
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55 m

MACK, R.¥., Rutter, M.W., and valastro, 6. (1979).

11 C-14 dates from
1970 tc 10,010 B.P.
in A 850 cs core
with Mazams ash.
Kax. age iy dated
at 10,010 8.p.

A mire with 250 ca
pest over gytt)a with
Mazama ash gver marl.
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glaciation (19K to
10k).  pinus ponde-
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tion acound site with
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in the valley.

Jan. Temp. = 13°C
duly Temp. = 20°C
Ann. Precip. = 40D &
(at Republiz, WA,
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Late Quaternary pollen rscord

5 pollen zones.
base to 10k; 2%
sage pollen, 40%
pine pollun,

6.5x < D: 75% pine
pollen. 2.4K -0
Climatic climax
of Tyugs hetero-
phylla. [Tsugs
potlen continu-
ously above T%
after ).

4 pollen zones.
BAP (Artemidla +
Graws] I9% til)
MAzama asn.
Diplox. Pinus
pollen from 50
to 80X At 6.7K.

from the Ssnpoil River Valley, Washington. Canadian Journa} of satany 56, 1642-1650.

Okanogan R. Valley

a) Hud Lake a) 48937y

b) Bonsparte 119°21"w

. . Meadovs 655 m
b) 45%5°'R

119004°%

102t m

; mack, R.N., Rutter, M.¥., 8hd Valastro, $. (1979},
- the Chanoqan valley, washington.

Frmtiir

e

pack, R.N., Okazaki, R., and valsstro, S. (1975).
from Mount MAzama, Kature 279, 228-229.

a) 3 C-14 dates
from 8030 to 11,490
8.P. ina 500 cm
core with Mazam
and St. Halens Wn
ashes. b} 18 C-M
dates trom 1480 to
10,000 B.P. in a
633 cm core with
Mazame (2 units)
and St. Helens Wn
ashes.

a) small pond, H50 cm
of sediment with pof-
len analyzed in uppes
500 cm.

b) 112 hactare fen
with 490 ca of peac
over 143 cm of gytcja.
Detailed study of
Mazoma ash shows two
distinct ash falls
(6.8 to TK).

tiolotene vegetation history of
Quaternacy Besearch 12, 212-225,

Bracketing dates for tvo ash falls

4 pollen zones.
11.5x - 10K: Haplox.
pines and Arteminia
dominant. 10K - 5K:
Diplox. pines and
Artemisia dominant.
5K - 0; Modern vege-
tation dominated by
Douglas flr.

10k - 12-5%: cool, moiat
67K - 10K: waemer

5K - 6.IK: drier

K« 01 like toddy

9.7 =3.)K: varmer
than today.

Climate warmer than
today after 6.7K to
4K. Other clirate
changes possikle hut
subtle

11.5K - 10K: ool
10K - 5K: warmer and
drier. SK-0: less
warm and dry.
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Davis, Q-K., Kolva, D.A., and Mehringer, §.J.. Jr. {19774,

Wildcat Lake, whitman County, washington:

Sgience 51, 13-30.

¥. W. Kashington

Olyepic Peninsula I} 47050°8
1) ok A Valley 124015°%
a) pog-Site 1 8} J46
b} Bog-Site & bl 1% m

2) Sca Cliff peats 21 47915°W
near HalJaloch  124920°w
JtodS

1 aj 14 c-14 dates
from 250 to 14,600
B.5. 30 » 48D cm
core. Max. age i3
oldest datk. b)
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2} 14 C-14 diates
from 16,700 o
547,000 B.P. 3n
26 = section.

1-3 ha., 1-3 m doap
lake in channeled
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Featuca) vegetation
type. AnR. Precip. =
400 mm.  2/3 falle
MNov. to Apri}.

Pollen anplysis of
the last 1000 years. Jorthwest

L aj 2t mectase bog
near forest of west-
ern henlock (Tsuga
heterophylia) and
western rod cedar
(Thuia plicata),
with some Douglas
fir (Peeudotsuys
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high lodgepole pipe
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surface-sample sitecs.
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July Temp. = 16°%C
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to 2200 s  Mea-
sured lapae ratio of
65c/km.

2) Expcsed peats in
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of pacific coastsl
forest.

Heusser, C.J- (1977). Quatezmary palynology of the Pacific slope of washlngton.

Quaternagy hesedrch 8, 781-306.

Olympic Feninsuld 4798
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ca. 200 m

20,100 ¢ 750
30,000 ¢ B0p
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July Temp. = 15.4%
Jan. Temp. « 3,7%
AnD, Precip. = 2974 ma
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Heusser, C.J. {1978). Falynology of Duatarrary dopopits of the lower Dogachiel
River srch, Olympic Peninsula, Washington. canadian Journat of garth Sciencca

15, 1468-1578.

7 polign zohes. De-
credse An haplox.
psne, spruce, fir,
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for past 10K years
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No major climatic
change in last
1000 years.

16 - 20X: colder by
7% or more than
todsy. BK-6K:
varmer than today
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than today.

Climats changes
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pertinent information available at each pollen site. For each
location from which 1 have summarized the pollen data, Table 1
lists 1) the name of the site and the state in which it is located;
2) its latitude, longitude, and elevation; 3) the chronostrati-
graphic information such as radiocarbon dates and volcanic-ash
horizons; 4) the present condition of the site, of the regional
vegetation, and of the climate (when information is available):

5) the main features of the pollen record and interpreted changes

in the past vegetation; and 6) the interpreted changes in past

climates.
The network of well-dated sites is best in Washington and

Idaho (Fig. 1), where R. N. Mack has recently published data from
a series of gites to complement the work of Heusser, Mehringer,
and Bright (Table 1). Outside of this region, the location of
sites is uneven, and the dating is generally not as thorough at

each of the sites.

0f this set of over 42 sites with pollen evidence, nine occur
in or near the lake basins described by F. A. Street in Chapter 1.
These include Rich and Crane Lakes in the Llano Estacado; cores
from Searles Lake, the San Augustine Plains, Lake Cachise, and
Tule Springs in pluvial Lake Las Vegas; Guano and Fishbone caves
that were cut by pluvial Lake Lahontan; and Swan Lake in a spill-
way of pluvial Lake Bonneville. The pollen records from all of
these sites will help in estimating the vegetation about the plu-
vial lakes and thus aid the use of computer models to simylate
past climatic and hydrological conditions at these sites. Such
work will be an important follow-up to work reported in the first

chapter of this report.
THE INFERRED PALEOCLIMATIC RECORD

All of the pbllén diagrams show a certain degree of climatic

variation over the past 10,000 to 20,000 years. The general pat-



FIG. 1. Location of the sites with- pollen data in the western
United States. Only the data at Zion, Gause, and Boulder are
not directly dated by radiocarbon dates. The first letter of
each name is plotted at the sample location except where +'s
mark the location for Ralston, Lagoon, Big M. (Big Meadow),
Simpson, and Hoh.

Location of sites with pollen diagrams.
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tern includes colder conditions by 3 to looc about 18,000 years
ago, warming from 15,000 to 9000 or 7000 years ago, a period of
relatively high temperatures from 9000 or 7000 to 4000 or 2500

years ago, and a recent period of cooling and of lower tempera-
tures associated with glacial advance among certain alpine gla-
ciers.

Between 18,000 and 20,000 years ago, the pollen data are
consistent in showing that the vegetation shifted to lower ele-
vations on the mountains and in the basins and valleys. The
amount of lowering varied from 600 to 1300 m (Petergon et al.,
1979].l These values agree well with the estimate for the 900 m
lowering of the glaciation threshold in the southern North Cas-
cade Range between 18,000 and 22,000 B.P, (S.C. Porter, unpub-
lished ms.). Botanical data from radiocarbon-dated pack-rat
middens yield similar estimates for the amount of downward dis-
placement of vegetational regions (Peterson gt al., 1979).

From 15,000 to 13,000 years ago until 2500 to 4000 years ago,
the pollen record shows evidence first of a climatic warming and
then of c¢limates often warmer and perhaps drier than those today.
This warm period called the Altithermal or Hypsithermal seems to
have lasted from 7000 or 9000 years ago until 2500 or 4000 years
agc, Detailed mapping and more intense study of the data are
needed to show what sorts of climatic patternhs existed in the
west during the period from 9000 to 2500 years ago.

Since about 2500 years ago, evidence from studies of alpine
glaciers exists for neoglaciation {i.e., extension of certain of
the glacierg) in the Rocky Mountains and the Cascades, and the
term Neoglaciation is sometimes used for this recent time period
{Heusser, 1977). Some but not all of the pollen diagrams show evi-

dence for lower temperatures during this time period. In a study

of tree rings and the upper treeline in the White Mountains of

1. References are given at the end of this chapter (p. 71).
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California, LaMarche (1973} has used his records, which are
temporally more sensitive than most pollen records, to document
some of the high-frequency climatic oscillations during this time
period (Fig. 2). The overall trend in his data during the past
1000 years is toward colder conditions than those during the pre-
vious 5000 years.

In summary, the pollen record complements the lake-level and
other geclogical records in the West by showing colder, moister
conditions 18,000 years ago, a period of general warm and dryness
from 7000 to 4000 years ago, and a recent period of cooler, moist~
er conditions relative to those from 7000 to 4000 years ago. Fig~
ure 2 of Chapter 1 shows that the water-level in at least three
basins has increased dramatically in the recent 2500 year period.
The hydrological effect of this recent climatic change is thus
manifest, and the evidence for cooling in this area during the
past 700 years (Fig. 2) suggests that a further increase in water
levels is likely over the next 100 to 1000 years. Such changes
could affect the suitability of any sites in the Great Basin that

right be chosen as repositories of radiocactive wastes.
PLANNED FUTURE WORK

The pollen data listed in Table 1 will help in the next step
in interpreting the lake-level data summarized in Chapter 1. OQur
plans call for using a combined hydrological and energy-budget
model developed by Kutzbach (in press) in order to estimate the
precipitation changes associated with the lake-level fluctuations
and in order to estimate the changes in the rates of groundwater
recharge in a selected set of the bagins. The model uses values
of surface albedo (reflectivity) in its calculations of the basin
heat-budgets. By indicating the nature of the past vegetation,
the pollen data will improve the accuracy of the surface-albedo

e¢stimates and thus of the model simulations.
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CHAPTER 3

CLIMATIC CHANGE IN THE NORTHERN MIDWEST
DURING THE PAST 10,000 YEARS

{Thompson Webk III and Sally Howe)
INTRODUCTION

The possible hurial of nuclear wastes in either Upper Mich-
igan or other Midwestern localities requires an examination of
the 10,000-year climatic variability within the northern Midwest.
0f particular interest for estimating possible changes in ground-
water recharge is the record of precipitation changes during this
time interval. This record provides evidence for the past range
of long-term (100 to 1000 year) changes in precipitation, and
these changes can be used as a guide for estimating the potential
range in precipitation that may occur over comparable time-periods
in the future. The past record also indicates the trends in re-
cent long-term changes in climate, and these trends can be used
as first-order guesses for estimating future long-term changes in
climate. Paleoclimatic evidence from tree-rings (Fritts, 1976)
and from historical records should be used when estimates of the
short-term (10 to 300 year) trends are needed.

Fossil pollen data by monitoring past changes in the vegeta-
tion provide the main stratigraphic evidence for the long-term
climatic changes in the Midwest. The data are quantitative and
can be calibrated in terms of climatic changes over the past
10,000 years. Not only do the data and methods exist for deriv-
ing quantitative estimates of past precipitation from pollen data,
but enough radiocarbon-dated sites with fossil pollen exist that
both the pollen data and the precipitation estimates can be mapped
for certain 1000-year intervals within the past 10,000 years. 1In

the second sectioh of this chapter, we have illustrated some of
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this potential by briefly describing pollen analysis and then re-
viewing some of the previous paleoclimatic studies from tﬁe north-
ern Midwest. In the third section, we describe the methods used
in estimating the climatic values from pollen data; and in the
fourth section, we present the latest set of past-precipitation
maps derived from pollen data and discuss their relevance to the

possible burial of nuclear wastes in the Midwest.

POLLEN ANALYSIS AND PREVIOUS MIDWESTERN POLLEN STUDIES

Brief Description of Pollen Analysis

Ever since the technique of pollen analysis was first intro-

duced in 1916, pollen data have been the main source of climatic
information on the time scale of 5000 to 15,000 years. The tech-
nigue depends upon the steady accumulation of sediments in lakes
and bogs to form organically rich deposits that can be collected
by hand-driven corers and can be dated by radiocarbon methods.
These sediments incorporate a variety of materials including micro-
scopic (2( to 100 um) pollen grains that have a resistant outer
wall. Corifers and flowering plants produce this outer wall to
protect the inner sperm-producing cell during sexual reproduction,
and winé-pollinated plants release millions of grains for each one
that re:sches a receptive stigma. Pollen is both blown and washed
into la'tes and bogs where the durable walls are well preserved in
the accmulating sediments.

Ir the American Midweét and Northeast, lakes contain 2 to 10 m
of sediment that has accumulated in the last 10,000 to 15,000 years
since the continental Laurentide ice sheet retreated. Cores of
these sediments are sﬁbsampled at 5 to 10 cm intervals, and 1 ml
samples are processed in the laboratory by a variety of concentrated

acids and bases that dissolve away most of the unwanted sediment and
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leave a residue rich in pollen. Examination of the residue under
a microscope at magnifications of 400 to 100 x permits identifica-
tion of different types of pollen from the genus to even the
species level based on the wall-sculpturing and the shapes of the
grains. Por each sample, the numbers of grains of each pollen
type are tallied.

Pollen diagrams produced from the tallies show the changing
relative abundances of pollen through time at individual coring
sites (Fig, 1). The information from several diagrams can then
be linked by mapping the different pollen types in similar-age
sediments from different lakes (Fig. 2). Patterns in maps of the
relative abundances ¢f recently deposited pollen not only resemble
the spatial patterns in the plants currently producing the pollen
but also are often comparable to the modern-day patterns of clima~
tic variables. 1In eastern North America, for example, both oak
and spruce pollen have north-south distributions that resemble the
north~south gradient in temperature (Fig. 2), and herb pollen (ex-
cluding ragweed) increases westward with decreasing annual rainfall
(Fig. 3). These similar patterns between pollen and climatic vari-
ables are the basis for calibrating pollen data in climatic terms
and for interpreting what the past changes in pollen imply about

past climatic changes.

Midwestern Pollen Studies

After the introduction of radiocarbon-dating, the study of
Weight et al. (19631 at Kirchner marsh (Fig. 1) was one of the
first in the Midwest to illustrate a major increase in the percent-
ages of herb pollen (Pig. 2} and thus indicate the eastward move-
ment of the prairie during the period from B000 to 4000 years ago
(Wright, 1968). Subsequent studies by McAndrews (1966), Watts
and Bright (1968), and Ritchie (1969) added further radiocarbon-

1. References appear at the end of this chapter (pp. 101-102}).
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FIG. 1. Pollen diagram from Kirchner Marsh (Wright et al., 1963)
showing how the percentages of the different pollen types change
with depth and/or time. Six radiocarbon dates indicate the age

increase with depth.

Pollen diagram from Kirchner Marsh, M.
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FIG. 2. Maps a and c show the contemporary patterns in the
percentages of spruce (Picea) and oak (Quercus) pollen in surface
lake-sediments and peats. The percentages are based on a sum of
total pollen excluding aquatic pollen and spores. Map b shows
the July mean temperatures for the period 1941 to 1970 A.D.

'ﬁnps- of spruce pollen, oak pollen, and tempei:ature today.
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dated evidence for this prairie expapsion; and the detailed study
of pollen and plant-macrofossils at Kirchner Marsh by Watts and
Winter (1966) showed that the water level in the basin had de-
creased during the time when the percentages of herb pollen were
highest at thig site. The main climatic interpretation of these
pollen and inferred vegetation changes was that precipitation had
decreased along the prairie/forest border from Minnesota into
Illinois and perhaps Ohio. This evidence fitted in neatly with
previcus botanical studies in which the current-day growth of re-~
lic communities of prairie plants into Pennsylvania and Michigan
was used to postulate the existence of a dry "prairie period" at
some time during the past 10,000 years (Transeau, 1935).

Bryson and Wendland (1967} were the first to estimate and
map the circulation changes associated with the prairie advance
and retreat. Webb and Bryson (1972) then guantified gome of
these estimates by deriving temperature, precipitation, and air-
mass-duration values from the pollen data at Kirchner Marsh in
Minnesota and Disterhaft Farm Bog and Lake Mary in Wisconsin
{Figs. 4~7). This study showed that dry westernm air replaced
the moist southern air in Minnesota 4000 to 8000 years ago, but
this circulatiqn change did not extend into eastern Wisconsin.
These results sugyested that conditions in the Midwest 4000 to
8000 years aqgo were in gome ways analogous to the short-term cli-
matic changes during the "dust-bowl" years in the 1930's. Since
i thig initial calibration study, we have improved the calibration
: methods (Webb and Clark, 1977; Howe and Webb, 1977), and we have
; expanded our data base by adding new sites with modern and fossil
pollen data to our computer files.

' our first study (Bexnabo and Webb, 1977) after adding the new
: data was to map the polle- data in order to illustrate the patterns

and magnitudes of past changes in pollen for four major pollen
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types (spruce, pine, oak, and prairie-herbs). These maps showed
that not only had spruce migrated northwards from 11,500 to 8,000
years ago but that the prairie/forest border had moved first east-
ward 500 km and then retreated westward 100 to 200 km (Fig. B),
This study also showed that spruce trees have become more plenti-
ful along the southexrn border of the boreal forest, thus indicat-
ing a southward movement of this border over the past 4000 years.
At the same time, a group of mesic forest trees (birch, maple,
beech, and hemlock) increased in abundance eastward from New York
and New England (Fig. 9).

These final pollen changes imply that the climate of the Mid-
west became cooler and moister than it had heen prior to 4000 B.P.
This long-term trend toward moister conditions in the Midwest is
one that may continue over the next 1000 or more years and is a
trend that warrants concern if nuclear wastes are to be buried in
the Midwest. Such an increase in mojisture would significantly

affect the rates and amount of ground-water recharge occurring in

this region.

METHODS

General Prgcedure

At about the time that Imbrie and Kipp (1971) and Pritts
et al. {1971) developed quantitative methody for calibrating
marine plankton and tree rings, respectively, into climatic esti-
mates, Webb and Bryson (1972) used canonical correlation analyses
to calibrate pollen data in climatic terms. Since then, Webb and
Cclark (1977) have compared several numerical methods that can be
used for calibrating fossil data and concluded that multiple re-

gression analysis is the simplest, most straight-forward techni-

que to use.
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FIG. 8. Top map: Isochrones in Sw years for the time when spruce

pollen decreased below 15% in the polien diagrams from the sites
indicated by open circles. These isochrones trace the movement of
the inferred position of the gouthern border of the boreal forest.
Bottom map: Isochrones in 10° years for the time when herb pollen
increased above and/or decreased below 30% in the pollen diagrams
from the sites indicated by the cpen circles. These isochrones
show the inferred position of the prairie/forest border.

Maps of spruce decline and prairie migration.
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FIG. 9. Left map: Isochrones in lO3 years showing the position
of the 50% isofrequency contour for pine pollen. Note that the
50% contour eccurs only in the west at 4000 and 2000 years ago.
After 7000 years ago, pine dominance was replaced by the dominance
of birch, maple, beech, and hemlock in the New England and the
eastern Great Lakes region. Right map: Isochrones in 103 years
showing the position of the 30% isofrequency contour for pollen
from birch, maple, beech, and hemlock pollen. Note the westward
movement of the 30% contour indicating the westward increase in
abundance of these trees.

Maps of pine pollen and northern hardwood pollen.
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The climatic calibration of pollen data begins with a set of
modern pollen and climatic data. Maps of these data (Figs. 2 and
3) indicate the close correspondence between the distributions of
certain pollen tvpes and the distribution of standard climatic
variables. Wheﬁ July-mean temperature and the percentages of oak
pollen are plotted on a graph (Fig. 10), a strong positive rela-
tionghip is evident. Existence of such a relationship maies it
possible to calibrate the changing relative abundance of cak pol-
len in terms of numerical changes in temperature. Other pollen
types can also be included in this calibration that then can be
vsed to transform past changes in oak and other pollen types into
past changes in climatic variables. These calibrations are most
accurate for those situations in which the samples of past pollan
resemble the samples of modern pollen used in the calibration.

The basic calibration-method involves finding a set of weight-
ing factors B that rescale the pollen values P in terms of the
climatic value C. The model for this procedure can be written as
PB = C and represents in symbols the general process used in inter-
preting pollen data in terms of climate. Such an interpretation
results in a transformation of changes scaled in pollen terms (i.e.,
a 30% increase in oak, elm, hickory, and ash pollen) into changes
scaled either qualitatively (e.g., warmer and wetter) or quantita-
tively (e.g., higher by 2°c) in terme of climatic variables. 1In
the situation illustrated in Figures 2, 3, and 10, regression ana-
lysis estimates the weighting coefficients B directly from the
known.values of modern pollen (%“) and modern climate (Cm), i.e.,
the B's are calculated from the equation PmB = Cm' Estimates of
past climate (CP) are then calculated by rescaling the values of
previously deposited pollen (Pp) by B, i.e., PPB = Cp’ where B
ard cplare estimates of B and CP.

The major advantages of this procedure are that it produces

sine
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Scatter diagram‘ﬁor oak pollen and temperature.
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quantitative results for which confidence intervals can be calcu-
lated (Howe and Webb, 1977). The data and procedures are clearly
defined and available to all investigators for use, criticism,
and refinement.

The assumpfions underlying this method of climatic interpreta-
tion are also ciearly defined and available for criticism (Webb

and Clark, 1977). Three of the assumptions are

1. that no significant changes have occurred to the
biological factors in species or genera that
affect their competition with other species or
genera, i.e., evolution at the species or generic
level is insignificant during the time period

studied;

2. that modern data provide sufficient information
for interpreting past data and further that a
snapshot of modern spatial patterns is a suffi-

cient basis for interpreting temporal changes; and

3. that the biological responses (i.e., changes in
adaptations, growth rates, or abundances) are and
have been related to physical attributes of the
.biotic environment, in particular to climatic

variables.

The main Eriticisms of the procedure just described have
focused on how well the latter two assumptions hold. The concern
is that application of the regression coefficients, B, can yield
climatic estimates for pollen changes unrelated to climate or can‘
produce incorrect estimates when spatial variations in modern pol-
len are not good analogues for past temporal changes. In order to
overcome the first of these criticisms, an investigator must estab-

ligh that climatic changes are the likely cause for the cbserved
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changes in pollen.
One way to demonstrate this fact is to produce maps showing

the spatial patterns of the temporal changes in the pollen record.
Because broad-scale geographical patterns are generally associated
with changes in the broad-scale climate, the pollen changes that
show similar trends over large areas are probably caused by clima-
tic changes. In contrast, those pollen changes at particular
sites that do not occur at nearby sites probably result from one
of several non-climatic factors that influence vegetation. These
factors include soil changes, forest fires, human disturbance,
local infilling of the site, ard invasions by new species.

A second concern with the calibration procedure is that it
is empirical and statistical rather than deductive and determinis-
tie. ﬁhen bioclogists produce a deterministic model for long-term
plant-population changes and base the model on equations derived
deductively from well known physical laws that can be assumed to
hold constant throughout geological time, then the empirical pro-
cedures and their associated short-comings can be avoided. Be-
cause no such deterministic models are available, we have been
forced to proceed with empirical methods. 1In the course of our
research, we hope that we can aid the biologists who are develop~

ing the deterministic models.

Calibration Functions for Estimating Annual Precipitation

Two calibration equations were used in this study in estimat-
ing past precipitation values from the 26 sites with fossil pollen
data. The first calibration function is based on data from 282
sites from 40 to 47°N (Table 1) and was used at all fossil sites
except for Glenboro and Grand Rapids (Table 3). The second cali-
bration function is based on data from 120 sites from 47 to 60°N
(Table 2) and was used at these two northern sites (Table 3). The

first equation shows the importance of herb pollen in estimating. v ,%
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Estimate Annual Precipitation (in cm).

Pollen
, Type

(Pigweed Family)Y?

(5399)1/2
Pigweed Family
Juniper/Cedar
(Hickory)l/2
Daigy Family

Willow
Constant
variance (%)
Standard Error

Area of Samples

Number of Samples

Correlation
with Annual
Precipitation

- 71
-.71
-.70
.20
.38
-.36
.22

calibration Function Used at 24 Midwestern Sites to

Multiple
Regression
Coefficients

~0.6733
~4.1835
~0.3592
+0.9683
+2.0152
~0.4798
+0.6244

80.9053
78
5.4 cm

40-47°8
85-105

282
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TABLE 2: Calibration Function Used at 2 Sites in Manitoba to

Estimate Annual Precipitation (in cm).

Correlation Multiple
Pollen with Annual Regression
Type Precipitation Coefficients
(oak) /2 .50 2.0073
Pine . .20 0.2658
Birch 21 0.2204
Grass Family .10 0.235%
Pigweed Family -.15 -0.5256
(Pigweed lemily)l/2 -.01 1.4950
Willow .00 0.4836
Daisy Family .05 0.5274
Constant ' 28.8091
Variance Explained (%) 65
standard Erzror 3.3 cm
Area of Samples 47-60°N
95-105%

Number of Samples ;20

4
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TABLZ 3: ESTIMATES OF ANNUAL PRECIPITATION IN C.%. A.: PRECIPITATION DIFFERENCES
IN % GF TODAYS VALUFR.

“ ANNUAL PRECIP. DATING
. PRECIPITATION DIFPERENCES INFPORNATION
SITE 10,000 7,099 TopAY 7,000 TCDAY NO. CF EARLYRST
Ra P Be P, -10,000 -7,000 C-14 DATES DATE
B. P. B. p. Bl P.
=t===’-==l==========3===='—'====‘::=========================::==== -----------------
GRAND RAPIDS -- 41 48 —--- 14,6 3 1220
GLEWBORC LAKE 47 46 48 -2.1 ba2 5 12800
LAXE OF THE C1OUD5 73 72 68 -1.5 -5.9 + 10000
BOG D POND 72 69 69 =17.4 13.0 4 11000
TERHELL POND 75 62 69 -18.9 1041 1 4270
WEBER LAKE 13 n n -2.8 0.0 5 14600
PORTAGE LAKE 15 62 70 ~18,6 11.4 3 9780
RUTZ LAKE N 6 . 72 -15%.3 16,7 7 12000
KIRSCHNER MARSH 16 Al 72 -16.7 1.1 6 132710
PICKEREL LAKE [ 51 57 ~35.1 1.3 ¢ 10670
#. OKOBOJI LAKE 76 66 10 -104,3 Sa7 10 13990
JACOBSCH CORE 1 T4 0 T4 =5.4 Sl 2 10400
JACOBSON CORE 2 -- n T4 ——- 4,1 2 1210
DEYILS LAKE -- M 52 ---- 25.0 1 6120
LAKE MARY 75 71 71 2.6 0.0 3 9460
CANP 11 LAKE 16 13 A0 2.5 2.5 + 10000
STEWART'S DARK L. 1 T4 4 =t J. 0 6 10570
DISTERHAPT 78 75 75 -4.0 0.0 6 15560
ALFIES LAKE 72 A0 81 9.9 1.2 3 3210
GREEN LAKE T4 75 80 1,2 6.3 3 15215
DENONT LAKE 79 18 76 -1.3 -2.6 5 11410
YESTABURG BOG 80 B2 . 75 2.7 =9,3 3 10330
WINTERGREEN LAKE 89 8 82 e 0 24 8 13195
FRAINS LAKE 1 af 78 . 0.0 -3.8 7 12570
HODSOM LAKE 81 81 95 0.9 1447 6 11500
PRETTY LAKE a1 A5 90 4,4 5.6 15 13265
SILVER LAKE a5 -87 96 2,1 9l 8 10800
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annval precipitation (Fig. 3). Explaining 79% and 65% of the
variance and having standard errors of 5.3 and 3.3 cm, these two
equations provide the best calibrations that we have. gained so
far. One major achievement of the research for this project was

to reduce the standard error from 8.3 cm to 5.3 cm in the main

eguation used (Table 1).
RESULTS AND DISCUSSION

The calibration functions (Tables 1 and 2) were applied to
pollen data from 26 sites in the Midwest and Canada (Fig. ll1}.
Twenty-one of the sites have more than two radiocarbon dates
{Table 3), and ten sites are well-dated with six or more dates.
One site (Lake of the Clouds) possesses both multiple radiocarbon
dates and annually laminated sediments that can be used for estab-
lishing a chronology for the past 9500 years. Pollen data are
available at all sites for 7000 years ago, but no data exist at
either Devil's Lake or Grand Rapids for 10,000 years ago.

The sequence of maps of precipitation estimated for 10,000
(Fig. 12) and 7000 (Fig. 13} years ago and observed for today
(Fig. 14) shows a decrease in precipitation from 10,000 to 7000
years ago in the western Midwest (Fig. 15) followed by an increase
in precipitation in this area from 7000 to today (Fig. 16). 1In
the eastern Midwest, the changes are smaller, but the data indi-
cate an increase in precipitation in Chio and Indiana from 10,000
to 7000 years ago and a decrease from 7000 to today in central
Michigan. All sites show some change over the last 10,000 years
with the highest percentage changes (of 15 to 30%) located in the
west.

These results reflect the vegetational changes described in
the POLLEN ANALYSIS section and are consistent with the previous
estimates of wWebb and Bryson (1972). The maps-shdwing decreasing
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FIG. 11. ILocation of the 26 sites with radiocarbon-dated

‘pollen data used in estimating annual precipitation at

7000 and 10,000 years ago.

o Location of 26 sites with pollen.
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FIG. 12. The estimates of annual precipitation in cm for
10,000 years ago.

P;ecipitatiom estimates for 10,000 years ago.
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precipitation estimates for 7000 years ago.
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FIG. 1l4. The observed values for mean annual precipitation

. in om for 1941 to 1970.

Observed precipitation today.
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FIG. 16. The changes in annual precipitation between 7000

years ago and today in % of today's value at each site.
Positive values indicate sites with more precipitation today

_ than at 7000 years ago.
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and then increasing precipitation in the western Midwest reflect
the pollen evidence for the eastward and then westward movement
of the prairie/forest bétder (Fig. 8). The increase in precipi-
tation in northern Michigan and Ontario reflects an increasing
abundance of mesic forest trees over the past 7000 years (Fig.
9. A deciease in temperature of 1 to 2°C over the past 7000
years is also estimated for these sites and the other northern
sites,'thus indicating an increase in moist conditions through-
out the northern Midwest during this time period.

The hydrological conditions in the Midwest have therefore
been in a constant state of flux over the past 10,000 years.
Recent trends indicate that increasingly moist conditions are
likely in this arsa over the next 1000 or more years. Because
such conditions imply more rapid rates of groundwater recharge
than those observed today, these trends should be allowed for in
any hydrological calculations that are made for proposed sites

for waste storage.
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