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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 Salt 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-levels at proposed sites for 
waste disposal. 

The geological evidence examined and summarized in this re­
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 Ba.sin filled 
with water sometime between 20,000 and 10,000 years ago. 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 
western 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. Polleh evidence from 
the West supports the general sequence of hydrological changes. 
Combining the information from the pollen data and the lake-level 
data will allow use of computer models for estittiating 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 fluctuation,'-, 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 years 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 foir the past 24,000 years at sites in the West 
and presented time series 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 
thf 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. 
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CHAPTER 1 

LATE QUATERNARY LAKE-LEVEL FLUCTUATIONS 

IN THE WESTERN UNITED STATES 

(F. A. Street) 

A) 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 tine 
scales ranging from 1 to 10 years. This response is most pro­
nounced in the case of closed-basin lakes (lakes without outlets), 
which often exhibit dramatic fluctuations in size. Past lake-
level fluctuations can be reconstructed from a wide variety of 
evidence, including ancient shorelines and overflow channels, 
lacustrine sediments and fossils, and lake-side archaeological 
sites. The large amount of data now available is beginning to 
provide a highly coherent picture of environmental conditions 

14 during the time span covered by c dating (approximately the 
last 30,000 years). 

During the last glaciation, ca. 25,000 - 10,000 BP , 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 these water bodies, Lake Bonneville, covered an area 
almost the sise of the present Lake Michigan, and attained a 
maximum depth of around 335 n». 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 sites 

2 belonging to the Western Pluvial Lakes Tradition (Bedwell, 1973). 

1. BP stands for years before present (1950 AD) in radiocarbon time. 
2. Bibliography '- it 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 be' 
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 
(Brakenridge, 1978). The problems encountered by this approach 
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) To review briefly the dating problems involved in estab­
lishing lacustrine stratigraphic sequences, and to summarize the 

14 existing c control from the study area. The glacial lakes 
(other than Glacial Lake Missoula) are not included in this survey 
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iv) To 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 paleoprecipitation 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 10 to 10 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 a_l. (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 
sources, updated from more recent references wherever possible. 
Figure 1 and Table 1 also summarize the distribution 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. 
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Table 1; Data on lakes in tho western United State* which have radiocarbon-dated chrorolt-^ics. 

Oldest 1 < Jc 

Maximum 
increase in Deferences 

Oldest 1 < Jc Maximum depth (most useful 
Name lit. Long. Finite date atea relative to references {modern lake or play*) (°f0 (°W) l 4 C dates lyrs fl.p.) (kraZ) present (m) underlined) 

Cochise 
IWillcox plays) 

2 Uguna Salads 

CALIFORNIA 

3 Adobe 

{Black Lake J 

Clark 

(Clark Dry Lake) 

34 2 1 ' 110°17' 

11,350 t 150 

700 i 15Q ca- 24 

Schre iber e t a l , . , 1-973 
Damon e t a_l. ( 1963 
Long and Hicll te, 1966 
Damon e t a_l., 1964 
Haynes e t a l . , 1967 
Mielke and ton? 2969 
Long, 1965 
Schul tz and Smith, 1965 

Hevlv, 1962 
CQPle;^ and HftVlv. 1962 
Damcn e t o^. , 1963 

Batchclder. p.ets. CCTJV , 
Snyder e£- a_i- , 196-1 
Hubbs and Miller, 1948 

Hubbs and Miller 1948 
rfubbs et al.. , I960 

5 Deep spring 

6 Le Conte 

(Sal ton Seal 

37"17 118 u02" 

33 20 116 00 

10,000 4 100O c a . 44 

7 Manir 35 03 116 42 

CVcy laka - Coyote L*k*J 

(Death Valley) 
S a l t Pan 

t r o > ,,xoA, 9 Mohave 35*22 116 08 
ISoaa Lakm - Silver Wkft) 

10 Panamint 3601B' U7°lfl' 
(panamint dry lake) 

30,950 ± 1000 407 

21,500 + 700 

15,350 * 240 ca- Z0Q 

32,000 4 1700 

Hiller, J938 
Snyder et̂  al̂ ., 1964 
Jones. 1965 
Peterson et a_l.. 1563 
Hubbs £t al. , 1963, 1%5 
Hubbs and Bien, 1967 

Hubbs and HUler. 1948 
Hubbs cjt al. , I960 
Hubbs ejt ill,., 1963 
Hubbs and Bien (1967) 
Crane and Griffin, 1958 
Fef^usson and Libby. 1962, 
Bien e.\ • Pandorfi, 197! 
van de Kamp, 1973 
3pUer et al., 1977 
Clack el al., 1972 
Stanley, 1966 

Hubbs end MUler, 1948 
Snyder ct !il_,, 1964 
Hubbs e± al., 1962 
Fergusson and Libby, 1962 
llubis « jU- , 1965 
Berger and Libby, 1967 

Hoojte, 1972 
snyder et al., i«4 

ore and tiarren. 1971 
Snyder et a_l,., 1964 
Hubbs *t al., J965 
Stuiver, 1969 

Snyder et aU, 1964 
llubbs et al, , 1965 
Berber and Libby, 1966 
SMth, 197? 
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11 RUIBtll 

IMOno Lake) 

39°Ql' 11B°46' 2 5 21.900 1 600 6 692 238 

12 Sear les 3SV36 117w42 110 4 6 , 1 5 0 + 1 5 0 0 1000 200 

(China Uke - Scar l e i Lake) 

36 00 119 40 

(Kern-Buena Vista-Tulare 
Lake Bids) 

IDAHO 

14 American Tai ls 42~54 112 49 

8 26,780 + 600 « . 4110 BVL 4 

}42,000 unknown unknown 

42 35 111 41 6 34,000 +_ 1600 ea. 625 unknown 

La-iole. I960 ( a b a t r . ) , 1969 
and pe i s . c o m . . 1979 

Hubbs e t a±., 1965 
Fergnsson end Libby, 1962 
Snydar «£ a l . , 1964 

Smith. 1968, 1977, 1979 
Stuivcr , 1964 
Fl int and Otic, 1956 
Rubin and Berthold, 1961 
ivos c t a l . , 1964 
Levin et a l . , L9&5 
Ives e t a l . , 1967 
Robinson, 1977 
Harsters e t a | , , 1969 
Peng e t M . , 1978 
flamon £ t £ l . , 1964 

Croft, 196B 
Davis c t a l . , 1959 
jandi and c ro f t , 1967 
Ives etui,, 296 7 
Hubbs and Bien, 1967 
Buckley c t a l . , 1968 

Trimble and cacr , 1961 
Marde, I960, 196$ 
Rubin and Alexander, 1958, I960 
Ives e t a_l., 196-; 
Strawn, 1965 

Bright, 1967 
Rubin and Alexander, I960 
Rubin and Bertbold, 1961 
Ives e t a l . , 1964 

MONTANA 

,11 , 
1& Glacial Lake - Hisioula 47 30* 114 30' 3 3 2 , 7 0 0 + 9 0 0 ca. 7500 ' ca. 610 

(Pend Ore i l l e Lake -
Coeur D'Alene Lakel 

NEVADA 

,12 17 Ash Krtdov 36 21 3 j " 116 16 51 0 >29,0DQ 16 unknown 

39°54'45" 117°59'4S" 2 1 1 , 7 0 0 + 1 8 0 1088 72 IB Dixie 

[Humboldt Salt, H*xsh} 

19 Hubba 

(pyrivid U k e - walker 
L»k*, e t c . ) 

39W3B 115 22 >30,000 531 

WTW" 119 30 1 « > 4 0 , 0 0 0 " 22,440 

21 L*i Veg*« 

22 Teel 

[Teelf Hitih) 

36 If USr U 

3B°12'30 - 11B°20'20" 

76 

3 3 1 , 3 0 0 + 2 5 0 0 unknown unknown 

Pardee, 1942 
Baker. 1973 
Baker and Hwotdal . 1978 
easterbrook, 19H 
tfullineaux e t a_l., 1978 
(tichmnd, 1976 

Snyder e t a l . , 1964 
Ihibba and Blen, 1967 

Buckley and W i l l i s , 1970 
Snyder et. a l , , , 1964 
pubbt and Wil ier , 1948 

HUbbt ard H U l e r . 1WB 
Snyder e t « | T , 1964 
ffubbs and Biefl, 1967 

Benaon. 197B 
Broeckci and Ore, 193B) 
Olson and Koecker, 1961 
Broeckar and Kaufnan, 1965 
Bom, 1972 
ferguaaon and l ibby, 1964 
pubin and Alexander, I960 
Levin e t a l . , 1965 
Hoxiiton and Frya, 1965 
Libby, 1955 
Kaufaan and Broeckcr, 1965 

H»yn«i. 1967 

Hubbi and Mil ler . 1949 
Sayder e t a l . , 1964 
crane and Gri f f in . 1965 
Hay, 1966 
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[ -B ig Sa l t ufce, 
Laguna Salada) 

34 04 30" 103u07"30~ 22,300 + 700 ca . 130 
Class et a l , , 1973 
Leonard and Frye, 1975 
Hester, 1975 
Harbour, 1975 
Olson «nd sroecker (1961) 

14 Blackwater Draw 15,770 + 440 unknown" Haynes and Agogino, 1966 
Wcndorf. 1970 
[ le t te r , 1972 
Haynes. 19?S 

(Laguna del Perro, 
Saline Lake, e t c ] 

36 Lei County 33 27 103"09'30' 

Bachhubor. 1971 
Bachhubcr and ncLellan, 1977 

uncertain uncertain Leonard and Fryc, 197S 
(snai l I (small) colerjin, 1974 

Glass e t a l . , 1973 

27 Percales val ley 

28 San Au$uitin 

(San Augustin playa) 

29 2uni 

(2u;u Sal t Uke) 

unknown 
(small) 

16 27 ,000 ' 

21,000 + 1500 

unknown 
(small) 

r„18 

Coleman, 1974 
Glass e t a l . , 1973 
Leonard and Fryc, 1975 

Pg^era, 1939 
Stearns , 1962 
Stuiver and Dewey, 1962 
e l i i p y and Sears, 1956 
Damon « *l,, 1964 
Long and HieIke, 1966 
Sehults and s n i t h , 1955 
Foreman e t j l . , 1959 

schul ta and Smith, 1965 
Haynes e t i l . , 1967 
Darton, 1905 
Cmcaings, Lg6fl 

OREGON 

30 Chevaucan 42 40 120"30' 

31 fo r t Rock 

(S i lver U k e - Cnris taaa 
Lake - f o s s i l Lake) 

43 v 10 120 u 45' 

Al l i son . 1966 
Buckley c t a L , 1968 
Al l i son . 1945, 1954 
P h i l l i p s and van Denburgh. 1971 
Van Denburgh, 1975 
Levin e t aJL, , l?$5 
Ives e t a^ . , 1967 
Sul l ivan c t aU , 1570 

Bedwell. 1970, 1973 
Al l i son , 1966 

TEXAS 

32 Guthrie 

33 Lubbock 

34 ftonahajis Dunei 

ea.33"06 ca.l01"4B" 

33 38 101 g 5«' 

M,31"36'ca.l02"53" 

33 05 I02 v 05" 

34,400 + 3450 

12,650 + 7.50 

unknown unknown 
(3M11) (spal l ) 

unknown unknown 
( saa l l ) ( sna i l ) 

unknown unknown 

Reeve* and Parry, 1965 
Recces, 1966 

Green, 1962 
Hendorf, 1970 
Black. 1974 
Hester, 197S 
Broecker and Rulp, 1957 

Haynct. 1975 
(c i t ing Cteen, l9«l) 

Broecker and Kulp, 1957 
Olson and Broecker, 1961 

Reeves and Parry. 1965 
Reeves, 1966 
pates e t J l . , 1970 
Heater, 1975 
Harbour, 1975 
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33 17 102"L2 

ca,33 58 102 44 

12 525 t 2400 unknown 
( n u l l ) 

unknown unknown 
<SIML1) (small) 

Reeves and Party, 1965 
Reeves, 1966 
Hester, 1975 
Wayne9, 1975 
Olson end Broecker, 1961 

seev&B and parry,. 1965 
Hester, 1975 
Harbow, 1975 

39 Bonneville 

(Great Sal t U'«o - Utah 
Lake * Sevjer Lake, e t c . ) 

40 30 11300 51.MO ca. 335 Broeckec and Orr, 1950 
Broecker and Kaufman, 1965 
Rubin and Alexander, 1958, i960 
Rubin and Berthold, 1961 
Ives e t a h , 1964. 1967 
Levin e t a l . , 1965 
Jennings, 1957 
Xar l j t ron , 1961 
Eardley, 1962 
Morrison and Frye. 1965 
H a r n e r s t t a l . . 1969 
Stuiver, 1969 
Morrison, 1966 
Kaufman arid Broecker, 1965 
Eardley et, a l . , 1973 
Cri t tenden, 1963 

1. with one exception, these ages vera measured on diagenet ic dolomite in lacust r ine muda, and should not therefore be 
regarded *t an accurate measure of the time of sedimentation. Peterson e t a l . (1961) suggest tha t the dolomite began 
to nucleate 4 t t«r the close of the l a s t p luvia l period, est imated t o be 10,009 B.p. 

2. Foiner lake depth i s impossible to reconstruct due t o ac t ive faul t ing. 

3 . Lake basin has been s t rongly affected by fau l t ing and t i l t i n g , so tha t the l a t e Pleistocene configuration i s hard to 
r ecens t ru r t . 

4. Highest shorel ine remnants dated suggest maximum depth 29ft m. 

5. Lajoie da tes not published. 

6. Basin has been continuously occupied by a lake s ince 150,000 6.P- ( e s t , ) . 

7. Major f luctuat ions in lake l eve l have occurred throughout the l a s t 150,000 y r i ( e s t . I . 

8. U c u s t r i n e c lay u n i t s within the Quaternary sediments of the San Joaquin Valley indicate a t l eas t 9 major lake expansions, 
beginning w%U before 600,000 B«P. 

9. Depth and extent c* much l a rge r Late Pleistocene and e a r l y Holoccne lakes a re uncer ta in , owing t o s t r u c t u r a l downwarping 
and changes in the height of the a l l uv i a l - f an b a r r i e r s separa t ing the present lake bas ins . 

10. Lake created by lava flows which dammed sear R., which used t o flow northwards in to the snake Rj and drained by downcutting 

of i t s ou t l e t southwards i n to the Sonitevill* Basin (modern course of Bear RO­

I L S t r a t i g r i p h i t information suggests tha t Uke Missoula drained ca tas t rophica l ly through the channeled Scabland a t leas t four, 
and possibly » i* . t imes, one, poss ib ly two, events occurred before the Bull take c h e l a t i o n (60,000- 120,000 B.p. or even 
e a r l i e r : Bichnond, 1977). 

12. Lake area given i s underestimate according to Hubbs and &lcn (1967). Impoundment of lake no longer poss ible due to t e c ­
tonic defornation r e l a t ed t o Death val ley sump (see Lake Hanly). 

23 . Oldest Th agej 250,000 y 

14. HHiured froa na tura l (p r t> i r r ig* t lon | level of Pyramid U k c (llflO a ) , 

15. Three from lacus t r ine beds, numerous others i ron nonlacust rme beds. 

IE, severa l closed, or a t t i ne* interconnected, ponds or shallow lakes of varying extent exis ted in t h i s area . 

17. Maximum area includes s a t e l l i t e Pinos Hel l s and Encino B*tin»> 

18. Highest shoreline remnants dated suggest maximum depth 6$ m. 

19. Oldest Th amei >105,000 y haior f luc tua t ions of lake* in Bonneville Basin began before deposition of Bishop aih 
IK/Ar dated a t 730,000 yl (Eardley c t a l . , 1973*. 
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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 

14 strandlines by C 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, 1976). Ages measured on shell from nearshore sands and 
gravels, or on charcoal from lakeside archaeological sites, tend 
to be more consistent and reliable. In many areas, however, the 
older shorelines are poorly preserved, and past variations in 
lake level have been deduced from the sequence 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. In 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 ages are supple­
mented by dates on wood, charcoal, bone or caliche from the inter-
bedded colluvial, alluvial or aeolian units. There is consider­
able debate about the reliability of carbonate dates, particularly 
those derived from caliche and highly soluble Na-carbonate» such 
as trona (stuiver, 1964; Broecker and Kaufman, 1965; Morri«on and 
Frye, 1965; Thurber, 1972; Smith, 1979). 

In basins where tectonic deformation has been negligible, 
and where good a1timetrie, 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, 
Lahontan, Searles, and Russell — have so far yielded reliable 
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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 Broecker 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 Quaternary fluctuations, 
but also the amount of variation during the last 5000 years: up 
to 90 m in the case of Walker 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 
ieai-quantiutive form (Street and Grove, 1979, pp. 84-B7). 

The water-level information for each lake was classified on 
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LAKE MOHAVE 
(AFTER ORE AND WARREN 1971) 

IN 10* RADIOCARBON YEARS BEFORE PRESENT 

FIG' 2. Fluctuations of the water levels in Lakes 
Mohave, Lahontan and Searles since 44,000 BP. All 
lakes plotted to the same vertical scale. 

series of water levels in 4 lakes. 
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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 period 
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 1 4 C 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 1 4 c dates on carbonate and non-
carbonate materials, for 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; iii) disseminated inorganic carbonate, cal­
careous algae, ostracods and mollusca in lake sediments; iv) 
tufa; v) dolomite and Na-carbonates- • Dates on bone and soil 
humus or carbonate have been treated throughout with caution. 
No adjustment has been made for the initial " C / " c 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 information 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 smaller-scale, 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.S.A.. 

Late Quaternary lakes were very unevenly distributed 
across the western States (Fig. 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 Basin and 
Range country of southern Arizona and New Mexico, 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 
identified in the western U.S.A.: fault-bounded depressions, 
volcanic and meteoric craters, basins 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, Arizona, and New Mexico (Hubbs et al., 1948; Morrison, 
1965; Hawley et al., 1976). In 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 2 in 
maximum area, and at least 27 experienced fluctuations with a 
vertical amplitude of £50 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, Pig. 5). 

Due to prolonged subsidence of the graben floors, lakes have 
existed in many of the larger fault-bounded basins since the Mid­
dle Quaternary or even earlier (Eardley et a_l., 1973; Janda and 
Croft, 1967; G. 1. Smith, pers. coram.)) and have experienced a 
long history of fluctuations in both water-surface area and sal­
inity. Although these fluctuations may be partly attributable to 
drainage disruption by faulting or volcanism, it is impossible 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, I960; 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 
craters have contained lakes, only the uppermost shoreline around 
Zuni Salt Lake (a volcanic caldera in New Mexico) has so far been 
dated by **C 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 be 
attributed to climatic changes over a very restricted and well-
defined catchment (Talbot and Delibrias, 1977; Kershaw, 1978). 

c) Lakes created by glacial erosion 

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 becauge 
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they possess outlets. They will not be discussed further in 
this 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 southern 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. It covered an 
area of about 7500 km 2 and contained an estimated 2.0 x 1 0 1 2 m^ 
of water (Pardee, 1942). Lake Missoula 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 lobes: 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. The latter, and the innumerable 
•mailer moraine-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 
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blockage of drainage systems by lava, alluvium or aeolian sand 
tend to be geologically 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 a L , 1976). These lakes were seldom very 
deep, and in humid areas, have tended to drain naturally as a 
result of fluvial erosion, or have been filled in by lava or 
sediments. Lakes Thatcher and American Falls (No. 15 and 14) 
are goou 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 fans derived from 
glaciated headwaters in the sierra Nevada (Davis et al., 1959; 
Janda and Croft, 1967). Once again, the repeated development 
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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 relatively 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). in 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 areas further west, wherever unconsolidated sedi­
ments are exposed to wind action (Reeves, 1966a; Wendorf and Hes­
ter, 1975; Leonard and Prye, 1975). This is the predominant type 
of lake basin found in the Llano Estacado, where most are small 
and reflect multiple episodes of deflation and flooding (Reeves, 
1976). Daring 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; Harbour, 1975). To add to the difficulties of interpreta-
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tion, the levels of these lakes appear to reflect fluctuations 
in the regional water table rather than the water balance over 

m 
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. 1). 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 evidence (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 a_l- 1976; Reeves, 1976; Baker 
and Penteado-Orellana, 1977). 

2) Hydrological considerations 
i Before discussing the lake-level evidence in detail, the 

hydrological and hydrogeological factors must be considered which 
control the sensitivity of lakes to climatic change. These have 
beejn examined 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 

P L + R + Gj = E + 0 + G Q (1) 

where J» is the precipitation falling directly on the lake L 
R is the runoff from the catchment 
G is the groundwater inflow into the lake 
0 is the surface outflow from the lake 
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E is the evaporation from the lake surface 
G 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 undergo losses by outflow and/or sub-
•urface seepage. The former are only found in areas in which 
E/P_>1 (Langbein, 1961). They undergo much larger fluctuations 
in depth and extent than open lakes. This sensitivity 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 
predominantly by rivers rather than by direct rainfall or ground­
water inflows (Szestay, 1974), and for which dfl/dD (the rate of 
change of evaporating surface with water depth) is small. Steep-
sided basins like Searles, Russell and Panaraint, with average 
values of dA/dD less than 5 knr/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 
response is often offset by desiccation, which gives rise to de­
flation and gullying of the sediments. The most detailed paleo-
climatic record is therefore to be expected in deep, fault-bounded 
troughs adjacent to well-watered mountain ranges such as the 
Sierra Nevada. 

Lakes receiving a large proportion of groundwater are un­
likely to fluctuate as sensitively as those with predominantly 
furface inflows, unless the flow path through the aquifer is very 
short. Fossil spring conduits in the Ash Meadow, Las Vegas and 
Blackwater Draw Jasins (No. 17, 21 and 24) indicate that these 
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lakes received significant amounts of groundwater. The situa­
tion in the Llano Estacado has already been mentioned. Because 
many of the former lake basins in the Basin and Range 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 conclusions can be drawn for this in­
terval, because of the uncertainties attached to the radiocarbon 
dating framework. In 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 
(Ho. 12, 13 and 38) demonstrate that a major rise in lake level 
took place around 25,000 BP (Eardley et al., 1957? Croft, 196B; 
Peng et al., 1978; Smith, 1979). Maximum levels were reached 
about 24,000 BP. 

i 
i 
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Number of basins with data 
33 12 12 U 13 13 U IS 15 17 1fl 15 13 17 12 12 11 11 12 13 11 10.10 11 10 9 7 5 6 5 

*10 3 U C yr BP 

Lake status: H i High l i ' M Intermediate I I Low 

PIG. 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. 

Histogram of lake status. 
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FIG. 4. Lake-level status (Blank or 0: no data; 1: high; 2: inter­
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 
cluster in the northwest of the map area, particularly adjacent 
to the Sierra Nevada (Fig. 5); although there was considerable 
fluctuation (Fig. 2). No 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, 1976). 
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). 

C) 14,000 -10,000 BP 

The period between 14,000 and 10,000 BP was charact­
erized by rapid,- large-amplitude fluctuations that were not syn­
chronous across the region and resulted in rather complex map pat­
terns (Pig. 6). In part, this apparent lack of synchroneity may 
result from the uncertainties inherent in the radiocarbon 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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FIG. 5. Lake-level status (Blank or 0: no data; 1: high; 2: inter­
mediate; 3: low) at sites in the Southwest 16,000-15,000 BP. 

Lake-level status: 16,000 -15,000 BP. 
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FIG. 6. Lake-level status (Blank or 0: no data; 1: high; 2: inter­
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 the main lacustral 
phase (basins 1, 21, 26, 27, 32, 34) (see also Haynes, 1967). 
Lake Bonneville (No. 38) ceased to overflow at about this tiwa 
(Bright, 1966). This conclusion 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, S, 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, Searles (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 BF 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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FIG. 7. Lake-level status (Blank or 0: no data? 1: high? 2: inter­
mediate? 3: low) at sites in the southwest 9,000-8,000 BP. 

Lake-level status: 9,000 -8,000 BP. 
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FIG. 8. Uke-level status (Blank or 0: no data; 1 : high; 2: inter­
mediate; 3: low) at sites in the Southwest 6,000-5,000 BP. 

Lake-level fltatusj 6,000-5,000 BP. 
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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). Datable 
materials are usually scarce and the results on different samples 
frequently conflicting. 

e) 5000 - 0 BP 

This period has seen significant reexpanBions 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 fluctuates 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; 1: 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: no data; 1: high; 2: inter­
mediate; 3: low) at sites in the Southwest 1,000-0 BP. 

j 
\ ' Lake-level status: 1,000-0 BP. 

M 

\ 
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FIG. 11. Location of sites contributing data to Figures 4 to 10. First 
letter in the site name is plotted at the site location except where 
asterisks mark the site because two sites were too close together. 

Location of sites with lake-level status. 
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where A is the catchment area, A is the lake area, B L 
P. is the precipitation falling over the lake, L 
P_ is mean annual precipitation over the catchment, 

3 

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 0, G , and G 
are all negligibly small. It can be used to calculate past 
values of P provided that: L 

(i) The basin has been topographically and hydrographically 
stable 

(ii) A and A are known from geological information L B 
(iii) P is a known and constant function of P L B 
(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, seasonal, or annual mean temperatures. This will 
be referred to as 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 lapse 
rate through time and ii) the magnitude of the full-glacial tem­
perature depression and its seasonal variability (Brakenridge, 
1978)• 

Unfortunately, the results obtained by 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). If, however, the temperature lowering was significantly 
less in winter, or at lower elevations, a large 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 agreement among published lake-
budget results; 

(ii) Recomputation of several 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 paleoltke 
reconstructions casts doubt on the resulting conclusions and es­
pecially those from the Llano Estacado lakes; and 

(iv) The poleolakes do not provide convincing evidence for a 
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"pluvial" 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 ir; 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 developed 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. coram.). A 
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 
levels, which have been discussed in previous sections, certain 
lakes exhibit catastrophic behavior which may have severe conse­
quences if repeated in the future. 

The outburst floods 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 6 m 3/sec 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 la3t maximum of the Cordilleran ice, ca. 
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18,000 and 13,000 BP (Baker and Numnedal, 1978). There 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 2) 
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 wsre 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 5 mfysec The 
floodwaters entered the American Falls Lake, causing a dramatic 
overspill, and depositing a delta of coarse gravel up to 15 m thick 
(Fig. 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 jlose to the limits 
of reliability. The 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 Bonne­
ville Basin (Rubin and Alexander, 1960), but this hypothesis 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 Andreas 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
tocene Lake Benito, covered about 570 km 2. The sudden release 
of water from a lake of this size during an earthquake could 
greatly compound the resulting damage. 

P) CONCLUSIONS 

1) The distribution of Late Quaternary lakes in the western 
United States is highly clustered. 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 km 
in maximum area, and at least 27 experienced fluctuations with a 
vertical amplitude of ^50 m. The largest and deepest was Lake 
Bonneville (51,640 kn>2, 335 m). At maximum, many of the present 
closed basins 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 southeastern Nevada and the Llano 
Estacado. 
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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 
climatic 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 
assumed 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 minor recovery from 11,000 to 10,000 BP. 

7) This study provides 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-lndians 
were forced to move up into the wetter mountain areas (Benedict 
and Olson, 1978). 

8) conditions have fluctuated widely during the last 5000 
years. Many of the lakes have experienced fluctuations of quite 
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large amplitude ( £90 m). The 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. 

10) The spatial patterns of fluctuation in the closed-basin 
lakes 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
sodes of catastrophic flooding and erosion associated with the 
complete or partial drainage of large, deep lakes such as Bonne­
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 West, 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 illustrated in Chapter 3, pollen diagrams are also an 
excellent source of paleoclimatic information. A brief review of 
the major pollen changes during the past 20,000 years shows that 
climatic conditions during the past 2500 yearg have been generally 
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 in Chapter 1). Were this trend to continue for the next 100 to 
1000 years, and evidence exists that it may, then higher water 
tables and faster rates of ground-water recharge can be expected 
over many areas in the West. 

THE SITES 

Table 1 presents the main information contained in this chap­
ter. This table was designed to provide a short summary of the 
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Table 1. Wiuxn Cs . pollen Diagreaer mttt en a Mpresentatlve oroup. 

i l t i U H and 
Locality 

Sita Location chronoetratigraphic 
and tlcvatlon Infonation 

Tin site anil 
rxaacnt conditlona 

The Pollen Record 
and Interpreted 

vegetation 
CUaetlc 

interpretation 

c. Texaa 

Herahop log 29»35'll 
»7°J7'« 
124 • 

2002*90 
6006 • 100 

10,314*160 
fro* a 540 ea eora. 
MX. age la c». 

11,000 ».p. 

tattoo, D.»., Iryant, V.H., j r . , and ratty, T.s. I l t l i ) . 
Pollen inalyaia of a central Tixaa bog. Aaerlcen 
•Upland katuraliit 86, 356-367. 

pcaed-quaking paat 
bog. 155 » diaactar, 
5.4 ai dacp, Dopehda 
on eeapega froa 
carriro Fa, 

Shift froa 25X Ar 
to 10% AP at 10.5K. 
AP • Oak and aired. 
Change fro* oak 
parkland to Oak 
•avanna. 

Drier condition 
aftar 10.SK than 
before. 

loriaek log ca. 3o'jo'lI 
ca. 97005'w 
ca. loo a 

3770* B0 
9930*160 

14,115*210 
15,460*250 
froa 540 en 
cor*. Max. 
age ia ca. 
16,000 a. p. 

1.4 hcetara bog in 
P0»t oak tavanna. 
Seepage froa Carrlzo 
Hndatonc Fa. 

APIAlnual 70% [too 
16K to 8K, than 
Graae doalnant. 
"Altithemal- per-
iod not well defined 
in pollen record. 

Drier after SK than 
before. 

tryant, V.H., Jr. 11977). A 16,000 year pollen record of 
vegetatlonal change in central Taxaa. palvnoloov 1, 143-156. 

ca. 30°50'a 
ca. 96°<0'w 
ca. 90 a 

tto C-14 datia. ( i -
tiaated to be older 
than 10,000 B.p. at 
baia of 170 ca core. 

3 ha. u g foraad in 
Corrito sanda aqui­
fer. Sphatpua on 
aurfaca today. Lo­
cated on weatcrn 
edge of Poat oak 
savanna. 

40% Alnua pollen up 
to 110 ca in core. 
oraaa pollen dcadn-
atee "ltd 20* oak 
and 20% Coapoaite 
pollen to aurfaee. 

Drier aftar 10K 
than before. 

•treat, V.H., Jr. (1977). A 16,000 year pollen record of 
vegetatienal change in central Texae. MltTWlocr 1, 143-156. 

Llano Eitacado 
a) Rich Lake 
b) Crane Lake 

a) 33°17 « 
102°12 » 
1000 a ' 

b) ca. 31O30'l 
ca.20°40'M 
ca. 600 a 

Llano Eatacado ie 
eoothcrn ao st cxtan-
eion of high plain* 
with graaaland and 
deaort vegetation. 
a) Pleya (dried up 
ltko) today, |io 
pollen in upper 40 

•) 17,400*600 
26,500*100 

at 125 ca and 150 ca 
levela in a 560 ca 
cor*. Max. age ia 
poaaibly 33,000 I.P. 
Hln. age (at top) 
aay be no later than 
15,000 I.P. 
b) K> date* in 300 ca Llano eaeacado e n ­
core of gypeua aud. aatei 

JHI. reap. • 2-7°c 
July reap, • issrc 
Ann. prccip. • 400-
500 aa 

8 aurface eaaplea 

a) 26K-33KI 15% 
Pinna pollen, 60* 
HP. J6X-17X., 
Gradual ria* in % • 
of Plnua pollen to 
90% with 5% Hcoa 
after 17K to ca. 
15K. Change froa 
herb gtaaaland to 
woodland. 
b) 3a-2a-9011 Plnua 
.pollen. 1.5 a to 
•urfacai 15% plnua 
and »TO KAP. 

26K - 15Kt becaaa 
wetter and colder 
than today, poet-
glacial tiaet dry 
like today, soaa 
oacillatlona. 

' lafatan, II. (19641, A (UMerd pollen diagraa for the aouthern 
high plalni, UIA, covering the period back to the early 
Meocaala aUciation. aeeort of VI lDQUk, Haraaw, vol. Hi 
rtUeeotenical (action, to i l , 407-420. 
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I . I. Oklahoma 

Little canay J6°56'* 69*55 Saaplca from Mveral 2K to XX: Z5% grail yo interpretation 
Alluvial Yaliey *5°5»'« 1981*75 aectioni in valley pallCH. 10% AabrOfla given* 

copan ana 211 « froa a coipoiitc eat where Uttl* cancy 5X oak pollen. 1K-
of laaplai fro* «ch- t. tit* ineiaed 6 • 69 B.P.t 20X Chtno-
«ological aitea. into it i flood plain. ood.. 2M Aabroiii. 
tolian and alluvial Includoa the copan 3% gran, 10% oak 
dapoeita. wx. age palaoeol dated at pollen- MOdarm 3W 
la 1991 | .p . njoiioo a.p, w-

catad i t ttaniition 
tiom Croea TJauere 
poet oak-bUckjack 
oak (fl. tttllata -
Q. Mrilandi^a) 
foreit to tht vtet 
into tha tall graai 
prairie to tba eaat. 

oak, 10)4 hickory, 
IK Aabroaia DO lien. 
Interpreted that 
fewar oak treei in 
•re* i t IK to 2K than 
than today. 

lul l , l .J. (U77I, otology and pelyiwlogy of archeological titta and aaaociated 
wl innt i . In Tha rtthlatory of tht U t t l . ttmy Mvtr, 197S Hold t n i m . ' 
(D.O. Mnry, Ed.) pp. 13-42, Laboratory of Archeology, Univ. of Tulaa, TulH OK, Ul p. 

ifrch Crt.k Vlllty 3««3! « 1450*80 
ralnttd SB.lt.t M'Oi'w at 55 cm in a 70 em 

III a •cetion from an arch 
•ologieal alt*. Max 
age ia Cfi. 160Q B.p. 

70 cm icction fro* a 
rock inciter elong a 
nul l itrean in croi» 
TiiRbera poatoak-
blackjack oak Foreat. 

Age at top of (action Tali graae prairie to 
ia ca. 600 B.P. the wait and mixed 

prairie and oaka to 
the "at . 

Oak pgllan doninataa 
at 4q to 55*. 10* 
Arabr?ii« «nd 5% grkaa 
polltn. Slight riaa 
in pine pollen Ve 
(2 to 6%) ia upper 
20 en. Oik foreit 
like today-

Ciiaite like today* 
fro* 1600 to €00 B.P. 

Hall, S.A. (1977). Geological and paleoenvironiatntal atudiea. jo "The Prehiatory 
and PBleoenvironmtnt of Birch Creek valley." (D.o. Henry, Ed.), pp. U-31. 
Laboratory of Arelieology, univ. of Tulia, Tulaa, OK, 134 p. 

fan Auguitin Plaina 33°5D'M 19,7Q0 + 16O0 Core from playi in 
lOft&OO'H 27,000*4000 alkaline aeaidaaert 

2300 » in upper part of 100 ia granland. 
core. 16,000 B.p- a t Ann. Ttup. • H .7°c 
about 600 cm. Max. Ann. Precip. «407 m 
age parhapa over 100X. 

very general pollen 
diagram. Laat 10K -
about 1.5 n. IW 
Pi<-c« pollen 12 - 2W 
HAP, 6 0 - 7 W f _ i n u ! 
pollen at 18K <ca. 
6 a in core) , 20% 
Picae pollen con­
tinue* to l .S m 
whan replaced by 
2 0 - 3 0 * MBidaaert 
•crab end gr te t pol -
lan. 

lBKi Colder than 
present 

Cllaby, X.H. and teara, P.I . (1936). 
change** Bcienga 124, 537-531. 

Sin Augutin Plaina — Pleietocena c l i a a t i c 
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• w. lew Mexico 

chew Canyon 
a) calls waeh 
b) chaco weh l i t 
c) chaco Man tl 
d) cheeo wan IV 

I07°5j'lt 
IMf • 

a) 2900^330 tectione of alluvial 
5680*120 aediaante in a aodern 
6715 * 110 arroyo that began 
5»6C*70O eroding in H60 ».o. 

Only bottoa data froa 4 Min allwiai unite. 
635 ca eection with Oldeat dated at 5.6 
pollan diagraa. Other to 6.7K. pueblo eon-
dataa fitted in by 
corrolatlon-
b) Mo dltea on 460 aa 
eection. 
c) 1010490 
at 75 ca in 410 aa 
eeetioa. 
d| 10254(5 

2170 » 110 
1655*85 

Top data fitted in by 
correlation in 240 
aaction. 

ito exeavatione at 
Chaco. 

7K-SK: Fin* »ne 
with 60% pin* pollen 
6K-Ui chanopod, 
ton* with 10* pina 
pollan, 50% chanopod, 
pollan, 500K - 0i 
Pine- nenop. zone 
with 40% pin* pollen, 
pinyon pint woodland 
today. 

CllMte arid froa 
5.SK to 2.4K and 
dtiar than today 
t i l l 500 I. p. 

Hall, 8.A. (1977) > Lat* Quaternary aadiaentation and paleoocologic hiatory of chaco 
Canyon, Hew Mexico. Goolwlcal Society of Aatrlca Bulletin BB, 1593-1618. 

chuik* Hta, 
Dead Man KM 
(3 other liKea 
atudied but no 
data* for thai) 

3t°15 It 
lows'* 
27(0 a 

Three ooraa: 
1) JKM+300 
data at 20 ca in 35 
ca core that haa 
younger aadiaanta 
than the top of the 
long cor*. 
2) 4 c-14 dataa 

19,400 to 28K 
in 810 cat cor* with 
19,4X data at 160 M . 

12 hectare, 11 • deep 
lake at creat of. 
aountaina. Open Pon-
deroaa pine foreat 
around lake and down 
to 2250 a. Plnyon/ 
Juniper/aage to 1900 
a, and ateppa below 
that, spruce/fir 
forcat not in ata. 
today except in can-
yoni above 2400 ar 
raplacea ;• pine in 
San Juan Hta. at 
2900 a today. 6 
aurface aaaple*' 
Ann. leap. > U°C 
Jan. taap. • 1°C 
July Trap. - 25% 
Ann, Pracip. • 142 aa 
(at the iwerwet aat. 
atationl. 

5 pollen zonaa 
Cora l)i before- 4X; 
Pica* and NAP decline. 
After in: Pinua pol­
len to 70%. 20% 
Chenop., 10% A£lfai-
aia pollen, 2% Ouer-
cu| pollen. Evi­
dence for ccaprea-
eicn and lowering 
of vegeution ton** 
in glacial tiaia. 
The alpine zoo* de-
creaaed in elevation 
more than the lower 
vegetation zone*. 
Core 2] • 65% HAP 
with 45% Artealale. 
10% Picea pollen 
frca top to 28K-
Alpine vegetation 
or apruc* parkland 
Treellna dopreeeion 
of 8000 to 1000 a. 

30Ki Ann. reap. 
4 to 70c lover than 
today, cliaatic 
gradient up aountainf 
waa ateeper thin today. 
Poetglacialt varaar 
than in glacial tiaea. 

•right, B.I., jr. , lent, A.M., Banian, l . t . , and Haher, I.J., Jr. (1973). iraaant 
and paat vegetation of the Chuaka Nottataina, northveatern Daw Mexico. Caolooical 
Wciety El Aaerica lullatln 64, 1155-1180. , 
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u . f l m Nt i . 3 7 ° 2 8 ' B 11 radiocarbon d t t c i 
Twin U k t . lOflOO&'w Iron 2545 t o 9765 

U9DH B. p. in > J95 c» 
core. Max. dice ca. 
10,000 D.P. 

Core from edge of 
snai l , 1 • deep paid. 
Open Engclmann spruco-
•utelpinc fir forcit 
at fittr which is 250 R 
below tree l ine. 4 
surface sanplee. 
July Temp. • l l , 4 ° C 
Jon. Temp. • 8,& 
Ann. precip. * 1063 mm 
maximum precipitation 
in July and August. 
Capso rati? in July i s 
7°C/km, 

picea and Pinua 
dominance through­
out, (60 to 80%). 
Use ratios of pol­
len typos to a n i ­
mate treelino fluc­
tuat ions 9.6 -f l .6 
Kt trc« l ine lower 
than todays Several 
changes Bince then. 

Tree l ine changes 
imply a fluctuating 
c l iaa te over last 
10,000 years. 

Petersen, KL. and Hehringet, P.J., Jr- (1976), post­
g lac ia l t in ier l ine fluctuations, la f la t s Mountains, 
southwestern Colorado. 
275-288. 

rcont Range 
Redrock Lake 

4&o05*N 7 radiocarbon dates 2.1 hec ta re . 1 m deep 10K-9.7K: 60S Evidence for ea r ly 
105°32'w from 1640 to 9760 lake, timber p ine , Artemisia pollen banning and l a t e r 
3095 m B.P. in a 180 cm Enuelmann spruce, iub- 9.7K-8K. 40% Cooling. Changing 

Core. Max. date of a lp ine f i r , and other pinus pol len. throughout l a s t 
ea. 10,000 D-P. t r e c i nnd shrubs on 

the slopes about the 
s i t e . Timbcrline a t 
3300 m. 

Peak in Picca pol len . 
EK-Di 50% Pinua po l -
len with a r i i e in 
Betula pollen a f t e r 
2.5Ki picea/Flnus 
r a t i o used to plot 
e levat ion changes 
of vegeta t ion. 

10K years . 

Hahtr, i » J . , Jr. (1972). Absolute pollen diagram of 
Raflpock Ukc, Bouldtr County, Colorado. Quaternary 
Research 2, 531-553. 

Honttzuiw Castla 34°39'M fi c-14 da tes , 7 on 
National Konuaem l l l ° 4 8 ' w modern u t e r i a l , 3 
Hontatuma Hell 1120 a of thai* At* 17K to 

24.7K dut*! m d data 
ancient carbonate*. 

1 hectare watar-con^ 
talriing limeetone-
•inkhole fed by arte­
sian spring waters. 
10 • deep. 300 en 
core iron sedge-
peat Mt leai than 
1 n* under water at 
edge of sink. 56 ca 
core froa center of 
lake, in lower son-
oran vegetation zone 
with aDM Juniper and 
abundant grass. 

56 cm core shows in ­
crease in NAP and 
deep water pollen 
types at 21 ca l eve l . 

Mature of change 
not clear. 

Havly, R.R. (1974). Recent palsoanviroiuutnts and geological history at Montezuma Hell. 
Jgtjfnaj of £ha_ Arizona Acadeny of science 9, 66-75. 

White Hts - ttogollon 
Rla 

Lagirta Salad* 

34°2l'n 
U0°17'w 

1900 a 

3500+60 
at baaa of 190 cm 
core fro» center of 
lake and 

7250+170 
at 110 as l tval of 
290 ch lect ion ex­
posed in arroyo to 
west of prosent 
lake. Hax. age i s 
not well fixed. 
Could be 4s much as 
UK. 

Spring and arroyo-fed 
lake in 2 km2 baiina. 
Seasonally dry lake. 
Pollen saaplcs froa 
center of U n e x p o s ­
ed lake sedinonta in 
arroyo west of the 
present basin. Pin-
yon pine -Juniper 
grassland region 
(Savanna -woodland). 
Ann. Temp. • 6°c 
J.in. Temp, i l l l c 
July '(Vnii. = 17°C 
Ann. I'ri'cip. i 637 mm 
Sow surface jamplca. 

Todayt 25% Junlperus 
20% Plnui, and 50* 
HAP. 4 pollen zonse. 
7K«nd earl ier i 6 0 -
70% Plnui pollen. 
7K-SK: Grass peak 
of \K> After 7Ki 
increase in chenopod. 
pollen to SOX at top 
of arroyo section. 

Drier climate a f t e t 

Hevly, R.H. (1964). Paleetcology of Lagnna salada. 
Huieuw Fieidtana (anthropology) 55, 171-137. 
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Huallpai HU. 
Boulder spring* 

Shelter 

35°06'N 
U4 e0B'w 

M6 n 

Ho c-14 datca. Dat­
ing from pollen and 
ceramic amlytii, 
600 to 1050 B,p. 
for 100 en of sedi­
ments. Ha*, age 
estimated i t 10SO 
a.p, 

Archeological site, 
rock shelter. 
Desert vegetation, 
sesusrid ellaatc. 
Ann. Prceip. * 27o K 

HAP dominated spec­
tra with is to 20* 
tphedra pollen. 

H4y indicate climatic 
fluctuations from sum-
K I dosinate biseason-
ol rainfall to winter-
dttnintted regime. 

Hivly, R.H., Heuett, H.L>, and Olitn, S.J. (1978). paleoecological reconstruction 
frost an upland Patayan rock shelter, Arizona. Journal of £he Ariaona •H_eyadi 
Academy of Science 13. 67-78. 

S- 6» Arizona 

Hillcox Play* 
Lake Cochi** 

J1°5O'N 20,000 B.P. 
09°50'w 22,000.500 
1290 v 23,300*500 

in 42 n core. All 
dates iron 150 to 
210 cm. Mix, age 
i i between 70K ant) 
ZWK. 

Desert grassland and 
shruba in wil lcox 
Basin tc''Y < Hi U r n . 
poutcjov , Ariit ida, 
j;»orgbo J3, an£ mo6-
quite) . No planti 
on play.) — too ia l ty . 
/inn. r:ap. * 32°C (?) 
Ann. rccip. "469 iW 
Ann. vap. * 1550 m 

Ho pollen counted 
above 200 an. ex­
cept at surface. 
Ho postglacial re ­
cord. 20Ki 90 to 
100% Plnua pollen. 

20K: colder and 
twister than today* 

Hartin, p .s . (1963). Gewhronology of pluvial Lake Cochise. Souti.eirn Arizona, 
pollen analyst ! of a 4.2-Mter core. Ecology 44, 436-444. 

Cochiaa County 31°28 N 
Double Adobe sulphur 109°42'w 

Spring* Site 1234 n 

9 c-14 dataa between 
7756 and 93SO B-P. 
from a 380 on and a 
lQfl em sect ion. Max. 
age i i ea . 40QQ B.P. 

pollen diagram* from 
north and south wall 
of an archeological 
s i t e - pollen spectra 
from a mammoth tooth 
ax« included, Desert 
grassland today. 

3 of 6 pollen zones 
are illustrated-
HAP dominate! with 
Compositae highest 
in zone lv before SK 
and Chehopod. pollen 
op to 50* after 8K 
in zone I and III-

Kartin argued that 
the -Altithenul" 
(8-4K) may have 
been noiatet than 
today Final proof 
not in hand. 

Martin, p.s. (1963). Early man in Arizonai 
evidence. American Antiquity 29. 67-7J. 

the pollc 

san Pedro Valley 
Hurray springs 

31°35*H 
IIO°IQ'W 

1292 n 

7 radiocarbon ia tes 
from 1550 (unit I) 
t o 827Q (unit A) in 
115 en section- m*. 
age ca. 8170 B.P. or 
younger since dale 
on eroded 'cat . 

Stratigraphic lect ion 
from a tributary «r-
royo to the San Pedro 
Rivet, in desert 
scrub vegetation. 8 
stretigraphic uqita 
from bas4l A to upper 

Chenopod pollen dom­
inates a t base in 
unite A to D and 
unite F t o H and 
short-apino Coiposi-
tac pollen deninatea 
in the 95 ca c." unit 
E- Unit B deposited 
in S00 year* between 
4000 and 5000 years 
ago. vegetation 
zones lower by 300 n. 

•YJthora argued that 
higher pine pollen 
(up to 10*) in unit 
B (4-5K) imply 
soiature conditions. 

Hehringtr, P.J., Hartin, P.S. , Haynn, O.v,, j r . (19561-
Kurray springs, a mid-postglacial pollen profi le frost 
southern Arizona. listeria, Research Repcrt NO. 13, 
Geoehronology laboratories, Univ. of Ar.zone, Tucson, 16 pp. 
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wasatch Hti. 40°34*H 5 c - U dates from 
L i t t l e Cottonwood 1J1°45'M fro* 1B70 t o 

Canyon 2470 in l i , 300 D.p. in a 
Snowbird Dog composite profi le 

of 2 p r o f i l e r 
H*X- 4go o( ca. 
ll,ooa B.r. 

315 lo 450 cm thick 
bog over 1 - 3 n of 
[legum Fork t i l l 
113 to 14K old) . 
Bog taction includes 
7 (orcdt-floDt DUES 
with fprucc and l i t 
needle* and roots and 
6 clay-loam units. 
F.nijclnann spruce and 
subalpinc tit a t s i t e 
with ttontila? f i r , 
aspen, willow, and 
alder nearby. 

HidaiA, D,». and currey, D.*\ H919) U f a Quaternary g lac ia l and vegetation 
changes. L i t t l e Cottonwood canyon area, Wasatch Mountains, Utah' Quaternary 
fawarch 12, 354-270-

Sedimoftt a t t a t i -
graphy igggcst i 
•evcral bog-
aoadow/fercst re­
placements. Local 
sequence, not seen 
in regional pollen-
13K -BK: 40% sage 
and NAP. op to 30% 
aider pollen* 
BK-5K: 60,1 ipru c e 
and 20% pine pollen-
5K-0i 15S sage, up 
to 40% alder with 
peaki in aptuce. 

Uses ipruee/pine 
rat io and conifer/ 
other pollen rat io 
to trace tenp- and 
moisture- change*-
13K-&K: cool, dry 
8K»5Ki warm, wet 
3K-0( cool , dry. 

Zlon national Park ca. 37°10 H 
Beatty Lake, ca. 113°* 
n r i a l a t a , sen- l M 0 , 1 9 n i l 

t ina i s l i d e take, 
Trail canyon lava 
Lake, coalpit* 
lava Lake 

Preliminary report 
of acme potc/itiaUy 
Interesting s i t e s . 
Pollen recordi a l i o 
preliminary. 

Hivly, R-H. 119161. Paltoecology of Holocan* and Pleiltoeene lacustrine iedir.«ite 
£ « • Zion Hationll Park, Utah, f i r i t annual conference of Rciearch .in National 
r-arks, A. l .B.S . publication, 1S1-1S8. 

s. t. zdiho 

I . E. craat Baain 42°17 N 1B50+200 10 ha lefte in out le t 
Acd Rock Paaa 112901*H 10,^90 + 250 of l4kc BonnevilL* 
Swan Uk« 1450 m 12,090 + 300 when at i t s highest 

in a 805 em c o n (1430 m). in Artemi­
(with pol len! . sia *tept>*. Pollen 
Kax. age ia oldest and otsnt macrofo»«l 
data. datf 6 surface sam­

ples . 
Jan• Temp. > b°c 
July Temp. » 2 l c c 
Ann. Precip. -400 m 
Snowfall-L3S0 DM 

7 pollen zone* 12K -
10K; 65% Pinui pol­
len - i t h 20% P. 
i l e x l l l a type, 1 0 -
25% hrtemisia pollen. 
10K-0; 15% (5-30%) 
Pinui pollen and 20 
to 50% A r t w i i i a . 5% 
Ambrosia, 10% Grawin-
eae pollen. 8 . 4 K - 0 : 
20% Chenopod. pol len. 
J.1K-1.8K, 30% Plmis 
pollen, with ! % P. 
f l e x i l i t . re«t i* P. 
eontorta type. I. 
Bonneville lower than 
1430 m Dy 12K and POI-
l i b l y by 13K-

12K-1QK: colder than 
today. I O K - O I l ike 
today or varaer except 
from 3.1 to l.flK when 
colder. 

Bright, P,,C (19*6)- Pollen and Mid stratigraphy • t Sv* n U*e , southeastern Id*hoi 
i t a relation to regional vegc^aHonai history and to Lake Bonneville ffiatery. 
Tjeblwi. jh* Journal of tJu IdthQ State 0nlye»i>ty. {ju êmn 9, 1-47. 

Bitt irroot m i . 
Lost Trail Ptia Bog 

45°4J'n 
113 0 5&'H 
3152 a 

16 radiocarbon datai 
tim 60 to 585 cm 
and 125 to 11,200 
B.P- in 625 cm cor*' 
Hax. age ca. 12,000 
B. P. 

2 hectare bog and 
meadow, HI aub» 
•lpino f ir sons 
(1900- 2900 m). 

Artemisia zona to 
11,500 3. p. j^lnui 
pollen dominatai 
since then (80%). 
peaki in Artemisia 
pollen about w o 
years ago. 

11.5K-7K cooler 
than today. 
7 K - 4 K I warner. 
4 K - 0 : cooler with 
perhapi more moist 
interval 3.1 to 
3.4K. 

(Whtingir, P-J-, Jr . , Arno, B .r . , and Pate r u n , « . l . (1977). postglacial history 
of Lost Trail past Bog, Bitterroot Mountain*f Montana. Arctic and Alpine Research 
9, 345-368. 
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Yellowstone Park 
Cub creek Por.d 

44°2B K 
iu°u'w 
2523 at 

11 ,630* ISO 
14,3<i0£4f)f> 
in 040 cm core 

with Mazama a 5 h l ayer . 
Max. age i.i c a . 

14, Jf.O I]. P. 
in an ash hor izon . 

Lodge pole p in r 
dominates wi th sume 
spruce and f i r . 

14K- 1 1 . 6 K : Tree-
l i ne lower by 500 m 
with 30 - 4 0 y Arjtrmi-
£ i £ pollen and 1(//, 
Morula. 1 1 . 6 K - OI 
0OS Pinus most ly P. 
c o n t o t t a type . 
4 . SK - 0 : 5-S more 
Piccft p o l l e n . 

14X- 11.6K* Cooler 
c l i m a t e . U . 6 K -
4.5K; warawr and /o r 
d r i e r c l imat* . 
4.5K - 0: perhaps a 
l i t t l e coo l e r . 

Waddmgton, J . C B . and Wright , H .E . , J r . (1P74). Late Quaternary v e g c t a t i o n a l changes 
on the e a s t s ide of i 'e t lovstot ie park, Wyoming. Qua t e r n a r y Research 4, ,175-lfi 'l. 

Yellowstone 44°30*S 2 , 4 7 0 t 25Q 
Nat iona l Part; Uo°:o'w 5,390+ 250 
Abandoned 23fl4 in • 9 ,240* 300 

lagocn above 11 .550* 350 
Yellowstone Lake on a 950 cm c o r e 

Max. age i s c a . 
13,000 B.P. Or 
o l d e r . 

Vegeta t ion today; 
Pi.nua con to r t a about 
l i t e with Pi c m gnne l -
wsnnic, Abies tjjMQ-
carp. i . and Pinur, a l b i -
c a u l i s on s lopes j u s t 
30 m above the s i t e . 
T r e e l i n o a t 3G15 m. 

Baker, R . C 11970). Pollen sequence from l a t e Qua te rnary . sed iments In Yellowstone 
Pack. SCioncc 168, 1449-1450. 

2 main po l len zones . 
Upper one with 3 aub-
ioncs . ca- 13K-
U.6K: 30*. ftrtenu-
,s_̂ a pol len wi th some 
Junioiirus and Picea 
po l l en and 40% Pinus 
po l l en impl ies a l p i n e 
v e g e t a t i o n . More 
t r e e s in upper p a r t 
Of z o n e l l . & K - 0; 
p lnus c o n t o r t s i e n e . 
70-BOX Pine p o l l e n . 
P. a l b i c a u l i s po l l en 
high t i l l IOK. IOK -
SK: mainly P. c o n t o r ­
t s p o l l e n . Hia tus in 
sediments p o s s i b l e . 
5K - O; more Picea and 
Abies p o l l e n [SK}> 

13K-11.6K! Colder 
than tcday. 1 1 . 6 K -
1QK: Cooler and d r i e r 
than today. Annual 
temp* of - l ° c or 1.5°C 
colder than today. 
10K - 15X: warmest and 
d r i e s t . 5ft and 2.BK: 
Cooler pu l ses perhaps 
t i e d t o n e o g l a e i a t i o n . 

Nevada 

Guano cave 
f i shbone Cave 

ca. 40°00'N 
ca . 119°30'w 

1350 m 

8 C-14 da t e s from 
3200 t o 15,760 B.P. 
in two s e r i e s of 
samples from both 
c a v e s . Max* age i s 
da ted by o ldes t da te 
in 10 cm of Jake 
s i l t s a t Level 6 of 
Fishbone Cave 

Sec t ions of cave 
d e p o s i t s from caves 
in the d e s e r t . The 
caves were cu t by a 
high s tahd <jf L. 
Lahontan. 
Ann. Temp. • 10.6°c 
J a n . Temp. • 0°C 
J u l y Temp. - 23°C 
Ann. P rec ip . >166 mm 

Composite diagram 
made from d i f f e r e n t 
samples. Pol len 
s t r a t i g r a p h y i s 
rough. 15K: 1 l eve l 
wi th high Pinus p o l ­
l en , r e s t high NAp. 
7.K t o 2K or 0 : Deser t 
po l l en types dominate, 
some r i s e in AP near 
t o p . 

ISKI mostly dry 
7K- 2K of 0 : Dry or 
d r i e r than today. 

S e a r s , P.B. and Roosma, A. (1961), A c l i m a t i c sequence from two Nevada caves . 
A_merican Jou rna l of Science 259, 669-678. 

HOhave 0 « s e r t 
Tula s p r i n g s 

36°19'N 
H S 0 i l ' w 

555 n 

74B0 * 120 
9000 * 1000 

12,400 + 350 
in 3 s e p a r a t e s e c ­
t i o n s compris ing a 
composite p o s t g l a ­
c i a l p r o f i l e wi th 
some ove r l ap from 
12.4K t o ca- 6:5K. 
Hia tus i t s i t e from 
c a . 12.4K to 22K, 
then 2 da t e s of 
22.GK and 31,2K for 
the max, ago a t the 
l i t e . 

Pol len data from 
lake sediments . 
Some work a s s o c i a t e d 
with a r c h e o l o g i c a l 
s i t e s . In Mohave 
D*sert today with 
c r e o s o t e bush and 
bu r sage . 
Ann. Temp. - 1 7 . 8 ° C 
Jan . Temp. "6 .4°C 
J u l y Temp. "30 .6°C 
Ann. P rec ip . - 101 mm 

12.SK: Dominance of 
Ar temis ia and J u n j -
£££"!) 4s occurs in 
H. Nevada today. 
30}t p ine p o l l e n , 
15X Artemisia p o l ­
len . L2K: Gradual 
change to sagebrush 
and shadsca le ( A t r i -
pleX) a s Chenopod-
po l l en rose t o 60% 
an-i pine po l l en d e ­
c reased lb%. ca. 
6.5K: 2« Pinna. 15* 
Chennpod., and 70% 
Compositao po l l en-
c o n d i t i o n s l i k e t o ­
day. 

12.£K; co lde r than 
today, 12K-7 .5X: 
t r e n d toward warr-er 
d r i e r c o n d i t i o n s 
with some shor t i n ­
t e r v a l s t h a t may have 
been w e t t e r and c o o l e r , 
c a . 6.5Ki c l i m a t e sim­
i l a r t o todays . 

Mehringer, p . J . , J r . (1967)* The environment of e x t i n c t i o n of the l a t e - P l e i s t o c e n e 
•*g»fauna in the a r i d southwestern United S t a t e s . £n " P l o i s t o c o ^ - E x t i n c t i o n s . " 
( p . $ . Mir t in «n4 H,t, V r i g h t , j r . , E d s . ) , pp. 247-266, Yale Un ive r s i ty p resa , 
Kew HiVcn, CT. 

Mart in , P . 5 . and Kehringcr , P . J . , J r . (1965), P l e i s t o c e n e po l l en a n a l y s i s and 
biogeography of th» southwes t . £n "The Quaternary of the United S t a t e s . " 
(H.E. Xr igh t , J r . and B.C. Fray, Edf.f , pp. 4 J J - 4 5 1 , Pr ince ton U n i v e r s i t y 
pr#«t , WJ. 
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C a l i f o r n i a 

V o i c f f . i t f and l ] 3 7 ° 4 i ' K al t ig dflU'H i n 6B5 5 L t « s near Mono Lake. '!} 1?K - 1 « : End c f q l i C U l 

L, r j . r . < * j t t w 119&52*K cm o f fitrdtl'ifA* « - c ) S e c t i o n s f r i / a 41/.' firti-msia c l i i r a t i c c t n O i t i c f i i 

a ) ut-iiqicn P-ancfc » U 0 B J.fllC M C U U f t . afchenloqieai, n i ^ v pu lU- f . u l l by ic>;- ccoi*f 
b j Crar.r f l a t b! 3JO-15':; b) 'J'/) • JO d t 300 n d iame l i f 10K. lflK - 0 ; a f t e r ""-SK 

c j Scda s p r i n g s L 1 4 ° 4 S ' - A I'JIJW - 1 ' ( l a k r . J A dt>*p - . i " r Tj, Pit} J. p c l l c r 
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pertinent information available at each pollen site. For each 
location from which I 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-aBh 
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 sites 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. 

Of 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 Cochise, 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 simulate 
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 PALE0CLIMAT1C RECORD 

All of the pollen diagrams show a certain degree of climatic 
variation over the past 10,000 to 20,000 years. The general pat-
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FIG. 1. Location of the sites with-pollen data in the western 
United States. Only the data at zion, Gauge, 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 10 c about 13,000 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 (Peterson e_t a_l., 
1979). These values agree wel,L 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 vegotational regions (Peterson et 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 climates 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 
ago. Detailed mapping and more intense study of the data are 
needed to show what sorts of climatic patterns 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 glaciers) 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 geological 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 
might be chosen as repositories of radioactive 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. Our 
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 basins. 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 
estimates and thus of the model simulations. 
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PIG. 2. Minimum levels of past treeline in the White 
Mountains of east-central California as reconstructed 
by LaMarche (1973). Estimates assembled from the 
evidence in wood of living and dead bristlecone pines 
(Pinus longaeva). 

Treeline elevation changes in the White Mts. 
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CHAPTER 3 

CLIMATIC CHANGE IN THE NORTHERN MIDWEST 

DURING THE PAST 10,000 YEARS 

(Thompson Webb III and sally Howe) 

INTRODUCTION 

The possible burial 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. 
Of 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. In 
the second section 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 paleoclinatic studies from the 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
nique 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 (2C to 100 ftm) pollen grains that have a resistant outer 
wall. Conifers and flowering plants produce this outer wall to 
protect the inner sperm-producing cell during sexual reproduction, 
and wind-pollinated plants release millions of grains for each one 
that ree.ches a receptive stigma. Pollen is both blown and washed 
into laces and bogs where the durable walls are well preserved in 
the accumulating sediments. 

It the American Midwest 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 subsampled 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. For 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 of 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. In 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 
Wright et a_l. (1963) 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 (Fig. 2) and thus indicate the eastward move­
ment of the prairie during the period from 8000 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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KIRCHNER MARSH (WrijM *r al.1963) 

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, MN. 
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JULY MEAN TEMPERATURE 
fcl 

FIG. 2. Haps a and c show the contemporary patterns in the 
percentages of spruce (Picea) and oak (fiuercus) 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. 

Maps of spruce pollen, oak pollen, and temperature today. 
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HERB POLLEN ] 
FIG. 3. Hap (a) shows the average annual amount of precipitation 
for 1941 to 1970 A.D. Values are in centimeters- Map (b) shows ; 
the contemporary pattern in the percentages of herb pollen-types -j 
(pigweed + grass + types of the daisy family excluding ragweed). ; 

Maps of precipitation and herb pollen today. | 

t 
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dated evidence for this prairie expansion; 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 this 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 
previous 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 quantified some 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 western air replaced 
the moist southern air in Minnesota 4000 to 8000 years ago, but 
this circulation change did not extend into eastern Wisconsin. 
These results suggested that conditions in the Midwest 4000 to 
8000 years ago were in some ways analogous to the short-term cli­
matic changes during the "dust-bowl" years in the 1930's. Since 
this 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 (Bernabo 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 ih pollen for four major pollen 
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FIG. 4. The values for sunmer precipitation (April to September), 
precipitation minus evaporation, and July mean temperature esti­
mated from the pollen records at Kirchner Marsh (KM), Disterhaft 
Farm Bog (DFB), and Lake Mary (LM). Originally published in Webb 
and Bryson (1972). 

Paleoclimatic estimates for Kirchner Marsh, MN. 
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AH MUS.DUMHOtB IN MONTHS 

FIG. 5- The duration of air masses estimated from the pollen data 
from Kirchner Harsh over the last 13,000 years. A = arctic air 
from the north, mT = maritime tropical air from the south, R = 
return polar air from the south, Ps = Pacific southern air from 
the west, Pn = Pacific northern air from the west. From Webb and 
Bryson (1972). 

Air-mast durations for Kirchner Marsh, MN. 
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FIG. 6. The duration of air masses estimated from the pollen data 
from Disterhaft Farm Bog. See Figure 5 for a key to A, mT, R, Ps, 
and Pn. From Webb and Bryson (1972). 

Air-mass durations for Disterhaft Farm Bog, WI. 
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P I G 7 The duration of air masses estimated from pollen 
F I G. 7. Tne our ^ R e y t o A j ^ R j 

data from Lake Mary. s- e *„ " ,-,0721. Ps, andPn. Fran Webb and Bryson (1972). 

Air-mass durations for Lake Mary, WI. 
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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. 8). 
This study also showed that spruce trees have become more plenti­
ful along the southern 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 been 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 moisture would significantly 
affect the rates and amount of ground-water recharge occurring in 
this region. 

METHODS 

General Procedure 

At about the time that Imbrie and Kipp (1971) and Fritts 
et al. (1971) developed quantitative methods 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 
Clark (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. 9. Left map: Isochrones in 10 years showing the position 
of the 50% isofrequency contour for pine pollen. Note that the 
50% contour occurs 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 10 3 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. 

Haps 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 types and the distribution of standard climatic 
variables. When July-mean temperature and the percentages of oak 
pollen are plotted on a graph (Fig. 10), a strong positive rela­
tionship is evident. Existence of such a relationship naces it 
possible to calibrate the changing relative abundance of oak 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% increa.se 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 terms of climatic variables. In 
the situation illustrated in Figures 2, 3, and 10, regression ana­
lysis estimates the weighting coefficients B directly from the 
known .'Values of modern po].lsn (P ) and modern climate (C ), i.e., 

m m 
the B's are calculated from the equation P B = C . Estimates of 

m m 
past climate (C ) are then calculated by rescaling the values of 
previously deposited pollen (P ) by B, i.e., P B = C , where B 

XT C Xr a»<3 c are estimates of B and C • P. P The major advantages of this procedure are that it produces 

http://increa.se
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FIG. 10. Scatter diagram showing the relationship between 
July-mean temperature (°C) and the percentages of oak 
pollen today in the surfical lake-sediments. 

Scatter diagram for 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 assumptions 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 criticisms 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
lish that climatic changes are the likely cause for the observed 
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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, and invasions by new species. 

A second concern with the calibration procedure is that it 
is empirical and statistical rather than deductive and determinis­
tic. When biologists 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. In the course of bur 
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-

o 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 
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TABLE 1; Calibration Function Used at 24 Midwestern sites to 
Estimate Annual Precipitation (in cm). 

Pollen 
Type 

(Pigweed Family) 
(Sage) 1 / 2 

Pigweed Family 
Juniper/Cedar 

1/2 (Hickory) 
Daisy Family 
Willou 

Constant 

Variance (%) 

Standard Error 

Area of Samples 

1/2 

Correlation Multiple 
with Annual Regression 
Precipitation Coefficients 

-.71 -0.6733 
-.71 -4.1835 
-.70 -0.3592 
.20 +0.9683 
.38 +2.0152 

-.36 -0.4798 
.22 +0.6244 

80.9053 

78 

5.4 cm 

40-47°N 
85-105°W 

Number of Samples 282 
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TABLE 2: calibration Function Uaed at 2 Sites in Manitoba to 
Estimate Annual Precipitation (in cm). 

1/2 

Pollen 
Type 

(Oak) 1 / 2 

Pine 
Birch 
Grass Family 
Pigweed Family 
(pigweed Family) 
Willow 
Daisy Family 

Constant 

variance Explained (%) 

Standard Error 

Area of Samples 

Correlation Multiple 
with Annual Regression 
Precipitation Coefficients 

.50 2.0973 

.20 0.2658 

.21 0.2204 

.10 0.235S 
-.15 -0.5256 
-.01 1.4950 
,00 0.4636 
.05 0.5274 

28.8001 

65 

3.3 cm 

47-60°N 
95-105°W 

Number of Samples 120 
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TABU! 3 : ESTXHAT5S OF AKNUAL PRECIPITATION IN C.8. A. . "RECIPITATIOW DIFFERENCES 
IH * GF TODMS VALUE. 

ANNUAL PP.ECIP. DATING 
PHECIPITATION DIFFERENCES INFORSATION 

SITE 1 0 , 0 0 0 7 , 0 0 0 TODA1T 7 , 0 0 0 TCWU NO. CF EARLIEST 
B . P . B . P . -10 ,000 - 7 , 0 0 0 C-14 DATES DATE 

8. P. B.P. B.P. 

I % S S : » I » S S S S S S 3 S I X 3 K X S " i=s==-:=====: :===== sssss-===i=== = ======= ;sr=s=s==s=ass 
GRAND BAPIDS « 41 48 14.6 3 7220 
61EIB0BC LAKE 47 46 48 -2.1 4.2 5 1280O 
LAKE OF THE CIOODS 73 72 68 -1 .5 -5.9 + 10000 
BOG D POND 72 63 69 -17.4 13.0 4 11000 
TERHBLL POND 75 62 69 -18.8 10.1 1 4270 
WEBER LAKE 73 71 71 -2.8 0.0 5 14600 
PORTAGE LAKE 75 62 70 -18.fi 11.4 3 9780 
RQTZ LAKE 71 60 72 -15.3 16.7 7 12000 
KIRSCHMER HARSH 76 64 72 -16.7 11.1 6 13270 
PICKEREL LAKE 71 51 57 -35.1 10.5 4 10670 
«. OKOBOJI LAKE 76 66 70 -14.3 5.7 10 13990 
JAC0B5CM CORE 1 n 70 74 -5.4 5.4 2 10400 
JACOBSOX CORE 2 — 71 74 4.1 2 7210 
DEVILS LAKE -- 39 52 25.0 1 6120 
LAKE BAR* 75 77 77 2.6 0.0 3 9460 
CANP 11 LAKE 76 78 80 2.5 2.5 t 10000 
STEWART'S DARK I. 77 74 74 -4.1 0.0 6 10570 
DISTERHAFT 78 75 75 -4.0 0.0 6 15560 
ALFIES LAKE 72 80 81 9.9 1.2 3 9210 
GREEN LAKE n 75 80 1.2 6.3 3 15215 
DEHOIT LAKE 79 78 76 -1.3 -2.6 5 11410 
VBSTABURG BOG 80 82 75 2.7 -9.3 3 10330 
»t»TE86REEJt LAKF 83 90 82 0.0 2.4 8 13195 
PRAINS LAKE 81 81 78 0.0 -3.8 7 12570 
HUDSON LAKE 81 81 95 0.0 14.7 6 11500 
PRETTY LAKE 81 85 90 4.4 5.6 15 13265 
SILVER LAKE 85 87 96 2.1 9.4 8 10800 

http://-18.fi
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annual 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 
equation 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. 11). 
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). In 
the eastern Midwest, the changes are smaller, but the data indi­
cate an increase in precipitation in Ohio 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 Webb and Bryson (1972)• The maps showing decreasing 
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FIG. 11. Location of the 26 sites with radiocarbon-dated 
pollen data used in estimating annual precipitation at 
7000 and 10,000 years ago. 

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

Precipitation estimates for 10,000 years ago. 
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FIG. 13. The estimates of annual precipitation in cm for 
7000 years ago. 

Precipitation estimates for 7000 years ago. 
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FIG. 14. The obierved values for mean annual precipitation 
in cm for 1941 to 1970. 

Observed precipitation today. 



FIG. 15. The changes in annual precipitation between 10,000 
and 7000 years ago in % of today's value at each site. Nega­
tive values indicate sites with less precipitation at 7000 
years ago than at 10,000 years ago. 

percent changes in precipitation 10,000 to 7000 BP. 
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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. 

Percent changes in precipitation 7000 BP to today. 
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and then increasing precipitation in the western Midwest reflect 
the pollen evidence for the eastward ar.d then westward movement 
of the prairie/forest border (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 decrease 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 area 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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