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AnSTRACT 

Radiocarhon measurements on fresh-water carbonates have heen used to determine 
the absolute chronology of the two largest fossil lakes in the Great Basil). The possibility 
of systematic errors due to exchange and to low initial CI4 concentration has heen con
sidered with the conclusion that most of the measurements reported have not heen 
alTecled by more than 10 per cent. 

The results of the study suggest a high-water period from 25,000 to about 14,000 
years ago. This period \\'as preceded hy an interval of moderately low water level extend
illl: back to at least 3-!.O()() years before present. Following a recession to a moderately 
loll' water level close to 13,0()() years ago Lake Lahontan and possibly Lake Bonneville 
rose to their maximum levels close to J J ,700 years ago. This rapid rise \\'<lS followed by 
an equally rapid fall close to 11.000 years ago. This latter decline is recorded hy terrestrial 
deposits in many of the wave-cut caves on the shore lines of the <lncient I<lkes. There is 
some evidcnce for another maximulll close to 10,000 ye<lrs ago. The lakes have probably 
remained low since 'iOOO years ago. 

Consideration of t he factors intluencing the response of the lakes to climate change 
sUl(l:ests that response is sullicicntly rapid that the lake levels can be used as direct 
cslimates of the relative climates. The lake-level chronology is hence a climate chronol
ogy for the Great Basin. 
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INTRODUCTION 

GCI/eral Slalcl1ICllt 

Since the explorations of the Great Basin by 
Fremont in 18-12 geologists have been interested 
in the history of the numerous dry and near-dry 

ORE. 

LEGENO 

fluctuations that might be precisely 
with other events in the late I'lcbt 
Recent periods. 

The two lakes chosen for this SIu..iy' 
Lahon tan and Bonneville, which 
represented by their far smaller rem 

A R I Z. 

LJ MAXIMUM EXTENSION \' <'\ ..... . 
, OF FOSSIL LAKES '. ", "-.).' .... . 

• PRESENT-DAY LAKES ; ". 

r-7I BOUNDARY OF '. " -----. "'--. 
~ GREAT BASIN 

FIGURE I.-MAP OF GREAT BASIN WITH OUTLINE OF LAKES BONNEVILLE 

lakes of this region. To even the casual observcr 
it is obvious that the level of these lakcs was 
once far higher than at prescnt. Thc problem 
has becn to detcrmine when these high levels 
occurred and how the climatic changes thcy 
signify correlate with thc general pattcrn of 
world-widc cvcnts in thc late Quaternary. 
Although most geologists believe that the times 
of highcr lake lc\'el corrcspond to times of 
glaciation, the sequence of high stands and 
their correlation with individual glacial periods 
has proven dillicult to determine without some 
absolute dating technique. Radiocarbon dating 
provides a solution to this problem, and the pri
mary aim of this work is, therefore, to establish 
by radiocarbon dating a chronology for lake-level 
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continuing their research, and this 
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of the samples measured in this study 
t('jh·watcr carbonates. These include 

rI, und fine-grained lithifled carbonates, 
Tufa consists of relatively pure CaC0 3 

forms, from massive or coralline in 
to prismatic crystals of fine-grained 

It is found as thick coatings on the 
Icrops of wave-cut terraces, as gro

(a.lt\es extending up to 300 feet above 
$uriacc, as speliothems inside the caves, 
pure carbonate lenses or conglomerate 
in sequences of sedimentary deposits. 

ugrcc that these carbonate masses 
6clj()1itcd from the lake waters, but there 
t..xn tll'O conflicting opinions as to the 

processes involved. Early workers (Russell, 
1885; Gilbert, 18(0) considered tufa deposits to 
be the result of inorganic precipitation pri
marily from the e\'apora tion of wave spray. 
Jones (1925, p. ()-13) pointed out that tufa 
fonninM today in both Pyramid Lake and the 
Salton Sea is covered with blue-green algae, 
and his suggestion that the precipitation is 
organic is gcnerally accepted at present. The 
presence of algae remains within ancient tufas, 
as determined by the examination of acid 
residues (Flowers, 1956, personal communica
tion), lends support to this hypothesis. 

Whereas this mode of origin fits the coralline 
and massive tufa forms, it is less acceptable for 
the thinolite varicty. Dana (ill Russell, 1885, 
p. 214) suggested that this form is a pseudo
morph after some pre-existing salt but could 
not identify its predecessor. Jones (1925, p. 24) 
claims, however, to have precipitated minute 
crystals with the form of thinolite prisms from 
Pyramid Lake water saturated with CaC03• 

Another possibility is' the recrystallization of • 
pre-existing carbonates. This mode of origin is 
suggested by the occurrence of thinolite crystals 
in the inner layers of large carbonate mush
rooms and spherical masses. 

UNCERTAINTIES IN THE RADIOCARBON AGES 

Composile Samples 

Several uncertainties arise in converting the 
measured C14 concentration in fresh-water 
carbonate materials into absolute ages. One of 
these is the possibility that the sample measured 
consisted of two generations of tufa. In this 
case the age obtained from the CJ4 data would 
lie between the true ages of the two component 
parts. Since, in cases \vhere these ages.differ by 
more than 1000 years the use of the composite 
age could lead to false conclusions, care has been 
taken in selecting homogeneous samples for 
measurement. In most localities where sampling 
was done only one generation was present. 
\Vhere more than one was present the boun
daries were apparent, and a separation was 
made. Although tufa of only one age was 
present in most of the samples measured the 
possibility of error due to composite samples 
must not be overlooked. 

Illilial C14/CI2 Ralio 

A fundamental problem in all C14 age work 
is the estimation of the CJ4/CJ2 ratio for a 
material at the time of its formation. This 
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problem is more acute with fresh-water car
bonates than with terrestrial organic materials 
or marine shells. In the latter cases the ma
terials receive their carbon from the large 
rather well-mixed reservoirs of the atmosphere 

lake waters. Because of the large numbcr 
unknowns it is diflicult to estimate the 
tude of such e!Tects. All attempt is cu 
heing made to obtain quantitative estimaln 
the Jlossible variations. 

TAIlLE I.--:\IEASURDIJ.:NTS OF CONTDIPORARY 1\1 ATERJAJ.S FROM TilE 

=;=====cc==-~=--==----------

=======~-===-=-=I-~---------------~---- ---=--'-==~--I=== 

L 288-1\I Sage wood (Winnemucca Cave 0.0 0.00 0.0 
area) 

L 288-C Recently 
(base of 
Lake) 

formed carbonate 
pyramid, Pyramid 

-1.0±0.S +1.85 

L 288-I Living algae (Pyramid Lake) -S.0±2.0 ,,-,+0.20 

* Per cent difference from Lahontan wood (L 288-l\!). 
t Normalized to a common C13/CI2 ratio. 

and the surface ocean, so that measurement of 
wood or oceanic shell in one area allows an 
estimate of the modern value in other areas 
which is accurate to at least 3 per cent. In the 
case of lakes, however, each body must be 
considered separately. The Cll/Cl2 ratio for a 
given lake is dependent on the CI4/CI2 ratio of 
the dissolved carbonate in the river waters 
supplying the lake and the ratio of the flushing 
rate of the lake to the rate of exchange between 
the CO2 in the atmosphere and the carbonate 
in the water. Since these factors vary from lake 
to lake, carbonates from difl'erent lakes may be 
expected to range widely in CI.\ concentration. 
Measurements available to date (Deevey, 1954, 
p. 286) range down to a value 20 per cent below 
that in atmospheric CO2• 

An estimate of the initial C14/CI2 ratio in 
ancient samples can be made by measuring the 
C14/CI2 ratios in currently forming materials 
from a similar environment. Measurements on 
currently forming tufa from Pyramid Lake give 
a ratio (normalized for C13/C12 diITerences) 5 
per cent lower than in wood grown on the shores 
of the lake. The measurements on which this 
value is based are summarized in Table 1. For 
simplicity of presentation the contemporary 
modern values arc normalized to the same CI3/ 
C12 ratio. The tufa measured formed during the 
past 40 years. 

Lake Lahontan was much larger during 
deposition of many of the samples studied. 
Possibly the conditions that caused these high 
lake levels also a!Tected the C14/C12 ratio in the 

Pending the results of these studies the 
of carbonate materials deposited from 
waters of Lake Bonneville and Lake . 
were calculated' using the values obta 
current materials from Pyramid Lake. 
corresponds to a value about 1 per cent 
than modern wood uncorrected for ()' 
ratio di!Terences and 6 per cent lower than 
normalized modern wood value. If, 11 

probably the case, the variation did not 
5 per cent the age uncertainty introt/u( 
less than 400 years. In no case can the 
more than 500 years on the posi tive side, 
this would represent static equilibrium . 
atmosphere. The addition of 500 years 
ages quoted hence provides a maximum 
far as the initial C14/CI2 ratio is concernt,j, 

Postdepositiollal Exchallge 

Another possible source of error in agl'5 
on the Cl4 content of carbonates is 
the carbon atoms in the sample 
the surroundings subsequent to the 
of the material. Since most of the 
studied were exposed to the atmospht 
tinuously over the past 10,000 yea 
possible avenue for exchange is transkr 
from the CO2 molecules in the a 
the carbonate ions of the CaCO/. 
transfer probably involves two steps. 
step is the replacement of the CO2 in a 
ion on the surface of a crystal by a CO2 

from the atmosphere during a collision.. 

UNCERTAI 

$I(llflc! step is the diffusion of till 

;UI\~ from the surface into the cry: 
Une of two possihle approache, 

;n~ till' e.xtent of such exchange: 
IIIII' amount of exchange expeclt 

TABLE 2.-EsTI1L\ 

,/1 Locality 
Surlace 

area 
(m'igm) 

Within 50 leet ~O. 5 
as· 01 the La

hontan 
Deach level 
in the cave 
area of Lake 
Winnemucca 

--- -----I--~ 
100 feet above 

Crypt Cave 
on top of 
1''1te granite 
outcrop 

.075 2 

----~-----

Coating on 
outcropping 
limestone on 
the broad 
Provo tcr~ 
race at the 
north end of 
the Oquirrh 
Mountains 

7.5 3. 

(I 

C"/PI sample: C"iC" atmospheric CO,. 
t"-/!:" silmple: CHiC" atmospheric CO, \I 

lion. 

"Apparent age" of sample from its CHIC' 
51,. Ilf fraction in the per cent of toial sa 

diffusion coefficients anc!' 
-area elata, or (2) examill 
les directly for the e!Tects of: 

approaches have been attemp 
of Ihis study. 

it is assumed that the rate 01 

I he surface carbonate mol, 
CO: in the atmosphere is rapid it 

h( rnaXilllUI11 anl0unt of contfu:1i! 
l!Iilde without extreme mal 
Ity. In this case the surface 

would at all times have 
dvse to that in the CO2 in the a ( 
(akula tion then becomes a I 

. the contamination dill 
layer and adding to it the IIl'l 

Qf CI~ due to transfer by diffusiOl. 
10 the interior layers of the Cl 

lcwwlcdge of the surface area 01 



IRO?\,OLOGY 

,l'cause of the large numl,.., ~ 
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~!Il,1 step is the dilTusion of these carbonate 
(rom the surface into t he crystal. 

!,)no: of two possible approaches could deter
the extent of such exchange: (1) calculate 

Alllount of exchange expected using the 

bonate, the interatomic distances in CaCOa, 
and the C14/CI2 ratio in the atmosphere allows 
the former to be computed. Using empirical 
surface-area data obtained by the gas-adsorp
tion method used by Kulp and Carr (1952), an 

TABLE 2.-EsTnIATEs OF CONTAMINATION WITI! i\nIOSl'IIERIC CO, 
-cc:====:=== 

Predicted! 
Surface Measured! First· fraction Last· fraction contami-

Locality area XI0 l X 10' 
contami- nation 

(m'hm) lion X (Tolal) 
XI0' 

Within 50 feet ~0.5 305 ± 10 (9550 0.15 0.01 O. [6 

of the La· 250)" 
hontan (11 per centH! 
Beach level 
in the cave 
area of Lake 
Winnemucca 

[00 feet above .075 224 ± 10 (12,000 198 ± 10 (13.000 2.3 ± 1.3 0.02 0.0012 0.02 
Crypt Cave ± 300)" ± 400)" 
on top of (9 per cent)tt (19 per cent)tt 
large granite 
outcrop 

------

Coating on 7.5 334 ± 10 (8800 265 ± 15 (10,700 8.3 ± 2.[ 7.5 0.12 7.6 
outcropping ± 200)" ± 400)" 
limestone on (12 per centHt (12 per cent)tt 
the broad 
Provo ter-
race at the 
north end of 
the Oquirrh 
~fountains 

: C"/C" atmospheric CO,. 
CHjCI2 atmospheric C02 where CU' represents the amount of CU in a bulk sample due to post-depositional 

diffusion coefficients and empirical 
data, or (2) examine natural 

te,; directly for the elTects of exchange. 
Approaches have been attempted in thc 
01 this study. 
is assllmed that the rate of exchangc 

the surface carbonate molecules and 
in the atmosphere is rapid, an estimate 
:lXilllUIll amount of contamination can 

lI'ithout extreme mathematical 
. In this case the surface carbonate 

lI'ould at all times have a C14 /C12 
. to that in the CO2 in the atmosphere. 

Irulation then becomes a matter of 
ing the contamination due to this 
I.lyer and adding to it the net contribu-
('II due to transfer by ditTusion from the 
to the interior layers of the crystal. 

1ge of the surface area of the car-

average COa spacing of 4.0 A, and a specific 
C14 activity of 160 disintegrations per mole for 
atmospheric CO2, estimates of the contribution 
of surfacc contamination have been made for 
three tufa samples. Thc results (Table 2, 
column 7) are exprcssed as the ratio of the 
concentration of surface contaminant C140a= 
ions in a homogenizcd sample to the C J40 z 
concentration in atmospheric CO2. Even in the 
case of sample L-363D which is unusually 
porous (hence high in surface area) the age 
error for a measurement made on bulk material 
would be only about 300 years. For a sample of 
similar surface area 20,000 years in age the 
error due to surface contamination would be 
about 700 years. As will be shown below the 
sample can be pretreated so that this error is 
eliminated. Even if this were not done such 
errors arc ncgligible for most applications and 
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become important only for samples greater 
than 25,000 years in age or where extremely 
high precision is necessary. 

The contribution due to diffusion can be 
estimated as follows. The fact that none of the 
tufas under con~ideration have bulk C14 con
centrations of more than 30 per cent of the 
Cll concentration in the atmospheric CO2 allows 
the problem to he adequately approximated as 
that of diffusion into a semi-infinite solid. The 
surface layer of this solid can be considered to 
have a constant CI4 concentration equal to that 
in atmospheric CO2• Taking into account the 
radioactive decay of the diffusing substance the 
ditTerential equation for such a process is: 

(JC (J'C 
D- - >-'C 

iJ/ (Jx' 

where C is the concentration of the radioactive 
species, D the diffusion coetlicient, and A the 
decay constant of the radioactive species. 

Following Crank (1950, p. 12-1--131) the 
solution of this equation (for times greater than 
two half lives of CJ\ i.e., 11,000 years) expressed 
as the average concentration of diffuscd Cll (0 
in a homogenizcd sam pIc is c10scly approxi
mated by 

wherc S is thc surface area, and Co is thc CJ4 
concentration in the surface layer and hence thc 
atmosphere. 

The room-temperature diffusion constant D 
can be obtained by extrapolation of high
temperature data through the usc of the Ar
rhenius equation: 

Haul ct al. (1953, p. (19) carried out diffusion 
experiments at oOO°C. and SOO°C. on calcite 
crystals of known surface area using CO2 

enriched in C13. From their data they computed 
values for the two constan ts, Do and t:J.1I ael, 
and obtained values of 1.81 X 10-10 cm2/sec. 
and 27,700 cal./mole respectively. The room
temperature value for D would then be 1.8 X 
10-30 cm2/sec. 

Using this value of D, the empirical surface 
areas mentioned above and the specific activity 
of atmospheric CO2 estimates of the contamina
tion levels arc given for three tufa samples in 
column 8 of Table 2. The results are expressed 
in the same way as those for surface contamina
tion. The term containing t is a second-order 

correction; hence the order 
the results is independent of the a~c 
Thus the amount of contamination 
diffusion should be negligible for all 
tions. 

I n order to check these pred iet iOn! 
samples of tufa wcre examined for 
tion. Such checks are feasihle, since 
added by surface exchange and ditTu 
concentrated close to the surface of the 
Whereas this is the case by definition for 
exchange, it is not so obvious in thc 
diffusion. To make this clear, the d'· 
of ditTused contamination as a fll 
depth below the surface layer has Iwen 
lated as a function of time for a slab. As 
in Figure 2 the concentration falls oii 
rapidly with depth. The curves repre 
distribution for progressively longer 
time. This figure indicates that for 
the range of 5 to 50 per cen t there sho 
pronounced difference in the CH/Cn 

the outer 10 per cent or surface mall' . 
that of the inner 10 per cent or core 
For exchange amounting to less than 
cent the inner 10 per cent is unaffected. 

The experimental problem is to 
method by which the surface material 
inner material can be separated. Sincc 
cal separation is not possible, two other 
were considered: acid leaching and 
decomposition. The t\\'o methods were 
determining their respective eflicic 
separation for tufas which had been 
contaminated by placing them in an 
CHOZ atmosphere at elevated 
Although both methods gave good 
thermal decomposition was superior. 
than 95 per cent of the contaminatK¢ 
removed with the first few per cent of tit 
released (at 700°C.). 

Three samples were checked by this 
The C14/C12 ratio in the first 10 per c 
CO2 released was compared in each 
that of the last 10 per cent, on the 
that more than 95 per Cellt of the Cll 
by surface exchange should be in 
fraction and almost none in the last. 
concentration of primary C14 (that 
thc time of deposition) should be thc 
each of thc two fractions the difference 
them can be attributed to contaminat' 

the ratio of the Cit concentration in tl 
to that in atmospheric CO2 is given 
and 5). The apparent ages calculated 
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mpl.c can Ill: computed (el> 

dW'ort'! Ical predictions arc con, 
- fHl/nher, should closely appr, 
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" ... 0.2 
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Ruled areas represent Illat 

oJ the values calcuhtted for ditTI 
exchange (column 9). In cal 

cn'iCS the agreement is within I 

t error indicating that the err< 
with the atmosphere is (as (' 

all. The use of "core" 
~JY ei~h~r thermal decompo 

dllng elUl1111ates the problem. 
huratory experiments have I", 
ish the extent of contamin; 
lind redeposition in the pn' 

er or ground water. Since the I' 

bccn rather dry it is hoped III 
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Any reliable conclusions can be (i 
the above considerations it is cI 

fence Ju~s been found that point., 
'lll'ma tiC errors in the C14 ages () 
cnrbonate samples. Although I' 

that such errors do not cxist i I 
probability small. 

Internal Consistency· 

intCrl1:t1. consistency of the ages oJ 
additIOnal evidence for the rei 

pies. The age obtained ()I 

separated from a marl gave III, 

the .marl (L-.l(J-1-CR and L-.1. 
lind iIlorganic material separatv, 



iRON0LOGY 

ce the order of magnitude 
Idependent of the age assil:~ 
,unt of contamination dur !It 
I be negligible for all appJo 

check these predictions I 
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"ks are feasible, since the 
ace exchange and dilTusinll 
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Ie surface layer has beell 
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he concentration falls otT 
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(Terence in the CI4/C12 fa 

,'I' cent or surface material 
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amounting to less than 20 
10 per cent is unaffected. . 
Ilcntal problem is to dc\' 
I ich the surface material a 
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"d: acid leaching and 
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t heir respective etTicienci 
tufas which had been pl! 
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195 per cent of the C14 in 
\change should be in th 
Imost none in the last. Sin 
of primary C14 (that 

"position) should be the 
II fractions the difference 
litributed to contaminati 
.\\'n in Table 2, For each 
,,: Cl-l concentration in the 
lllspheric CO2 is given ( 
)parent ages calculated from 
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~;"I arc also given. From these results the 
!/OOIJllt of contamination in a homogeneous or 
lIlJk I'lmple can be computed (columll (», If 
~ thl'Orctical predict ions arc corrccl this last 
f¢ v/llllllliJers should c1ost'ly approxima te the 

a core samplc (L-37M» takcn in Great Salt 
Lake gave ages of 2G,300 ± 1100 and 25,300 ± 
1000 n'spccti\'cly, Samples of tufa (1,-289D) 
and shell (1.-2INI') in Fishbolw Cave diffcred 
in age by less than .JO() years. 
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t error indicating that the error due to 

with the atmosphere is (as concluded 
I. The usc of "core" material 

by either thermal decomposition or 
aching eliminates the problem. 
laboratory experiments have been done 

ish the extent of contamination by 
and redeposition in the presence of 

!Yatcr or ground water. Since the region is 
has bcen rather dry it is hoped that these 

arc also small. Further work is needed 
any reliable conclusions can be drawn. 

the above considerations it is clear that 
hag.,been found that points to any 

systematic errors in the CH ages on fresh
carbonate samples. Although this does 

that such errors do not exist it makes 
ity small. 

Illtemal COllsistcllcy 

internal consistency of the ages obtained 
additional evidence for the reliability 

The age obtained on shell 
separated from a marl gave tlte same 
the marl (L-3(J.J.CR and L-364CS). 
and inorganic material separated frol11 
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Age determinations made on samples from 
the Bonneville and Lahontan areas are listed in 
Table 3. The modern control value used for 
carbonate samples is that obtained on recent 
materials frol11 Pyramid Lake. As mentioned 
above, this value is 5 per cent below maximum 
possible or static equilibrium value. The value 
used for organic materials is based on the 
average for recently grown woods, Errors 
quoted include only uncertainties in the labora
tory measurements and not those associated 
with the problems discussed above, 

Figures 3 and 4 show the geographical loca
tion of the samples, The location of a sample 
may be determined by noting the number 
given in parenthesis for each sample in Table 3, 
These numbers corrcspond to those on the 
maps. 

The results arc most easily discussed by 
dividing them into three categories: those on 
materials from lake sedimcnts, those from 
terrace deposits, and those from wave-cut 
ca ves. Such a division will emphasize the 
correlation between the events in different 
lake basins, 
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TABLE 3,-RADIOCARllON DATES ON GREAT BASIN SA~IPI.ES 
==========-=-=-=-='--~~~_--'-==.c 

Locationt 

Needles 
(Pyramid Lake) (1) 

Anaho Island (3) 
Crypt Cave 

(Winnemucca) (8) 
Hidden Cave 

Fallon area (6) 
Guano Cave 

(Winnemucca) (8) 
Diaphragm Cave 

(Pyramid Lake) (2) 
Fishbone Cave 

(Winnemucca) (8) 
Cowbone Cave 

(Winnemucca) (8) 
Fishhone Cave 

(Winnemucca) (8) 
Needles 

(Pyramid Lake) (1) 
Above Crypt Cave 

(Winnemucca) (8) 
Above Crypt Cave 

(Winnemucca) (8) 
Lahontan Beach 

(Winnemucca) (8) 
Above Crypt Cave (8) 

Fishbone Cave 
(Winnemucca) (8) 

Anaho Island (3) 
Mullen I'ass (4) 
Anaho Island (3) 
Anaho Island (3) 
Entrance 
Fishbone Cave 

(Winnemucca) (8) 
Diaphragm Cave 

(Pyramid Lake) (2) 
Truckee River Can

yon (S) 
Truckee River Can

yon (5) 
Truckee River Can

yon (5) 
Above Crypt Cave 

(Winnemucca) (8) 

Needles 
(Pyramid Lake) (1) 

Fishbone Cave 
(Winnemucca) (8) 

Elevation' Description 

LAHONTAN SAMPLES 

60 Large oolites 

50 Shell from extensive beach 
305 Basketry from upper deposits 

304 Wood fragments 32 inches below 
surface 

245 Twigs from habitation level 22-
28 inches below surface 

10 Shell from lake sediments 

2S0 "Amberat" from cave ceiling 

220 Matting associated with a hu-
man hurial 

2S0 Fragments of netting from low-
est habitation level 

90 Outermost layer of tufa mush-
room 

525 Lithoid tufa 

411 Lithoid tufa 

560 Lithoid tufa, highest observed in 
area 

525 Lithoid tufa (duplicate of 
L 289-G) 

250 ] uniper roots and bark 

570 Lithoid tufa 
560 Lithoid tufa 
520 Lithoid tufa 
390 Lithoid tufa 
250 Lithoid tuf'l 

10 Multi-layer tufa diaphragm 

202 Radiating material from tufa 
pavement in lake sediments 

210 Radiating material from tufa 
pavement in lake sediments 

210 l\hmmillary material from base 
of tufa mushroom 

411 Massive tufa from an in-
termediate layer in mass 8 
inches thick 

90 Dendritic tufa from concentric 
dome 

250 Shell from sand below terrestrial 
deposits 

Age 

1100±200 

2100±200 
2400±200 

3050±200 

3200±130 

3200±250 

41S0±150 

5970± 150 

7830±3S0 

8S00±200 

9700±200 

9700±200 

9S00±200 

10,000±220 

II'; 200± 250 

11,800±200 
11,2S0±350 
11,700±200 
11,570±2S0 
11,700±500 

12,700±300 

12,900±3S0 

12,700±300 

13,700±300 

13,000±400 

14,SOO±400 

15,130±550 

L 356·11 

L 289·R 

L 245 

Clive 
/I('l11ucca) (8) 

('live 
illfll'l11UCca) (8) 

Hiver Can-

Can-

area 

Butte Area "'·3 

~!ountains 

h end) (to) 
~I/)untain ;lrca 

I) 
Salt Lake (10) 

area 

" 

Hri!(ht in feet above the prt" 
pttld.'nt level of Great Salt I. 
Sumhers in parentheses aft. 

011 the maps (Figs, 3, 4), 
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·;.\~!PI,ES 

. l~~e -~~-~~:~~"lltIIll!~ 

I 100±200 

2100±200 
nOO±200 

mSO±200 

;200±130 

ilS0±150 

'J70±150 

~:\O±350 

;ilO±20() 

,(JO±200 

t)()±200 

UO±200 

1)()±220 

d\l±250 

'1\l±200 
;tl±350 
lil±200 
()±250 
1\i±SOO 

[)±300 

u±3S0 

J±300 

J±300 

1.l=400 

-l::400 

U50 

L 2IlR.'" 

L 28S 11 
L 21l/)·11 

L 28')·1111 

L 35611 

1.28') R 

L 364·Ill 

L289·nl 

L 2Sf)KK 

L 364-CI-: 

L 289·G 

L 356·I1 

L 364-AA 

L 356·G 

L 245 

L 289-N 
L 289·1 
L 289-1I! 
L 289·], 
L 289·C 

L 289·l! 

L 289·5 

L 3M·});\ 
(2) 

L 289·1' 
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TABLE 3.-CO:-lCLUDlm 

_=.======~===~~~=~====-·==~=o==================== 

~l>onc Cave 
,Winnemucca) (8) 

(8) 
Cave 

(Winnemucca) (8) 
~"Itkcc Hiver Can

yon (S) 
I!lor Pass 
iJ')'ramid Lake) (7) 

I!lor Pass 
(Pyramid Lake) 17) 

Island (3) 
River Can-

111n (5) 

)pirrh i\[ountains 
I~orth end) (10) 

:mt Salt Lake (10) 

Mountains 
end) (10) 

Mountains 
(~orth end) (10) 

flit \lI[ountain 
(II) 

area 

Area 

r llutte Area 

area 

250 

300 

Tufa from broken piece of dia
phragm 

Tufa from diaphrag-III 

250 Shells from lake sediments 

",,280 Dendritic tufa 
300 Shell from top of lake deposits 

14,SOO±500 

15, 130±400 

15, <i70±700 

16, 130±750 
18,700±700 

300 1I1icroscopic shell from lake sedi- 19, 7S0±650 
mcnts 

200 Impure marl from scdimcnts cut 17, 600±650 
Ly river 

",300 1Ifarldepositedalheadofvalley 16,800±600 

,-....300 Shell from marl deposits 17, 500±600 

170 Thinolite tufa 28, 900± I 400 
If)O Shell from canyon sediments >34,000 

IlONNEVIU,E SAMPLES 

rv660 Porous tufa coating outcrop on 11,OOO±600 
Provo Terrace 

-40 Limy silt and clay from lake Lot- '12,500±250 
tom core 

rv330 Tufa coating limestonc outcrop 12,900±180 
on Stanshury Terrace 

~330 Massive tufa from gravel se- 13,200±300 
quence associated wilh Stans-
bury Terrace 

490 Tufa from intermecliate level 15, 200±400 
between Provo and Stansbury 
Terrace 

",660 1Iassivc tufa coating cliff helow 15,530±2S0 
Provo Terrace 

",lOOO Fine-grained massive white tufa t6,100±3S0. 
from the Bonneville level 

",300 Finely laminaled mar! from the 21,200±450 
Old River hed sequence 

",300 Poorly laminated marl from the 23,300±800 
Old River bed sequence 

~1O()() Thin tufa coating houlder near 23, 150± lOOO 
Bonneville level 

320 Tufa 2S,SOO±1300 

- 55 Organic fraction; limy silty clay 26, 300± 1100 
lake bottom core 

-55 Inorganic fraction; limy silty 25,300±1000 
clay from lake bottom core 

580 Tufa from limestone conglomer- 33,200±4000 
ale 

L 2S9-D 

L 289-1\A 

L 289-0 

L 289-K 
L3o.l-BR 

L 364-BS 

L 364-AL 

L3o.l-CR 

L 364-CS 

L 289-J 
L 3M-M:: 

L 363-D 

L 376·C 

L 363-C 

L 363-B 

L 333-C 

L 363-1': 

L 363-G 

L 363-J 

L 363-1 

L 363-H 

L 333-A 

L 376-D 

L 376-D 

L 333-B 

'llei~ht in feet ahove the present level of Pyramid Lake (3800 feet) for the Lahontan samples and above 
prescnt level of Great Salt Lake (4200 feet) for the Bonneville samples. 
r Xumbers in parentheses after the locations indicate the areas from which thc samples \l'ere taken as 

on the maps (Figs. 3, 4). 

\ 

/ 
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Samples from Lalle Sedimellts 

Although lake sediments in general do not 
give informatioll as 10 the exact posit ion of the 
water level at specific times in the past, they 
do indicate the sequence of periods of high and 

measurement on the latter sample has 
rrchecked hy the Yale University Rad 
Laboratory giving an age of 21,200 
(PresIon cI al., 1955, p. 958). 

Even lhough no core samples arc a 
from the sediments in the Lahontan 

" 

FIGURE 3.-::\[AP SnOWING SAMPLE LOCATIONS IN THE LAHONTAN AREA 

Larger patterned area represents the maximum area covered by the fossil lak'e and the smaller 
represent the prescnt size of the rcmnant lakes. The numbers designate areas where sample collections 
made. 

low lake level. Vertical sections of sediments 
from three of the pluvial lakes in the Great 
Basin (Fig. 5) show distinct changes in types of 
sediment. These changes mark the transitions 
from high- to low-water stages. 

The first radiocarbon measurements on such 
deposits were made by Libby (1955, p. 110-
1/7) on a series of samples submit ted by Flint 
and Gale from a core taken in Searles Lake, 
California. These samples were from a mud 
layer between the first and second salt bodies. 
These saIL bodies record succcssi\'e periods of 
desiccation, and the intervening mud layer 
indicates a period of high water !e\'el. The 
resulls obtained from radiocarbon measure
ments on organic material extracted from 
various levels in the mud layer arc shown in 
Figure S. Their ages range from !O,SOO years 
for a sample from the top of the section to 
23,900 years for a sample from the hase. The 

excellen t vertical exposures 
ments in river valleys provide s 
data as well as samples suitable for 
An exposure in the canyon of the 
River about 5 miles south of the point 
empties into Pyramid Lake proved 
informative. The sequence of beds is 
Figure S. 

Somewhat similar sections have been 
lishecl by Russell (1885, p. 130) and by 
(1925, p. 83-85), The section in Figure 5 
from nearly the same location as Antev 
tion 12. The only ditTerence in thc 

, constructed for this paper is the indusi 
the clay layer above the tufa pavemcn 
many sections poor preservation and a 
of wind-blown sand makes this unit d 
recognize, but as shown by Russell 
p. l·U) and observed by the authors 
present. 

RADIOC.\ 

l11r three main clay units A, B, and 
lIIPtC~l'lIt times at which the lake level II 

tIIllft than 200 fert ahove the present 1'ynllll 
We I('vel, and the gravel and sand Ja\'1 
l\ti:'(I'wnt limes at which it was close to or b~l, 

froURE 4.-MAP SnowING SAMPLE LOCATIONS 
IN TIlE BONNEVILLE AREA 

patterned area represents the maximum 
covered by tJ1e fossil lake; smaller areas repre
the present sIze of the remnant lakes. Numbers 

areas where sample collections were 

~OO-foot levr/. Witl~in the upper clay unit 
I!I a layer of tufa (j IIlches thick. '1'11'0 sam
(L-3MAM, L-289S) of this material were 

from exposures abou t 1 mile apart. On 
$.1lllple (L-3(j./Al\I) two CJ.j measurcments 

made: one on the radiating material 
the top of the layer and one on the 
mammillary material that forms the 

Thc ages were respectively 12,700 ± 300 
13,700.± 300 years. Only the radiating or 

portion of the tufa was run from the 
sample; the age obtained was 12,900 ± 

years. 
II 

Ii 
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The three mam clay units A, B, and C 
~re,cnt times at which the lake len~1 was 
tore than 200 feet above the present Pyramid 
!.Ill' level, and the gravel and sand layers 
:rpresent times at which it was close to or below 

Four feet bclow thc tufa within the clay 
layer (!\) a sample (L-36·1;\L) was taken from 
a thin layer of rathcr impurc marl. The age 
obtained on the bulk carbonate from this 
material was 17,6()0 years. ' 

tlllURE 4.-MAP SIIOWl/W SAMPLE LOCATlONS 
IN TIlE I30NNEVILLE AREA 

larger patterned area represents the maximum 
covered by the fossil lake; smaller areas repre
the present size of the remnant lakes, Numbers 

areas where sample collections were 

2l)()-foot level. Within the uppcr clay unit 
~ n layer of tufa 6 inchcs thick, Two sam
(L·36.IAl\I, L-289S) of this material wcrc 

from exposures about 1 mile apart. On 
umple (L-364A1\1) two C14 measurements 

made: one on the radiating material 
the top of the layer and onc on the 
mammillary material that forms thc 

The ages were rcspectivcly 12,700 ± 300 
.I,7()() ± 300 years. Only the radiating or 
portion of thc tufa was run from thc 
sample; the age obtained was 12,900 ± 

The only other datable material found in the 
sequence was a layer of shell (L-.l()·I:\K) from 
near thc base of the sand layer lucated bc
tween clay units ,\ and B, The age of this samplc 
is greater than ,l·I,OOO years, 

From this sequellce it appears that an early 
extensive high-water stage of unknown age (C) 
was followed by a rather long low-watcr stage 
during which the gravel deposits betwecn 
units C and 13 were deposited. Following this 
the lakc again rose to a high lcvel and deposited 
clay unit B. Thc basc of the overlying sand, 
which prcsumably records a low-water interval, 
lies beyond the rangc of thc mcasurement 
sensitivity. Thc upper clay unit records two 
high-water stages: one precedes 13,OOn B,p., 
and the other follows 13,000 13.1'. Thcse high
water stages are separatcd by an inter-val (re
cordcd by the tufa deposition) during which the 
water level was approximatcly 200 fect above ..... 
its present le\'eL 

Numcrous mar( deposits are found in thc 
Lahontan arca associatcd with the so-call cd 
"dendritic tcrrace", which is approximately 300 
feet above the present level of Pyramid Lake. 
These deposits are abundant ncar the old shore 
line and arc ci ther a bsen t or very impure in 
areas where thc watcr was deeper. A sample 
(L-36-!CR) obtained in the Astor Pass area 
north of Pyramid Lakc had an agc of 17,200 
ycars. This result is based on two measure
ments: one on the bulk carbonate and the 
other on shclls separatcd from thc marl. The 
results wcre 16,800 and 17,500 rcspectivcly, 
This age is in good agrecmcnt with that on the 
thin marl laycr in thc Truckec sequencc. 

Two sections were sampled in the 130lllleville 
area: one a scquencc cxposcd in the Old River 
bed and thc other that in a core from the bot
tom of Great Salt Lake. Two measuremcnts 
wcre madc on the whitc marl member of the 
standard sedimentary sequence as defined by 
Gilbert (1890, p. 1(0), The scquence as it ap
pears in thc Old River bcd is shown in Figure 5. 
Gilbert recognizcd two high-water stages 
separatcd by a pcriod of low water or cven 
perhaps desiccation, Thc first of thcsc pluvial 
periods is marked by a rather thick scquence of 
yellow clay, whereas the second left only white 
marl deposits. The portion of the section above 
the whitc marl consists of sands and gravels 

) 
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(Fig. 5). Gilbert interpr 
uler deposits except £(1 
which he fclt marked an i 
wliocarbon dates (L-3t 
"hile marl from the () 
lIugway Proving Graun 
wllsistentj this indicates 
Ihis material occurred al 

Jyes (\951, p. 787) 
mll'rval over which tlK 
po5ited by counting va! 
WOO years is not ullfea, , 
!.1ll1ples dated by CH weI'. 
k>wcr portion of the dell 
ll'Iitioll occurred betwl'l' 
IS,OOO years ago. 

Thc fourth section in 1 
tAKell ncar the sou th end ( 
dt'pth of about 28 feel. 
Iltldied in detail by Schn 
rubmitted the samples 
lnalysis. A detailed lilh 
Cln be found in Eardley ,i 

Thc area where the core II! 
br:cn covered with walc)'1 
ycars. The material in lht_ 
primarily of silty clay. Til 
ocpth of 16.5 feet all 
IOlllewhat, however, in I 
Ilrganic material and has ,II 

Such a deposit is chara,1 
C<Jltoll1-waters. It is possil [ 
dtposited during a periodi 
III snch a casc precipit
evaporation, and a stablt
"'yer might prevent the r,' 
IVJlcr. This interpretaliu i 
th'cn by Eardlcy et al. ( 
Ifd that the sulfide-rich I 
of the lake at the StansiJu 

If thc fonner explanat 
11\'0 age measurements, 
iIlllllediately above thc la \ 
/tom immediately below' i 
th.1l thc high-water peri, 
~.~,50() years ago. The csl ill 
11\ in good agreemen t wilh 
Searles Lakc borings. Tht 
nccptionally good, since il 
ment of the organic and (h, 
!he sample gave the sam,-
1far age is not strictly c, 
5.;;ules Lake dates, since i' 
,t.lte when desiccation beg:, 
It was completed. 

'fhe da ta from all tim 
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5). Gilbert interpreted these to be low
wa deposits except for the lower sand (B), 
~I(h he felt marked an intermediate level. The 
lIot,xarboll dates (L-363I, 1.-363]) on the 
.nile Illarl from the Old River bed in the 
~;c\\'ay Proving Grounds area arc internally 
M1I\1l'llt; this indicates that thc depo~iti(}n of 
",1 material occurred about 22,000 years ago. 

11(', (1951, p. 787) estimated the time 
~lm'al over which thc white marl lI'as de

by coullting varves. IIis estimate of 
o.~) Yl'ars is not unrcasonable. Since the tll'O 
lltOplcs dated by Cl~ were from the middle and 
\)Wfr portion of thc deposit possibly thc dep-

occurred between about 2.J.,OOO and 
!,i,t\XJ years ago. 

The fourth section in Figure 5 is from a core 
near thc south end of Great Salt Lakc at a 
of about 28 fect. This core has been 
in detail by Schreiber and Eardley II'ho 

thc samples to the authors for 
A detailed lithology and discussion 

found in Eardley ct at., (1957, p. 1170). 
area where the core was taken has probably 
covered with water for at least 30,0()(l 
The material in thc .J.3-foot core consists 
Iy of silty clay. The section between a 
of 16.5 feet and 29.5 feet differs 

however, in that it is higher in 
material and has a distinct odor of H 2S. 

a deposit is characteristic of stagnan t 
waters. It is possible that this layer was 

file;[ml,ltU during a period of rising lake level. 
5uch a case precipitation would exceed 

and a stable low salinity surfacc 
might prevent the renewal of the bottom 
. This interpretation diJIers from that 
by Eardley ct al. (1957, p. 1167). They 

that the sulfide-rich laver records a stand 
rhe lake at the Stansbur)' level. 
{ the former explanation is assumed, the 

age measurements, one from material 
. above the layer (L-367C) and one 

immediately below it (L-367D), suggest 
the high-water period began less than 
years ago. The estimate of the beginning 

good agreement with that obtained in the 
Lake borings. The Bonneville date is 

good, since independent measure
of the organic and the inorganic carbon in 

~lmple gave the same result. The 12,500-
age is not strictly comparable with the 

Lake dates, since it may establish thc 
when desiccation began rather than when 

~a, completed. 
The data from all three localities are in-

temally consistent in that they indicate a 
general high-water interval from about 23,000 
years to 10,000 years bdore present preceded 
and followed by low-water intcrnt/s. The only 
information available as to the time of thc 
beginning of the earlier of thesc two low-water 
stagl's is that it was more than 3·l,000 years ago. 

Samples /ro/ll Terrace Deposits 

:\ more detailed picture of the lake-level 
history is revealed by considering the dates 
obtained on materials associated with lake 
terraces. l\1though tufa deposits are abundant 
in the Lahontan Basin, they covel' only a small 
percen tage of the total area. lIence, there are 
only it limited number of localities where a 
sequence of tufa ranging from thc highest 
kno\\'n level to the pre~ent \\'ater surface can 
be observed. A summary of the vertical distri
bution based on sllch sections observed on 
Anaho Island and in the Fishbone Cave area of 
Lake Winnemucca, as \\'ell as on Jones' (1925, 
p. 18-23) observations at Marble Buttes, is 
given below and in Figure 6 . .0:ear the highest 
recognized lake level (Fig. 6, location 1) 
patches of lithoid ·tufa up to 6 inches thick are 
fOlllid in crevices in the rocks and in platelike 
fragments scattered on the slopes. Below this a 
more or less continuous layer of lithoid tufa 
6-20 inches thick coats the rock outcrops 
(Fig. 6, location 2). Still lower (Fig. 6, location 
3), beginning at about 400 feet above the 
present lake Icvel, the tufa thickens into 
rounded or shinglelike growths. In some areas 
there arc tll'O distinct masses (Fig. 6, locations 
3 and 4) of this thick tufa separated by a 
terrace. This type of tufa comes to an abrupt 
end 30-70 feet above the thinolite terrace. 
On and below this latter terrace, masses (Fig. 6, 
location 5) consisting of several layers of thino
lite tufa, capped on the outside by dendritic/ike 
tufa, occur in forms ranging from sandwichlikc 
sequences to the grotesque tufa castles for which 
Pyramid Lake is famous. 

H.adiocarbon measurements on samples from 
each of the three major terrace deposits show 
that they \\'ere all deposited during the past 
35,000 ycars. 

The radiocarbon dates obtained on materials 
at or below the thinolite terracc rangc in age 
from 30,O()() years to the present. If these 
carbonates lI'ere deposited when the water lI'as 
less than 200 feet above its present level, the 
dates should establish periods of low lake level. 
The oldest of these samples is thinolite tufa 
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FIGURE 6.-IDEALlZED SECTION OF LAHONTAN SHORE LINE 

Present elevation of Pyramid Lake is 3800 feet above sea level 
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from Anaho Island. 1 
urhange or recrystallil.i 
7fars . 

A spherical mass of I 

0{ one of the large tuf" 
Itl'a north of Pyramid 1 

'I' j ABLE 4.-COMPAR!i 
~.::::: .. +-=~---===------==--- - -

Namc 

litc:c:-------~ 

Eleva- i 

tion 

llhontan beach 4400 

IXndritic terrace 4190 

Thinulite tcrrace 3980 

• The level of Pyramitl 
;nigatioH. 

to the core, 
t;)nccntric layers of a II 

!Ilia surrounding a core 
!&ort unoriented thino}ji 
;/1')\\'5 a cross-section ot 

various layers and I 

only two of the sail 
the sample from 

E) has an age " 
(L-364CI) from I 

has an age of 1-!,S(), 
mples taken from 1)1 

the presen t le\( 
recent dates. Slit 

."l1aho Island datel 
and large oolilt 

dated 1100 years b"i 
Ily one sample of dt 

from the level Oi 

from about 30(J 
Anaho Island 

years. 
llc ages obtained on " 
level reached by LaL 
such a level was reat 
of the high-water Jlt'! 
two groups: those cl" 

close to 10,000 yea!' 
Threc samples (L-289:--' 
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!rIO! Anaho Island. Its age (assuming no 
1(liange or rccrystalliza t ion) is dm;c to 2J) ,no() 
;{JfS. 

.\ spherical mass of tufa which formed part 
i one of the large tufa castles ill the 1\ ecdles 
lt1:J north of Pyramid Lake lI'as s!lmpled from 

what Russell (lSSS, p. 1<)0) calls lithoid tufa 
were obtained on Anaho Island from levels 
greater than .ISO leet above the present lake 
len!. '1'11"0 of these Wefe from wi thin 100 
feet of the highest rec()gni1.ed level of the lake. 
:\Il the ages obtaincd II'l'I'C within one sigma of 

TABLE 4.-CmIPARISO~ oj.' HEIGHTS OJ.' 'filE '\IAIN L.\II0NTAN .\I\'V DOl\NEVILI.E 1'EIIRACES 

Lahontan Bonneville 

Name 
Eleva

tion 

Height above, . 
1890* lake l'rucllon of 

Name 
Eleva

tion 

Height above . . 
1890 lake FractIOn 01 

level (3870 maXlIllUIll 
lel'el 

feet) 

level (4200 nUIXllllUtll 
level 

feet) 
-~--c_~--_~-~- --=--=-_-_c=cc- -====== =~=~cc= occ_ ====1==== 

I.Ihontan beach 4400 530 

knclritic terrace 4190 320 

thinolite terrace 3980 110 

1.00 

.61 

.22 

Bonneville 
level 

Provo lel'e1 

StaI)shury 
level 

5150 950 1.00 

4820 620 .65 

4500 300 .32 

• The level of Pyramid Lake has fallen 60 feet since 1890 as a result of lise of Truckee River water for 
'ligation. 

surface to the core. The Illass consists of 
llncclltric layers of a number of varieties of 
lI{a surrounding a core 16 iect in diameter of 
:Aort unoriented thinolite crystals. Figure 7 
~I)\I'S a cross-section of the lllass pointing out 
be various layers and the ages obtained. To 
nlc only two of the samples have been llleas
ilt11; the sample from the outermost layer 
L·.!(I.JCE) has an age of SS()O years, and the 
*I1lplc (L-36.JCI) from the series of dendritic 

has an age of 1.J,500 years. 
taken frum beaches within 100 feet 

the present level of Pyramid Lake 
,itlded recent dates. Shells from sllch a beach 
11 .:\naho Island dated 2100 years before 

t, and large oOlites from the Pinnacles 
iI'f.l dated 1 Wo years bcfore present. 
(Jllly one samplc uf dendritic tufa has been 
~asurcd from the level of the dendritic tcrrace. 

from about 300 fcet above Pyramid 
on Anaho Island has an age close to 
years. 

The ages obtained un samples from thc high-
IeI'd reached by Lake Lahontan indicate 
such a levcl was reached very close to the 

of the high-water period. The samples fall 
tll'O groups: those close to 11,700 years and 

close to 10,000 years. 
Three samples (L-289,',', L-2S9l\I, L-28<)L) of 

11,700 years. A sample (L-289I) from the 600-
foot In'c! in the .1\1 ullen Pass area on the west 
side of Pyramid Lake had an agc dose to 
11,300 ycars. ' 

Samples obtaincd on the cast side of dry 
Lake Winnemucca, however, have significantly 
greater Cli concentrations and hence presum
ably lower ages. The ages of four such samples 
fell within 300 years of 10,000 years before 
present. 

;\ se t of measuremen ts has been made on 
tufas collected from each of the three main 
Bonneville terraces: the Bonneville, the Provo, 
and thc Stansbury. Although tuia is much less 
abundant than in thc Lahontan area, deposits 
arc fairly abundant on the latter two terraces 
and can be found with some difficulty on the 
highest or Bonncville tcrrace. The hcights of 
the main terraces arc compared with those at 
Lahontan in Table 4. 

The two samples collected from the Bonne
ville Ic\·e1 at the north end of the Oquirrh 
lvIolln tains differed from all the other tufas 
measured. One consisted of rather densc, fine
grained, white material which formed the 
cement between large stre,Ull cobbles. The 
second sample formed a thin white coaling of 
CaC03 approximately a quarter of an inch 
thick on a largc boulder lodged in thc alluvium 

\ 
) 
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just below the Bonneville terrace. Both o[ 
these samples differed in that they lacked the 
distinct structure and color (irom staininl-() 
typical of other tufa. Whethcr this difTerence in 
appearance represents a dit1'ercnce in origin is 
not clear. 

The ages obtained on these samples were 
respectively 15,()()() and 21,150 years. The !aUt'r 
date substantiates Gilbert's (1890, p. IlJ3) con
clusion that the white marl beds were deposited 
during one of the main periods of occupation of 
the Bonneville level. This conclusion is based on 
the correlation of the marl layers in a sediment 
section in the Lemington area with those in the 
Old River bed and on the fael that the Leming
ton marl reaches within 50 feet of the Bonne
ville level. 

Three samples from the Provo level have 
becn measured. Onc (L-333B) was collected at 
the author,' requl';:! by Dr. II: J. Bi"e1 of 
Bri~bl1l Y<)un!' Cnin'r~ity. Thi;: ;:ampk Ct)llll'S 
ireml thl' \\'e;:t }Il)untain arc'a and lclll;:i:'IS c)i a 
limestone conglomerate cemenlcd Wilh tuia. 
Although extreme care \\'as taken to select 
only pieces of tufa free of limestone fragments, 
the age of 33,200 obtained may be in error 
because of contamination with ancient car
bonate. Since this measurement is close to the 
limit of reliable tufa ages perhaps the sample 
should merely be considered greater than 25,000 
years old. Correction for as much as 50 per cent 
limestone contamination would not lower the 
age 1110re than this. 

The second sample (L-3()3E) was collected 
by the authors from the well-formed wave-cut 
Provo terrace at the northern end of thc 
Oquirrh l\Iountains. The location was directly 
below the position on the Bonneville terrace 
where samples L-363G and L-363H were 
collected. The material formed a 4-inch coating 
on the face of a cliff formed by Paleozoic 
limestones ncar the Provo terrace level. The 
age obtained is 15,S30 ycars. 

A third sample (L-363D) was obtained from 
a tufa coating on outcrops projecting through 
the broa(1 Provo terrace. This sample was 
located within a few hundred yards of sample 
L-363E discussed above. The two tufas differed 
in appearance as well as position with respect to 
the Provo terrace. Whereas 1.-363D was from 
the terrace, L-363E came from slightly below 
the terrace. Of the two, L-363D had a far more 
porous structure; L-363E was massive. L-3()3D 
was thermally decomposed. The age of the last 
10 per cent of the CO2 to be removed was 10,700 
years. Bulk material, run in the same manner 

as most of the other tufas reported, had an a, 
of m,40() years. Since there is deflnite evider'" 
for contamination in this sample, an age II 
11,000 ± ()O() has bccn selected for thc ld 
estimate of the true age. This sample pru\'~ 
the only evidence obtained to date for a h~ 
water level in the Bonneville region c1use to tk 
end of the "pluvial" period. 

A sample (L-3,BC) collected by Dr. B~ 
in the West Mountain area from about I. 
feet below the Pro\'o terrace gave an a~r i 
IS ,2()0 years. ' 

Two samples of tufa from the StamLu., 
level in the Oquirrh ,Mountains area have ~ 
dated. The first (L-363C) formed a coating., 
Paleo20ic limestones exposed on the tema 
Its age is 12,lJOO years. The second (L-36,III)t 
from a large tufa mass found within a d~ 
just below the Stansbury terrace. Its age. 
13,20() yc'ars. 

Compari:'on oi the terrace da ta from the 
lakt's shows c\'idence in both cases of a 
at the lewl of the lowest terrace between 
and 30,000 years ago and again close to UrI 
years ago. The evidence for the latter OCCllf' 

tion in the Lahontan region does not CIllr 

only from the terrace deposits but also from tl! 
tufa pavement in the Truckec sed' 
sequence men tioned above. The elevation of 
tufa pavement in the Truckee sequenct 
very close to that of, the Thinolite 
The Provo and Dendritic levels were 
occupied between 15,000 and 16,000 years 

Whereas there is abundant evidence in 
Lahontan region for one or possibly two 
tions of this le\'el between 12,000 and 
years ago, the only evidence for a high 
level in the Bonneville region during this 
is the date of 11,000 years for sample 

Although no tufa deposits have been 
in the Lahontan region to indicate 
tively high water le\;cls were occupied 
the period 16,000 years ago and the 
23,000 years ago (as suggested by the 
from the Bonneville level), the marl 
the dendritic level indicate a relatively 
level about 17,000 years ago; as shown 
evidence from cave deposits indicates 
between lR,OOO and 20,000 years ago the 
was above the Dendritic terrace. 

Samples from Ctwe Deposits 

Studies on the deposits in wave-cut 
providc much information concerning 
fossil levels of these lakes. They contain 

tr~ll~ deposits that pre 
1111111111UI11 lake level a 
lkul provide estimates, 

The Lahontan caves, 
~tJups: those associat, 
!lila Illass('s between 20() 

FIGURE ~ 
I.nds indicated in bloc! . 

t lake level and th" 
Although the two g, 

deposi ts, indica t i 
lillcrel1ce in level rei] I 

of the geological c\ 

'uhbone Cave is a t\' 
ca \'es. It is cu til; 

northeast shore of La] 
III of ahou t 250 
I I consists of onc ; 

,\0 feel wide, and " 
ceiling arc covered \\ 
11t'()osits, and the flo(J 
fill debris. The entl, 
I .. ealed at the baSI' 

e tufa which eXlt'r 
.!Jove the cave. 
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las reported, had an ag( 
' here is definite evitlclI(( 
I his sample, an a~c /If 
'n selected for the 11l'; \ 

' c! , This sample pruvid l'1 
.; ined to date [or a high 
Icy ille region close to the 
l' riud . 
collected hI' ])r. Bisscl 

I II area [rol;l about 1.10 
terrace ga\'l! an age (If 

Iia [rom the Stan~;\)\Jtr 
IOUIl tains area have betO 
,.;C) formed a coating OIl 

"xposecl on the terrac~ 
;, The second (L-3().Hl) II 

, I~~ iound within a d('lt~ 
.hury terrace . ft s agl' \, 

il: rrace data [1'0 111 the tlfO 
in but h cases of a sta M 

l'~ t terrace between 25,(0) 
and again cluse tu 1.1,1(0 

Il ce [or the latter OCCUP)· 

III region does nut (011lI 

deposits but also from thr 
t he Truckee sedimentary 
dJuve . The elevation oj the 
1 he Truckee sequence it 
oi the Thinolite terraCt 

Irine deposits that provide estimates of the 
ninimum lake level and terrestrial deposits 
' h ~t provide cst imates of the maximum level. 

Thc Lahontan caves can he divided into t\l'O 
C'uu ps : those associated \l'ith the dendritic 
'li la masses bet\l'een 200 and -iOO feet above the 

Excavation of the fluor of the cave revealed a 
sequence of human and animal occupation 
(kbris ly ing ahove a thick layer of water-laid 
silt s. A layer of broken plates o[ tufa and 
coarse granitic an'd shell sand separates the 
occupation layers from the lake deposits. 

, ll dritic levels were bllt~ 
,.000 and 16,000 years a~ 
abundant evidence in tll 
one or possibly two occu~ 
hetween 12 ,000 and y.i« 
e\ 'idence for a high watIl 

ille region during this ti rw 
I years for sa mple L-:1(,J [) 

FIGURE 8.-DIAGRAM SHOWI NG TIlE EVOLUTION OF FISllDONE CAVE 

Lewis indicated in block 5 represent divisions of the terrestrial deposits based on archeological studies. 

I depos its have been , .......... _ . .. " lake level and those close to the present 
,,, ion to indicat e that f(~ Although the two groups of caves contain 
,'~ ' c1s were occupied dur~ deposits, indicating similar evolution, 
vears ago and the per~ (/ilTrrence in level requires different ages for 

,~ suggested by the . uf the geological events suggested by the 

<' level), the marl d eposits t:i . 

I J:.l f'icl hl)()ne Cave is a typica l example of the 
I indicate a relati ve y 1", 

GII'eg , It is cut in a granite sea cliff on 
I'l:ars ago', as shown 

nurthl'ast shore of Lake W inn emucca at an 
' "'C deposits indicates 

tion of about 250 feet above Pyramid 
,J 20,000 years ago the . It consists of one room ruughly 30 feet 
Idr itic terrace . , .Ill feet wide, and 5 fee t high; the walls 

(ro m Cm'e Depos its 

deposits in wave-cut 
ninrma t ion conce rn ing 
-e lakes . They con tain ' 

(ei ling arc covered with large ma mmillary 
til'posits, and the floor is covered with dust 
fill debris. The entrance is a slit 20 feet 
located at the base of a large mass of 

.. "' ..... I"'~ tufa which extends approximately 70 
Abol'e the cave. 

These deposits arc behind a barrier of 'blocks of 
rock that res trict the cave entrance . 

The events that occurred in the evolution of 
fi sh bone Cave arc depic ted in figure 8. The 
cave was cut in granite by wave erosion more 
than 19,700 years ago (the age of the oldest 
cia ted deposi t in the caves) . Su bsequen t to 
culting, rock fall s partially choked the entrance 
u[ the cave. With a lak e level higher than 250 
fe et silts were deposi ted behind the barrier. 
Shells (L-2890) taken from these silts were 
dated a t 15,670 years. 

Continued depusition of silt behind the 
barrier and perhaps cons truction of a beach in 
front of the cave gradually sca led the entrance 
of the cave and left an isolated void inside, This 
void was then sealed off from the sedimcn ts 
below by the deposition of a flat layer of tufa 0 1\ 
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thc surfacc of thc sedimcnts. This "diaphragm" 
(L-289]) in Fishbonc Cave has an age of I.J,XOO 
ycars, and a similar drposit (L-2S9:\ I\) in 
I-lickkn Cave at alJout thc samc Ic\·e1 but in thc 
Fallon area has an agc of 15,130 years . Similar 
diaphragms ha\·c been found in all the ca\·cs 
studicd, including thc onc ncar thc present 
Pyramid Lakc Icvcl. 

Following thc formation of the diaphragm, 
thc lake level droppcd and removrd a largc 
portion of the supporting srliimcnts in Fishbone 
Ca\"C, causing the collapse of thc diaphragm 
onto the lake sedimcnts rcmaining behind the 
protective barricr . Shells (L-289P) from coarse 
sand depositcd above thc broken pieces of 
diaphragm arc 15,130 years old. This date 
suggests that the time interval betll"cen the 
formation of the diaphragm and its collapse 
was small. Thc shclls must be younger than the 
diaphragm, but the timc intcrval bel\\'l'en the 
tll"O cvents is apparrntly smaller than thc 
range of crror in dating. 

An 11,700-ycar date (L-289C) on tufa from 
the entrance of the cavc indicated that thc lake 
again flood cd thc cave at this timc. Evidence 
for the evcnts during thc pcriod from 15,000 
to 12,000 ycars B.P . was probably removed 
from the cave by subscquent wavc action. 

The next evcnt recorded in the cavc deposits 
is thc occupation by animals and man (Orr, 
1956, p. 6- 7). Wood fragments (L-245) from 
thc base of lcvcl 4 (just abovc thc broken 
pieccs of diaphragm) arc 11,2000 years old. 
Fragments of netting from higher in thc same 
level II"cre da ted at 7830 years B.P. 

Above level 4, which consisted of coarse 
sand, dust, and human debris including a 
limitcd amount of perishable artifacts, human 
bones, and horse and camel bones, a EmaIl 
change in composition and culture occurs . 
Level 3 contains a greater abundance of perish
able material. Horse and camel bones arc still 
present, but juniper and marmot arc replaced 
by sagebrush and jack rabbit bones. From this 
information it is inferrcd that the climate 
became drier and Jlerhaps the lake level 10ll"er 
than during the deposition of level 4. 

The upper two levels consist of dust and rat 
debris; level 2 is compacted, suggesting a more 
moist c1ima te, and level 1 is loose and typical of 
thc present climate. 

l\dditional information concerning the lakc 
has been obtained from two measurements of 
material from the sediments of Crypt Cave. 
This cave is in the same area as Fishbone but 
at least 70 feet higher. Sediments consisting of 
microscopic ostracod shell (L-:l64BS) taken 
from the base of the lakc deposits in the cave 

are 19,750 years old, and gastropod shell (V 
:l(J-lBR) from sl'dimcnts near the top of 1.11 
~equl'ncc is IR,700 years old. Sincc the 11l.i 
il'velmust havc been somell"hat above the n \!l 

DrSCUSSION 
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during the deposition of these samples, Ib Figure 9 shows a plot of tl 
dales supply evidence for a ncar m:tximWi fluc.lIce of lake levels, as in, 
level bet \HTn 20,O()O and 1 S,()()O years ago. r.ltf'f)carbon dates, for Lake 

J)a tes frum archeological ma terials in olho take Bonnevillc. The posi t iO Il 
caves at the drndritic !en'l add to the IlW _ith arrows directed upwardm: , 
glacial history of the lakes. IVreasurements Irell " minimum lake levels at the I 
COli· bone and Crypt cavcs show human occur- . 'rhese points arc obtained fr, 
tion 59UO and 2!JUO years ago. Dates uetll"ftt ,du h's on materials deposited 
8500 and 19UO years on materials from ca\"('~ ' 1I ~Il'l"s. Whereas in most cases II 
the IIlImlJoldt area (Libby, 1955, p. 118) al. ptubably formed ncar thc la l; 
show that tlie lake level has almost ccrtaifll !Ully some formed at consider;, 
not riscn to the :lOO-foot level in reccnt timli pc,illts with arrows pointing 

A study of ])iaphragm Cave, one of Ilf 6a.lCd on dates on organic ma 
group close to the present Pyramid Lake b ( /'t'I lrial deposits in wave-cuI 
adds several significant facts to the picturr.J IIll1lples merely set an lIppl:1 
nearly complete diaphragm of tufa divides I.' ight of the lake . 
cave in half; the sediments on which tlr In both lakes there is evidcn, 
diaphragm formed have been removed. Sincc ~ lI'ater stages \\'ithin the pa 
diaphragm probably forms soon after the m two stages arc separa I 
is se~lled off by sediments, and since water stage and were follo ll ' 
sedimen ts arc presumably beach deposits . \~iccat ion levels of recen t tilll , 
water level, the 12 ,7UO-year age on a piece rItae high levcls appears to 11:1 
the diaphragm (L-28lJl1) may date a , ng, i .e., from about 25000 \ 
stage of the lake . ago. The beginning' oi tl·1 

Remnants of lake silts (L-289R) cont . nevillc region is datcd by II 
shells anel numerous fish scales were t.\c Sal t Lake corc ancl perh:1J 
3200 years; they mark a level at least 2U t.Ulshury level sample. In the L 
above that of the present. direct estimate is available iJ 

Radiocarbon elates arc available for only date of 29,000 years J:l:1 
cave in the Bonneville region, Dangcr '.I~ III<UIIIIIUIll and the 19,000 ye;1 
This cave is located 50 feet above the . It Cave shell as a minimulll 
level of Great Salt Lake in the western bolh lakes arc in good ;1 
the Bonneville region. Libby (1955, p, of 2--1-,000 from the mud-Ia \' 
dateel a number of organic samples from I by Libby (1955, p. 117) ~ 
deposits in the cavc. His dates suggest thaI Searles Lake boring. 
lI"atcr level of Lake Bonneville fell below h lakcs reached rather hi~ 
cave level about 11,200 years ago. There ' period but perhaps not tl 
to be lit tic reason 10 duubt the age: in Jllarl datcs from Astor Pa:':-
to the duplicate analy~es made by datcs from the Wi " 
recent rechecks at the Yale Laboratory t that Lake Lahontan \ 
ton cI 01.,1955, p. 95g) give the same ritic level during at lea :-: 

This date is extremely important, as are iod. The two Bonneville ten 
date of 11,200 years B.P . on the white Illarl dates frolll th e 
terrestrial deposits in Fishbone Cave 

evidence for ncar max I 
Libby's (1955, p. 119) age measurcmenl 

Bunnevillc region. 
11,200 ± 570 on bat guano from the basco! 

The period between 16,000 all terrestrial deposits in Leonard Rock 
the Humboldt area. (Sec Fig. 3). The to havc been one of declil l 
dates constitute excellent evidence for a t>oth lakes. In the Lahontan ; 
the levels of both lakrs closc to 11,000 year; sediments, the Fishbone ( 
The extn:me importance of this age lies in diaphragm, and the Truck ,· 
fact that tufa s from the highest levels rllt show a fall from the '. 
ages slightly older and younger than 1 Appruximately the +200-foul 
years. ,'XXl and 13,000 years ago. ' I 
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DISCUSSIO:-l 

Cllrollo!ogy 

Figure 9 sho\\'s a plot of thc prohahlc sc
ItIl'ncc of lake Icvels, as indica ted by the 
Ildiocarbon dates, for Lake Lahontan and 
lake Bonneville. The positions of the points 
lith arrows directed upward may bc considcred 
II minimum lake levels at thc indicated times. 
These points arc obtaincd from radiocarbon 
,tates on materials deposited from the lake 
faters. Whereas in most cases the deposits were 
~robably formed ncar the lake surface, pos
sHy somc formcd at considerahle depth. The 
ioints with arrows pointing downward arc 
lased on dates on organic material from tcr
:t;trial deposits in wave-cut caves. Thcse 
IImplcs merely set an upper limit on the 
icight of the lake. 

In both lakes there is evidence for two main 
li~h·water stages within the past 35,000 ycars. 
These two stages arc separa ted by a brief 
¥lw·water stage and were followed by the near
t:liccation levcls of recent times. The first of 
:llcse high levels appcars to have been rather 
hng, i.e., from about 25,0()() years to 15,000 
ltars ago. The beginning of this event in the 

ille region is dated by the sample from 
Lake core and perhaps by the one 

ry level sample. In the Lahontan rcgion 
direct estimate is availahle, but the thinolite 

date of 29,000 years may be used as a 
imum and the 19,000 year date on the 

Cave shell as a minimum. The cstimates 
both lakes are in good agrecment with 

24,000 from the mucl-Iayer dates deter
by Libby (1955, p. 117) on samples from 

Searles Lake boring. 
oth lakes reached rather high levels during 
period but perhaps not their maximum. 
marl dates from Astor Pass a'nd the cave
nent elates from thc Winnemucca area 

that Lake Lahontan was above the 
level during at least part of this 

. The two Bonneville terrace dates and 
white marl dates from the Old River bed 
ide evidence for Ileal' maximum lcvels in 
Bonneville region. 

llC period between 16,000 and 13,000 years 
to have been one of declining water levcl 

both lakes. In the Lahontan area thc Crypt 
~edimcnts, the Fishbone Cave sediments 

diaphragm, and the Truckee Canyon tufa 
tillent show a fall from the +400-foot level 
~ppruximately the +200-foot level between 
/0) and 13,000 years ago. The Diaphragm 

Cave diaphragm dates suggest an even lower 
Icvel close to 12,SOD years ago. 

In the Bonneville area dates of 16,000 on the 
Bonneville terrace, 1 S,OOD on the Provo terrace, 
IS,200 on a sample taken between thc Provo 
and Stansbury levels, and finally tll'O 13,000-
year dates on Stanshury level samples suggest 
the samc pattern. This decline may have been 
moclulated by numerous oscillations, as sug
gested by the 1.J.,SOO-ycar date on thc large 
tufa mushroom from Pyramid Lake and the 
13,OOO-)'car datc on the tufa from abovc Crypt 
Cavc. 

Following the intermediate-Iow- to low-water 
stage of about 12,500 years ago, there appears 
to have been a sharp rise to the maximum 
levels attained by I he lakes. The most probable 
time of the maximulll is 11,700 years ago. 
Numerous tufa samples frol11 Anaho Island and 
.i\fullen Pass record this event in the Pyramid 
Lake area. 

To date only one sample in the 11 ,OOO-year 
range has been run from the Bonneville area. 
It was from thc Provo terrace. Whether the 
lakc rose abovc thc Provo terracc at this timc 
is not clear and depends on when thc Rcd Rock 
Pass outlet was cut. If the 16,ODO-yrar Bonne
ville terrace tufa date is valid, it l11ay be used as 
a maximum date for the cutting of the pass. 
Possibly the outlet formed during the 11,500-
year maximum; the Lahontan eviucnce indi
cates that this high level exceeded that attained 
during the earlier broad maximum. 1\Jore evi
dence is needed before this problem can be 
solved. 

Evidence from terrestrial dcposits in wave
cut caves indicates a rathcr sharp dccline in lake 
lcvel close to 11,000 years ago. Whether this 
decline marks the close of thc pluvial period is 
not clear, since there is radiocarbon evidcnce 
for a p05t-l1,000-year maximum in thc Lahon
tan region. III the past Illost workers have 
concludcd that the base of the terrestrial 
deposits in the caves marks the beginning of 
the continuous low-water stage of recent times. 
They reason that if the lakes had risen onc 
would expect that the terrestrial deposits would 
have becn removcd from the caves by wavc 
action or at least that the perishablc materials 
would havc decomposed. Since deposits (dating 
11,000 years B.P.) which contain some perish
able materials exist in most caves, the possibil
ity of a post-ll,OOO-year high-water stage has 
been excluded in the past. 

Thus far no evidcnce for a major post-II ,000-
year oscillation has been found in the sediment 
scctions. In the case of Searles Lake it would 
only show up if there were complete desiccation 



j 

1 , 

,I 
r 
I 

1028 BROECKER AND ORR-RADIOCARBON CHRONOLOGY 

0-
Z 

~g 
Z a:"' 
<! o..~ 
I- w-' 

600 

400 

Z >w to "0> w 
I ~~~ 
<l o-W 
---' r'" 
8~ 2 
r 

1200 

o -

Q 
a: w w 
a. '" " "- -' 
0 (/) 

1O W 
,,; -' a: 

<f 
W 
(/) 

b 

b 
15 20 

"J 
0-
r 
~ 

10 15 20 25 
AGE (YEARS X 10-' B.P.) 

FIGURE 9.-HEIGHT OF LAKES LAHONTAN AND BONNEVILLE AS A FUNCTION OF TUIE BASED 
RADIOCARBON DATA . 

Points with upward directed arrows represent samples deposited from the waters of the lake, and 
with downward pointed arrows represent samples from terrestrial deposits. Ruled areas represent the 
of initial rise and dcsiccation of the waters in Searles Lake. Arrows 1 and 2 represent thc ages 
material taken immediately abovc and below thc organic rich layer in thc Great Salt Lake core. 

11,000 years ago. ['vlore careful examination of 
the Lahontan and Bonneville sections may help 
to answer the question . 

On the positive side the four radiocarbon 
da tes of close to 9700 years B . P. arc in temally 
co nsistent. These sa mples taken hundreds of 
feet apart and difTering in size and texture give 
the same result. No evidence for exchange with 
the atmosphere exists. Using the maximum 
possible con tral value the age could be raised to 
only 10,500 years. 

layers. Also the materials in this level " 
nearly so well preserved. Further field 
and radiocarbon dating of these la)'cn 
yield valuable information on this prolJlm 

Since nei thcr argumcn t is based on 
cicntly strong evidence the problem 
unsolved . The post-II,OOO-year risc is 
indicated by a question mark in Figure 9, 

The CI< chronology for Lake Lahontu 
sen ted in this paper is in agreement wid 
relative chronology given by Russell ( 
237) \\'ith one exception. He felt that the 
tion of the lithoid tufa at the highest 
prcceded thc cieposition of ei ther the 

agreement bet\\' , 
chronolo!, 

near so good. J 
Ihe accepted Bon I 

One possibl , 
.1Ul'relnlcnt is that I i 

much earlier 
The rapid l1uctu . 

rred between) 
have left only 

lary features. 
major purpose of ; 

the established str. 
out the pattern 01 

30,000 year,; . 
were chosen btl' 

alluvial and soil 0 

1957; Hunt, IlJ') .. 
engaged in tl](': 

large amount of \I ' , 

Ihe radiocarbon , 
with detailed fiel<' 

~h approaches will I 
Ihat their radio(';, 

a stimulus for I 

1\ more careful examination of the deposits in 
Crypt Cave shows that the 10ll'est terres trial 
level appears to have been partially eroded and 
di sconformably covered by the more recent or the dendritic tufa. He concludes, "',. ....... -
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j,1t the lake stood at the high level once again 
litre it deposited the thinulite and then the 
ttollritic tufa. This agrees with the present 
tidings. The only change that must be made 
• Russell's chronology is that the lithuid tufa 
ill the highcst terraces was depusited during 
Ii:I $ccond rather than his first high stand. The 
bl stand at the lithoid terrace probably pre-
. thc radiocarbon record. 

agreement between the "classical" and 
· .... ".v·!lrI,,·,,' . chronologies at Bonneville is 

·"t>,,'llwrr near so good. Data given here does not 
thc accepted Bunneville-Provo-Stansbury 

. Jjlllucnce. One possible explanation for this 
is that the stands recorded by 

'ts on wave-cut cliffs arc not the same 
rccorded in the sedimentary sequences. 

lattcr could record major fluctuations that 
much earlier than the events given 

. The rapid l1uctuation that appears to 
occurred between 12,000 and 11 ,000 years 

may have left only minor geomorphic and 
features. 

c major purpose of this research was not to 
the cstablished stratigraphic units but to 
out the pattern of lake fluctuations over 

past 30,000 years. IHost of the samples 
tcd wcre chosen because they were directly 
I to the position of the lake. Where 

were run from sedimentary units the 
was in agreement with the direct evidence 
terrace deposits. The authors have not 

to relate the measurements obtained 
more detailed stratigraphic units of the 
alluvial and soil sequences. (See Eardley 

1957; Hunt, 1953.) This is left to the 
engaged in these studies. 

large amount of work will be needed to 
the radiocarbon data from both lakes 
with dctailed field relationships. Errors 

th approaches will be found. The authors 
that their radiocarbon chronology will 

a stimulus for more research in this 
of Pleistocene history. 

Climate 

is interesting to consider the climatic 
ions of such lake-level fluctua tions. The 

(lnd height of a lake with no outlet arc 
by a delicate balance between input 

(vapocation. Three factors affect the input: 
Ihe rate of precipitation in the hydrographic 

(2) the rate of evaporation, and (3) the 
take or release of water by mountain 
within the basin. The loss from the lake 

depends only on the evaporation rate per unit 
area of lake surface and the total area of the 
lake. 

l'\eglecting the contribution of mountain 
glaciers, the area of the lake can be related to 
three paramcters: the average rainfall per year, 
Ir, the average evaporation per year, Ie, and 
the fraction of terrestrial precipitation reaching 
the lakes as runoff, fro The following equation 
is obtained for the equilibrium situation when 
the inpu t of water pcr year due to direct pre
cipitation and runoff equals the loss due to 
evapora t ion . 

Ir 
A lak, = ---'----1 Aba'ia 

I,/fr + Ir 
Estimates of the present values of the param

eters in the Lahontan Basin are as follo\\'s: 

f, 54 inches/year (Hardman and Vcnstrom, 
1941, p. 82) 

fr 10 inches/year (Jones, 1925, p. 32) 
I, .20 (Jones, 1925, p. 33-39) 

Combined with the area of 45,000 square miles 
for the basin, the present area of the lakes 
\\'ould be estimated as 1900 square miles. This 
compares favorably with Russell's (1885, p. 
260) estimate of 1500 square miles. 

What change in these parameters would be 
required to raise the level of the lake to its 
maximum? This represents an area increase of 
about a factor of five. If the increase were 
entirely due to increased precipitation with no 
corresponding change in evaporation rate or 
per cent runoff, an average rainfall of about 31 
inches per year would be required. If evapora
tion rate alone were changed, a decrease to 17 
inches per year would be required. Nearly 100 
per cent runoff would be required if it alone 
were different. The increased lake level was, 
however, probably due to a change of all three 
of these factors. 

The present value of fr is certainly no greater 
than that during the high-water periods, since 
either decreased evaporation or increased rain
fall would allow more runoff (Thornthwaite 
and l\{ather, 1955). The present value of rain
fall can also be considered as a lower limit for 
periods of expanded lakes since the evaporation 
rates required would otherwise be extremely 
low (~ 15 inches/year). It is also unreasonable 
to assume a higher evaporation rate during 
high-water periods than that observed at pres
ent. Combining these values with those cal
culated above, the following limits can be 

\ 

I' 
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placed on the three parameters during the 
maximum high-water stage: 

I, = 31 - 10 inches/year 
I, = 17 - 5-1- inches/year 
/' = 0_2 - 1.0 

Figure 10 sholVs the possible combinations of 
these parameters capable oi maintaining the 
high lake level. Any point within the field 
defines all three parameters. 
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to produce the necessary reduction in 
tion rate. 

Another factor that must be 
the rate of response of the lake 
change. A hypothetical example will 
that aside from the possible influence 
tain glaciers the response is rapitl, 
Lahontan were filled to its maxim 
today, calculations based on present 
tion and rainfall rates for Pyramid tau 
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RAINFALL (INCHES/YEAR) 

FIGURE 10.-CONDlTIONS Ul\~ER Wlllcn LAKE LAHONTAN COULD BE MAINTAINED AT ITs 
Any point within the triangular field denotes one possible set of rainfall, evaporation, anti 

tions that could maintain the level of Lake Lahontan at an elevation of 4400 feet. 

Whereas it is highly desirable to express the 
above parameters in terms of only mean annual 
temperature and precipitation rate, with the 
present state of knowledge this is not feasible. 
As shown by Thornthwaite and Mather (1955) 
the amount of runolT is a rather complex func
tion not only of temperature and rainfall but 
also of their time distribution within a given 
year as wcll as of other factors such as soil 
moisture capacity and type of vegetation, 

On the basis of present knowledge several 
conclusions can be drawn. Of these, the most 
important is that the climatic conditions re
quired to produce maximum lake levels are not 
extreme, An incrcase in rainfall from 10 to 18 
inches per year combined with a decrease in 
evaporation rate of about 30 per cent would be 
sufllcient. A mean annual temperature dCCI'ease 
of 5°C. would probably be more than sunicient 

that within 200 years the lake would 
turned to close to its present size. 

Before concluding that the lag 
climatic change and adjustment of 
level is negligible the role of 111U'UHI,,1II1 

must be considered. Since a large 
water that supplies the existing lak 
the Lahontan and Bonneville basins 
in the mountains, during times of 
glaciers potential lake water sould be 
This water would then be released 
of glacial retreat. The question is 
amount of water involved would be 
to the water budgets of the lakes. 
shows that the times of high lake . 
correlate with times of expanded 

The elTect of mountain glaciers on 
would be far less if glacial periods WCfC 

the result of increased precipitation 

temperature. A 
pruducing simul t; 

glaciers and in tcri, 
in di/Terent mann['/ 
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in t he other case, I 
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temperature. Al though both are 
e of producing simultaneous expansion of 

lain I:laciers and in terior lakes, t hey would 
c in difTerent manners. Tn one case the 

would grow because Ilf in crea"ed nour
t and the lakes because of increased 

, in the other case, t he glaciers would 
because of decreased melting rates and the 
!,l'cause of decreased evapora t ion loss 

If the lake and the basin . The rate of turn 
in the lakes would be approximately a 

of three lower in one case than in the 
. lIence any holdup or release of water by' 

mountain glaciers would be three tillles as 
. in a temperature-controlled glacial 

as in a precipi ta tion-con trolled glacial 

her important factor in determining the 
ce of mountain glaciers on the response 

hI' lakes to climatic change is the ratio of the 
uille of water in the glaciers at their maxi-

1m to that in the lakes at their maximum . 
mountain glaciers within the lake basin 

important in this respect. 
Although the volullle of the lakes can be 
imated accurately, that of the glacial ice is 
her dimcult, since only their areal extent is 
wei cd and not their thickness. 1\ crude esti

li te for the Lahontan Basin, based on an area 
' ·ILXlO square miles and an average thickness 
In C)uarter of a mile, gives a volume of 1000 
, hic milcs for the mou ntain glaciers. This is 

same order of magnitude as that of about 
(I) cuhic miles for Lake Lahontan at its maxi
l im . Bearing in mind the uncer tainty in the 
jl imatc, a ratio oi the maximum volume of 
p cial icc to lake water of 2 to 1 will be as
'41l1rd for the Lahontan Basin. The volume of 
tc mountain icc is hence great enough that if 
I were either created or melted in a short 
~riO(I it could influence the lake level. 
Sincc the rate of transfer of water through 

~c Lake Lahontan sys tcm evcn during a 
~I(lt'raturc-controlled glacial period would bc 
Jiout 2 cubic miles per year, any such growth 
<l lIll'lting would havc to occur in lcss than 1000 
)'tars to producc a significant change in the 

re~il11e. Spread ovcr 5000 yea rs it would 
ptI>< lllce only a minor perturbation . 

Eren a rapid cxpansion or mel ting would tend 
Iftf rdy to creatc a lag in the response of the 
" e, and not any pronoun ced minima or 

. ~lXillla in their levels. This becomes clear by 
CIlrI, iriering a hypothetical example. Assume 
~\It during a prolonged cold period both the 
lid,:, and glaciers have come to equilibrium 
_i th thc dil11ate and have rcached thcir maxi-

mum size. Thc tcmperature is thcn changed 
suddenly to its prescnt value. If the ice were to 
melt away at a constant rate over a pcriod of 
SOD years, a simple calculation sho\\'s that the 
lake level would fall continuou~ly. The in
creased loss by evaporation of lakes would more 
than balance the inflow of melt \Yater. The only 
cfTect would be a slight lag in the response of 
the lake level to the climatic change. This lag 
would probably be no more than son years 
regardless of the ratcs involved. The influence 
of the mountain glaciers on the responsc of the 
lakes to climatic change is thereforc negligible. 
Thc response of the lakes to any change in 
temperat.ure or prccipitation is completed in less 
than 500 years. 

The fact that the lakes respond very rapidly 
to clillla tc change means t ha t the curves of 
lake level vcrsus time arc also an index of rela
tive climate in the Great Basin. Detailcd 
studies should allow oscillations in climate as 
small as 1000 years in duration to be estab
lished. 

CONCLUSIONS 

The following conclusions are drawn con
cerning the hi stories of the dry and ncar dry 
lakes in the Great Basin. 

(1) Radiocarbon mcasurements on carbonate 
materials deposited from thc waters of these 
lakes appear to give reliable estimates of the 
age of fossil lake levels. Possible error, as a 
result of variation in the CH/CI2 ratio in the 
lakc carbonatc'and exchange of carbon between 
t he carbonate material and the atmosphere 
after deposition, is probably less than 500 ycars. 

(2) The major tlllctua tions in the levels of 
Lakc Lahontan and Lake Bonneville over the 
pas t 25,OOD years have been detennincd. 1'\\'0 

pronounced maxima are recorded in each case: 
a broad maximum between 2+,000 and 14,000 
years B.P. and a rather sharp maximum close 
to 11,500 years ago. Although some evidence is 
available for a third maximum close to (0,000 
years ago (separated from the 11,500 year 
maximum by a pronounced minimum), more 
data arc needed before it can be established. 
The lakes have been comparatively low during 
t he past 9000 years. 

(.1) The Bonneville outlet a t Reel Rock Pass 
appears to have bcen cut more recently than 
16,000 years ago and perhaps during the 
11,SOO-ycar maximum. 

(+) The clim,ltic changes required to producc 
the obscrved lake maxima arc not cxtreme. A 
twofold increase in the precipitation ra te and a 

) 

, I 
\ 
\ 
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SOc. decrease in temperature would be ade
quate. 

(S) The fluctuations in lake level arc sensitive 
indices of climate. Lags in response and per
turhations produced by expanding or retreating 
mountain glaciers arc on the order of the un
certainty in the radiocarbon ages and hence 
negligible. Hence the lake-level curves provide 
a record of the climate in the Great Basin over 
the past 30,000 years. 
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