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Abstract

Caves are useful in landscape evolution studies because they often mark the level of previous water tables and, when dated,

yield incision rates. Dating caves is problematic, however, because their ages are only constrained by the oldest deposits

contained within, which may be far younger than the cave itself. We dated cave deposits in the Sierra Nevada using U–Th

dating of speleothems, paleomagnetic dating of fine sediment, and cosmogenic 26Al/10Be burial dating of coarse sediment. The

sampled caves formed sequentially as the water table lowered, providing an important stratigraphic test for the dating methods.

Large discrepancies between deposit ages from similar cave levels demonstrate that, even when accurately determined, deposit

ages can seriously underestimate the timing of cave development. Drip-type speleothems are most prone to this minimum age

bias because they can accumulate long after caves form, and because the U–Th method is limited to ~400 ka. Paleomagnetic

dating requires correlation with the global reversal chronology, and is hindered by a lack of continuous stratigraphy. The fine

sediment analyzed for paleomagnetism is also highly susceptible to remobilization and deposition in cave passages well above

base level. Cosmogenic 26Al/10Be dates bedload material deposited when caves were at or very near river level, and can date

material as old as ~5 Ma. In the Sierra Nevada, speleothem U–Th ages and sediment burial ages from the same cave levels differ

by as much as an order of magnitude. These results suggest speleothem ages alone may significantly underestimate cave ages
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and thereby overestimate rates of landscape evolution. Cosmogenic burial dating of coarse clastic sediment appears to be the

most reliable method for dating cave development in mountainous regions.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Landscape evolution studies require dated geomor-

phic markers to document long-term erosion rates and

reconstruct past landforms. Examples of such markers

include fluvial or strath terraces, volcanic deposits,

and erosional surfaces (e.g., [1–5]). However, geo-

morphic markers are commonly absent from rapidly

eroding landscapes such as mountain belts, either

because conditions were not conducive to their devel-

opment, or because they were destroyed by erosion

after they formed. Where markers are present, deter-

mining their age frequently poses a serious challenge.

Caves may be useful geomorphic markers because

their development is often tied to river position, and

because they are frequently located in landscapes lacking

terraces or other markers. Although caves are limited to

landscapes underlain by carbonate rock, such landscapes

represent ~12% of the EarthTs ice-free land surface [6],

and are relatively common in mountainous regions.

Certain caves can record landscape changes because

they form at the water table and are subsequently left

perched in valley walls as local base level is lowered by

bedrock incision. When dated, these caves provide

rates of incision, the primary erosional process govern-

ing the pace at which landscapes evolve (e.g., [7–15]).

Archeological, paleontological, and paleoclimato-

logical studies seek to date specific deposits within

caves (e.g., [16–18]). Landscape evolution studies

differ somewhat because they seek the age of the

cave itself. This poses a unique challenge for geo-

chronology, as caves are voids that cannot be directly

dated [19]. Although in certain rare cases Ar–Ar

dating of clays produced during hydrothermal-related

sulfuric acid dissolution can directly date cave devel-

opment [20], this dissolution mechanism is limited to

only a few sites globally. Far more common are caves

formed by carbonic acid dissolution [6,21], whose

ages must be younger than their host bedrock and

older than materials deposited within them. As most

caves are much younger than their host bedrock, cave
ages are usually constrained by dating either clastic

sediment carried into the cave by fluvial processes, or

calcite speleothems formed in situ by meteoric drip

water. Speleothems may be dated by U-series (typi-

cally 234U–230Th), and sediment by paleomagnetism

and cosmogenic 26Al/10Be burial dating.

Any cave deposit necessarily postdates cave devel-

opment, so deposit ages provide only minimum ages

for cave development [7,19]. Correspondingly, rates

of incision based on cave ages must be considered

maximum rates [7,8]. The degree to which sediment

and speleothem deposition accurately captures the

timing of cave development has not previously been

explored in detail. Here we compare ages for cave

deposits in the Sierra Nevada, California, determined

by U–Th, paleomagnetic, and cosmogenic burial dat-

ing. While each dating method has limitations, our

results suggest that both speleothem U–Th dating and

fine sediment paleomagnetism are particularly suscep-

tible to potentially large systematic biases in cave age.
2. Cave development and landscape evolution

Cave passages form by dissolution of carbonate rock

along paths of greatest groundwater discharge. Vadose

passages form above the water table and typically consist

of narrow, sinuous, and often steeply dipping canyon

passages, while phreatic passages form at or below the

water table and typically consist of tubes with rounded

cross sections [21]. Although deep phreatic passages

can form well below the water table, their U-shaped

longitudinal profiles are distinct from the low-gradient

profiles of shallow phreatic tubes formed along water

table surfaces [6,21,22]; these latter passages are most

useful in cave-based landscape evolution studies. The

simplest caves form when portions of rivers are briefly

diverted into canyon walls, dissolving phreatic pas-

sages parallel to canyon walls (Fig. 1, left). Alterna-

tively, sinking tributary streams dissolve cave passages

along water table surfaces graded to river level (Fig. 1,
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Fig. 1. Cave development in an incising landscape. Left side shows caves forming parallel to river, right side shows cave development by

sinking tributary stream graded to river level. Numbers correspond to periods of cave development; bedrock incision leaves progressively older

cave levels perched in canyon walls. Coarse sediment is deposited when caves are at, or very near, river level. Fine-grained sediment can be

deposited throughout the interval that caves are within the zone of maximum flood height. Speleothems can form anytime after phreatic waters

drain from cave passages, but accumulate most readily after fluvial activity has ceased. Inset shows resulting cave deposit stratigraphy.

G.M. Stock et al. / Earth and Planetary Science Letters 236 (2005) 388–403390
right). Cave passages fed by sinking streams usually

contain both a vadose upstream section and a phreatic

downstream section, with the transition point marking

the former water table level [22]. Groundwater moving

through cave passages eventually emerges as springs at

river level. When river position is stable for long per-

iods, these springs remain at a fixed elevation and large

phreatic passages form. Subsequent incision lowers the

local water table, diverting groundwater to a lower

level and exposing phreatic passages (Fig. 1).
During the waning stages of cave development,

coarse sediment often moves through caves as bedload.

We argue that, except in unusual cases, very coarse

sediment (e.g., coarse sand, gravel, cobbles) is mobi-

lized only when caves are at or very near river level. As

bedrock incision progresses, this coarse sediment

remains in passages abandoned by groundwater. In

contrast, subsequent floodwaters can easily remobilize

previously deposited fine sediment (e.g., silt, clay), and

can also waft suspended load into upper level passages
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(Fig. 1), leaving fine sediment draped over coarse

sediment [23]. Once rivers incise sufficiently far that

cave passages are no longer subjected to even large

floods, accumulation of drip-type speleothems (e.g.,

stalactites, stalagmites, flowstone) dominates, capping

both coarse and fine sediments. Drip-type speleothems

cannot form in active phreatic conduits, but they may

form anytime after groundwater drains from these pas-

sages. Thus, a commonly found cave deposit consists

of coarse sediment resting on bedrock, an overlying

fine sediment deposit, and a capping speleothem layer

(Fig. 1 inset).

For incising river systems, the conceptual model of

cave development outlined above dictates two strati-

graphic settings relevant to dating studies: 1) a canyon

wall stratigraphy, in which cave ages increase upward,

and 2) a cave deposit stratigraphy, in which deposit

ages decrease upward [10]. This model provides a

critical test for dated cave deposits used to infer cave

ages. Barring major aggradation of the river, cave ages

inferred from the oldest deposits should increase with

height above modern river levels if they accurately

record the timing of cave development. Deposit ages

from the same cave level should be similar. Within a

specific deposit, stratigraphic unit ages should decrease

with height above the bedrock base of the deposit.
3. Methods of determining cave ages

3.1. U–Th speleothem dating

Drip-type speleothem ages provide the chronology

for most work using caves to derive landscape evolu-

tion rates (e.g., [7,8,24–26]). Uranium-series dating of

speleothems is a well-established technique reviewed

in detail elsewhere (e.g., [27–29]). Most speleothem

dating studies utilize disequilibrium in the
238U–234U–230Th system, in which the 230Th / 238U

activity ratio, [230Th / 238U]Act, approaches unity as a

function of time t:

230Th
238U

� �
Act

¼ 1� e�k230t þ
234U
238U

� �
Act

� 1

� �

� k230
k230 � k234

� �
1� e� k230�k234ð Þt

� �

ð1Þ
where k230 and k234 are decay constants [30] Eq. (1)

assumes all measured 230Th derives from decay of
234U. In fact, initial 230Th may be present, usually

associated with detrital sediment imbedded in the cal-

cite. Initial 230Th is best addressed using total dissolu-

tion isochron methods (e.g., [28,29]), but a first-order

correction can be made by assuming that 230Th asso-

ciated with 232Th was incorporated into speleothem

calcite during deposition and has decayed over time t

since then. The radiogenic 230Th derived from 238U,

[230Th* / 238U]Act, can then be calculated using Eq. (2):

230Th*
238U

� �
Act

¼
230Th
238U

� �
Actm

�
232Th
238U

� �
Act

Roe
�k230t

ð2Þ

where R0 is the initial [230Th / 232Th] activity ratio in

the detritus at the time of speleothem deposition and

subscript m refers to the measured value of the com-

bined radiogenic and detrital components [28]. Secu-

lar equilibrium in 238U–234U–230Th system is

typically reached after ~400 kyr. While it is some-

times possible to date speleothems on million-year

time scales using U–Pb (e.g., [31]), difficulty in ac-

counting for initial 206Pb has limited use of the tech-

nique thus far.

Drip-type speleothem growth is episodic. As a

result, these speleothems can begin to accumulate in

cave passages anytime after they are drained of

groundwater [6–8]. In fact, climate change [26,32],

rather than water table lowering, often initiates spe-

leothem growth. Furthermore, sampling the oldest

available speleothems is often difficult because spe-

leothems tend to accumulate in certain heavily deco-

rated areas where older deposits are covered by

younger deposits. The best approach for obtaining

speleothem ages that accurately date cave develop-

ment is therefore to date several speleothems from

each level, and use the oldest age for calculating an

incision rate [8].

3.2. Sediment paleomagnetism

Paleomagnetism provides an important first-order

assessment of the timing of fine sediment deposition

in caves, provided magnetic reversals of known age

can be identified in a stratigraphic sequence (e.g.,

[10,33–35]). Magnetic minerals become oriented to-
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ward Earth’s magnetic pole during deposition. Paleo-

magnetic dating involves correlating a local magne-

tostratigraphic column with the global paleo-

magnetic record. The chronology of magnetic re-

versals is well-established, with the last full reversal,

the Matuyama–Brunhes, occurring ca. 0.78 Ma [36].

The presence of magnetically reversed sediments

therefore indicates a minimum cave age of z0.78

Ma. Assuming constant sedimentation, paleomagne-

tism has been used to date caves back several million

years (e.g., [33–35]).

As a dating tool, paleomagnetism suffers from two

main limitations. First, it is a correlative tool that

cannot yield absolute ages for stratigraphic units ex-

cept when magnetic reversals are identified and reli-

ably correlated with the global record. Cave sediment

magnetostratigraphy therefore requires extensive sam-

pling of a sedimentary sequence extending to the

present time. If sedimentation is not constant, then

reversals may not be recorded, leading to misidentifi-

cation of chrons and erroneously young cave age

estimates. Second, paleomagnetism is best recorded

in fine sediments, the deposition of which may also

significantly lag cave development. Paleomagnetism

may also be applied to speleothems to extend the limit

of U–Th dating (e.g., [26]), but the same limitations

apply.

3.3. Cosmogenic burial dating

A recently developed method for dating buried

sediment utilizes the concentration ratio of 26Al and
10Be [37,38]. These cosmogenic nuclides are pro-

duced in quartz within the top few meters of the

earthTs surface by secondary cosmic rays. Sediment

accumulates 26Al and 10Be as it is exhumed from

hillslopes and transported through river systems. Fol-

lowing Granger et al. [14], in a steadily eroding

outcrop, the concentration (Ni) of either 26Al or
10Be in quartz at the surface is determined by Eq. (3):

Ni ¼
Pn

1=si þ qe=Knð Þ þ PA

1=si þ qe=KA

� � ð3Þ

where Pn is the production rate by nucleon spallation,

PA is the production rate by muons, Kn is the expo-

nential penetration length for nucleons (Knc160 g

cm�2 [39]), KA is the exponential penetration length
for muons (KAc1300 g cm�2 [40]), s26 is the 26Al

radioactive meanlife (s26=1.02F0.04 My [41]) and

s10 is the
10Be radioactive meanlife (s10=2.18F0.09

My [42, but see Section 5.3]). If sediment is then

buried deeply enough (typically N20 m) that cosmic

rays are shielded, nuclide production drastically slows

or ceases and the products decay exponentially:

Ni ¼ Nið Þe�t=si ð4Þ

where t is the time since burial. Because 26Al decays

roughly twice as fast as 10Be, the inherited nuclide

ratio (N26 /N10)0 decreases exponentially over time

according to Eq. (5):

N26

N10

¼ N26

N10

� �
o

e� 1=s26�1=s10ð Þ ð5Þ

where N26 and N10 are the concentrations of
26Al and

10Be, and (N26 /N10)0 represents the inherited
26Al / 10Be ratio as determined from Eq. (3).
26Al / 10Be ratios in buried sediments may be used to

determine burial ages from ~0.3 to 5.5 Ma [38,43].

Burial dating uses only quartz, a common mineral on

the surface, and can provide absolute ages for coarse

sediments without relying on correlation.
4. Field site

We dated cave deposits in the Sierra Nevada moun-

tains of California (Fig. 2) using U–Th, paleomagne-

tism, and cosmogenic burial dating. The Sierra

Nevada is well-suited for this study because caves

are present at many elevations, and because caves

contain abundant material suitable for all three dating

methods. Although the majority of exposed bedrock

in the Sierra Nevada is plutonic, highly fragmented

metamorphic pendants containing thin marble septa

are scattered across the range. Numerous caves have

formed as surface streams encountered marble bed-

rock and diverted underground, forming caves as

described above. Relatively rapid (up to 0.3 mm

yr�1) bedrock incision has preserved extensive mul-

tilevel caves in the steep canyon walls [15]. These

caves present ideal settings to compare the accuracy

of cave dating methods: accurately dated deposits

from these caves should (1) show an older-upward

age pattern for samples taken from tiered cave levels,
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(2) show younger-upward age pattern for samples

taken from a single sedimentary deposit, and (3)

yield similar ages for samples collected from the

same cave level.
5. Sampling, analytical methods, and results

5.1. U–Th speleothem dating

We collected 18 speleothem samples from seven

caves for U–Th dating (see Appendix A for detailed

sampling information). Approximately 1 g of calcite

was cut from the cleanest basal layer of each sample,

detrital grains removed by hand, and the remaining

calcite dissolved in 8N HNO3. Samples were mea-

sured by both thermal ionization mass spectrometry

(TIMS) and inductively coupled plasma mass spec-

trometry (ICPMS). Samples measured by TIMS were

spiked with 233U and 229Th, and U and Th coprecipi-

tated with Fe(OH)3 and purified by ion-exchange
chromatography [44]. Purified U and Th were loaded

onto single zone-refined Re filaments with colloidal

graphite and run on a VG 54/WARP TIMS. Measured
234U/235U for SRM U010 was 0.00538F0.5%. Sam-

ples measured by ICPMS were initially prepared as

above, except 25 Al aliquots of whole sample digests

were spiked with 236U and 229Th and their concentra-

tions measured by isotope dilution on a Thermo Fin-

nigan Element ICPMS. U and Th were then purified

as above, and isotopic ratios measured on a Thermo

Finnigan Neptune multi-collector ICPMS by bracket-

ing with UCSC standards and correcting for instru-

mental mass bias with National Institute of Standards

and Technology (NIST) standards.

Speleothem ages from Sierra Nevada caves range

from 21.9F0.4 to z400 ka (Table 1). Of the 18

samples analyzed, only two were found to be in U–

Th secular equilibrium (z400 ka). Several samples

contained significant initial 230Th as indicated by rela-

tively high 232Th concentrations and low 230Th / 232Th

activity ratios (Table 1). We determined an R0 value of



Table 1

Speleothem U-series ages for Sierra Nevada caves

Cave Sample Height

(m)

U

(ppb)

Th

(ppb)

230Th
232Th

h i
Act

234U
238U

h i
Act

230Th
234U

h i
Act

Uncorrected

ageb

(ka)

Corrected

agec

(ka)

Crystal Stanislaus Cavea CS-1U 98F5 55.8 12.8 12 1.093 0.788 158.4F3.1 151.7F3.8

Crystal Stanislaus Cave CS-2U 98F5 29.8 1.3 55 1.065 0.755 133.1F2.6 131.7F3.3

Crystal Stanislaus Cave CS-3U 95F5 28.6 0.5 113 1.069 0.616 93.2F1.8 92.7F2.3

McLeans Cavea MC-1U 30F2 43.3 11.4 6 1.081 0.378 51.3F1.9 44.0F2.8

McLeans Cavea MC-2U 28F2 72.5 1.7 75 1.043 0.578 88.2F1.2 87.5F1.4

Windy Cliff Cavea WC-1U 19.5F1 582.7 140.6 4 1.134 0.254 27.5F3.1 26.4F3.5

Crystal Cave (Bear Den Cave) CC-BD-1U 62F1 218.7 6.8 81 1.019 0.811 173.4F3.4 172.5F4.3

Crystal Cave (Bear Den Cave) CC-BD-2U 59F1 103.5 0.2 304 1.027 0.208 25.6F0.5 25.4F0.6

Crystal Cave (Phosphorescent Room)a CC-PR-1U 36.5F1 438.2 144.7 3 0.962 0.285 36.1F0.3 24.7F0.8

Crystal Cave (Organ Balcony)a CC-OB-1U 28F1 280.7 5.5 30 1.031 0.182 21.9F0.4 21.3F0.6

Crystal Cave (Marble Hall) CC-MH-1U 14F1 76.5 7.2 41 1.017 1.203 z400 z400

Crystal Cave (Curtain Room) CC-CR-1U 12.5F1 76.7 2.7 18 1.070 0.198 22.4F0.4 21.3F0.7

Weis Raum Cavea WR-1U 212F2 49.4 65.8 16 1.027 0.6719 121.2F3.0 116.3F3.7

Headwall Crawl Cave HW-1U 37.5F1 94.4 17.9 8 0.990 0.478 72.4F1.4 65.8F1.6

Soldiers Cave (Waiting Room) LS-WR-2U 43F2 153.3 62.2 4 1.144 0.490 60.6F1.2 49.0F1.3

Soldiers Cave (Aragon Room) LS-AR-1U 43F2 70.0 5.7 7 1.148 0.123 17.2F0.4 14.7F0.7

Soldiers Cave (Ruby’s Route) LS-RR-1U 41F2 254.1 14.2 40 1.067 0.709 118.3F2.4 116.5F2.9

Packsaddle Cave PS-1U 45F5 178.4 21.6 35 0.995 1.378 z400 z400

a Isotopic ratios for these samples determined by thermal ionization mass spectrometery (TIMS), all others determined by multi-collector ICP-

MS. bAges determined by solution of Eq. (1), where k230=9.1577�10�6 yr�1 and k234=2.8263�10�6 yr�1 [30]. Uncertainties are 2r
and include analytical and systematic uncertainties. cAges corrected for initial 230Th using Eq. (2), assuming an initial [230Th/ 232Th]Act value of

0.98 for the detritus and secular equilibrium in the U-series.
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0.98 for the detrital component of one highly contam-

inated sample (WC-1U) by total dissolution isochron

methods [30], and used this value, assumed to charac-

terize the regional R0 value, to correct ages using Eq.

(2) (Table 1). Although correcting for detrital 230Th by

this method increases total age uncertainty, we will

show that the magnitude of error associated with this

correction is small when compared to the age dispa-

rities between different dating methods.

5.2. Sediment paleomagnetism

We collected 44 fine sediment samples from five

caves for paleomagnetic analyses (see Appendix A for

detailed sampling information). Samples were ana-

lyzed in plastic cubes in a 3-axis 2-G superconducting

rock magnetometer. All samples underwent stepwise

alternating field (AF) demagnetization in 4–10 steps

ranging between 0 (natural remanent magnetism, or

NRM) and 120 mT, until 90% of their initial NRM

strength was removed. Orthogonal vector plots [45]

provided points for principal component analysis to

extract characteristic remanent magnetic vectors [46].
Lower-coercivity demagnetization directions were vi-

sually removed from high-coercivity directions; mean

directions for high-coercivity components were deter-

mined using Fisher [47] statistics.

Paleomagnetic samples generally showed very

well-behaved demagnetization paths, in which appli-

cation of a 10 mT peak AF removed a low-coercivity

viscous normal overprint (Fig. 3A). Clean demagne-

tization paths that converge on the origin and loss of

over 95% of the sample field strength during AF

demagnetization at 100–120 mT conclusively support

the interpretation of the majority of samples as nor-

mal. If a bhiddenQ reverse field component were pres-

ent (as we have seen in samples from caves in other

areas), we would expect non-convergence on the or-

igin and a bhookedQ path (Fig. 3A). Vector averaging

[47] results in a mean paleomagnetic direction for

normal samples of inclination 49.38 and declination

356.88, with a a95 of 5.538; this direction is close to

the calculated axially centered dipole for the southern

Sierra Nevada (Fig. 3B).

Thirty-eight of the 44 samples exhibit a distinct

normal polarity signal, while two samples exhibit
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normal polarity with high-to-moderate certainty. Only

four samples show a reverse polarity signal. These

samples were collected from Palmer Cave, the highest

cave above modern river level. While these reversed

sediments demonstrate that Palmer Cave is older than

~780 kyr [36], they cannot be correlated to a particular

reversed period due to lack of a continuous strati-

graphic section extending to the present.

5.3. Cosmogenic burial dating

We collected 26 deeply buried coarse sediment

samples from 13 caves for burial dating (see Appendix

A for detailed sampling information). Samples were
crushed and sieved to 0.25–0.5 mm, and ~80–100 g of

quartz purified from each sample by selective chem-

ical dissolution [48]. Samples were spiked with ~0.4

mg 9Be in a low blank (10Be / 9Be=3.0F0.3�10�15)

Be carrier prepared from deep mined beryl [49].

Quartz was dissolved in concentrated HF and

HNO3, fluorides expelled with HClO4 fuming, and

Al and Be separated and purified by ion-exchange

chromatography and selective precipitation. Hydrox-

ide precipitates were oxidized, mixed with Ag (for Al)

and Nb (for Be) powders, and packed into stainless

steel or aluminum targets, respectively. 10Be / 9Be

and 26Al / 27Al ratios were determined by accelerator

mass spectrometry (AMS) at Lawrence Livermore
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National Laboratory (LLNL) and normalized to ICN
10Be and NIST 26Al standards. Mean process blanks

were generally low (26Al/27Al=2.0F4.0�10�15,
10Be / 9Be=4.0F0.3 �10�15) compared to samples.

Stable Al concentrations were determined by ICP

optical emission spectrometry and assigned 4%

error. Repeat 26Al / 27Al measurements show very

good reproducibility (Table 3).

Cave sediments yielded burial ages ranging from

0.30F0.10 to z4.72 Ma (Table 2). This represents

the effective bounds of the burial dating technique;

decay of 26Al to extremely low concentrations limits

the age of the oldest sample to z4.72 Ma. We nor-

malized 10Be / 9Be measurements to LLNL 10Be sec-

ondary standards calibrated against an ICN standard

with a 10Be meanlife of 2.18F0.09 My [42]. Some

researchers (e.g., [17]) favor a standard prepared by

NIST with a 10Be meanlife of 1.93F0.10 My [42],

~14% lower than that based on the ICN standard.
Table 2

Cosmogenic nuclide concentrations and sediment burial ages for Sierra N

Cave Sample Height

(m)

26Al

(104 atm g�1)

10B

(10

Crystal Stanislaus Cave CS-1 92F5 26.56F0.98 10.

Morning Glory Cave MG-1 274F5 25.03F1.55 13.

Bat Cave BAT 395F5 11.15F0.93 6.

Boyden Cave BOY-2 42.5F1 36.41F1.36 12.

Bear Cave BC-1 8F1 56.24F2.61 10.

Weis Raum Cave WR-1 212F2 9.46F0.75 5.

Hurricane Crawl Cave HC-PL-1 39.5F1 35.23F1.93 9.

Crystal Cave (Bear Den Cave) CC-BD 58F1 97.53F4.10 29.

Crystal Cave

(Phosphorescent Room)

CC-PR 36.5F1 311.90F8.7 91

Crystal Cave (Fat Man’s Misery) CC-FM-1 22.5F1 79.17F3.41 20.

Crystal Cave (Junction Room) CC-LR-1 8.5F1 107.20F3.5 23.

Kaweah Cave KHW-1 17F1 7.36F0.78 1.

Palmer Cave PLMR-1 685F5 V1.21 2.

Clough Cave CL-1 53.5F2 7.33F0.61 2.

New Cave NEW-1 34F2 54.44F2.44 13.

Soldiers Cave (Entrance Room) LS-RH-1 83F2 50.24F3.24 15.

Soldiers Cave (Waiting Room) LS-WR-1 41F2 71.36F2.97 19.

Soldiers Cave (Corridor) LS-LC-1 12.5F2 73.93F3.21 15.

Modern river sediment KGR-1 0F0 22.68F1.17 3.

Modern river sediment KWH-1 0F0 35.25F1.65 5.

a Burial ages determined by iterative solution of Eqs. (3) (4) (5), assuming

atm g�1 yr�1 and P10=5.1 atm g�1 yr�1 [53], and SLHL stopped mu

atm g�1 yr�1 [54]. Uncertainties represent 1r measurement uncertain

production ratio [53] and radioactive decay constants [41,42] are added

comparing burial ages, analytical uncertainties are used; when comparing
b Alternative burial ages calculated using a 10 Be meanlife of 1.93F0.10 M

standard [42].
Using the NIST meanlife lowers measured 10Be / 9Be

ratios by 14%, lowers the 10Be production rate by the

same amount, and increases burial ages non-linearly.

Until the meanlife ambiguity is resolved, we use the

commonly accepted value of 2.18F0.09 My, but

report alternative burial ages based on the NIST stan-

dard meanlife (Table 2). Using the alternative mean-

life does not affect the conclusions we draw here.

Burial age accuracy hinges on the assumption that

sediment did not experience prior burial before enter-

ing caves, which would diminish 26Al / 10Be produc-

tion ratios and yield erroneously old ages (e.g., [50]).

Although we cannot completely exclude the possibil-

ity of prior burial, we consider this unlikely in the

Sierra Nevada. In order to measurably diminish
26Al / 10Be ratios, sediment must be buried for N100

kyr at large depths (N5 m), or even longer at shallower

depths [38]. There are virtually no river terraces in the

narrow canyons upstream of sampled caves, and steep
evada caves

e
4 atm g�1)

26Al / 10Be Burial agea

(Ma)

NIST burial ageb

(Ma)

28F0.21 2.59F0.11 1.63F0.08 (0.16) 1.81F0.09 (0.22)

30F0.33 1.88F0.13 2.34F0.19 (0.30) 2.58F0.19 (0.39)

64F0.16 1.48F0.16 2.70F0.21 (0.38) 2.90F0.21 (0.49)

43F0.30 2.93F0.13 1.38F0.08 (0.15) 1.54F0.09 (0.21)

92F0.28 5.15F0.22 0.32F0.10 (0.18) 0.33F0.11 (0.25)

50F0.12 1.72F0.14 2.42F0.16 (0.28) 2.69F0.16 (0.36)

44F0.24 3.73F0.23 0.93F0.12 (0.24) 1.02F0.12 (0.31)

81F0.70 3.27F0.16 1.15F0.09 (0.16) 1.28F0.10 (0.22)

.80F2.6 3.39F0.14 1.00F0.07 (0.15) 1.14F0.08 (0.20)

47F0.49 3.87F0.19 0.86F0.09 (0.16) 0.93F0.10 (0.21)

79F0.56 4.51F0.18 0.56F0.08 (0.15) 0.60F0.08 (0.19)

49F0.25 4.94F0.99 0.40F0.38 (0.45) 0.42F0.38 (0.59)

34F0.14 V0.52 z4.72 z5.29

09F0.07 3.51F 0.31 1.03F0.13 (0.24) 1.09F0.14 (0.33)

85F0.33 3.93F0.20 0.83F0.10 (0.18) 0.90F0.10 (0.23)

94F0.38 3.15F0.22 1.25F0.13 (0.20) 1.37F0.13 (0.26)

63F0.49 3.64F0.18 0.98F0.09 (0.17) 1.06F0.10 (0.23)

03F0.36 4.92F0.24 0.40F0.09 (0.17) 0.42F0.10 (0.22)

61F0.07 6.26F0.35 �0.06F0.11 (0.21) �0.06F0.11 (0.26)

90F0.16 5.97F0.32 0.04F0.10 (0.18) 0.04F0.10 (0.22)

sea level high latitude (SLHL) neutron production rates of P26=31.1

ogenic production rates of P26=0.80 atm g�1 yr�1 and P10=0.10

ty. Systematic uncertainties in production rates (20%), 26 Al / 10 Be

in quadrature and shown as total uncertainty in parentheses. When

burial ages with other dating methods, total uncertainties are used.

a and the National Institute of Standards and Technology (NIST) Be



Table 3

Cosmogenic 26Al / 10Be burial age reproducibility

Cave Sample 26Al conc.

(104 atm g�1)

Mean 26Al conc.

(104 atm g�1)

10Be conc.

(104 atm g�1)

26Al / 10Be Burial age

(Ma)b

Bat Cave BAT-1 11.15F0.93 – 6.65F0.16 1.68F0.15 2.45F0.16

BAT-2 12.33F3.61 – 6.74F0.17 1.83F0.54 2.28F0.49

BAT-3A 10.22F1.45 11.30F0.97 7.52F0.56 1.50F0.17 2.70F0.21

BAT-3Ba 12.19F1.31

BAT-4A 10.42F1.67 10.23F0.90 6.64F0.16 1.54F0.14 2.61F0.17

BAT-4Ba 10.15F1.07

Boyden Cave BOY-1 56.09F2.08 – 11.41F0.28 4.92F0.22 0.39F0.08

BOY 2 36.41F1.36 – 12.43F0.30 2.93F0.13 1.38F0.08

Crystal Cave (Bear Den Cave) CCBD-1 97.53F4.10 – 29.81F0.69 3.27F0.16 1.16F0.09

CCBD-2 54.72F2.11 – 16.51F0.40 3.31F0.15 1.14F0.09

Crystal Cave (Phosph. Room) CCPR-1 311.89F8.77 – 91.94F2.60 3.39F0.14 1.06F0.07

CCPR-2 262.44F8.21 – 72.49F1.67 3.62F0.14 0.94F0.07

Clough CL-2A 7.56F0.91

CL-2Ba 6.72F0.80 7.38F0.48 2.09F0.06 3.53F0.25 1.03F0.13

CL-2Ca 7.88F0.78

a Indicates samples with replicate 26Al / 27Al measurement only. Resulting 26Al / 10Be ratios and burial ages utilize replicate 26Al / 27Al

measurements, but only one 10 Be / 9Be measurement. b Total uncertainties (in parentheses in Table 2) are not reported because the factors

leading to these uncertainties affect all burial ages equally and are not relevant when comparing burial ages.
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channel gradients imply rapid sediment transport. Al-

though glaciated headwater regions of the larger river

systems do contain moraine and outwash deposits that

could store deeply buried sediment, it is unlikely that

such deposits stored sediment for long enough to

significantly alter 26Al / 10Be ratios because frequent

glaciations scoured out these canyons on V100 kyr

time scales. Lack of an inherited burial signal in Sierra

Nevada sediment is demonstrated by numerous cos-

mogenic nuclide measurements [51,52], including our

own from modern river systems (Table 2), which

show 26Al / 10Be ratios within error of the expected

surface production ratio of 6.1 [53].

Unlike speleothem ages, which may be expected to

vary within a single cave level, coarse sediment burial

ages should be similar, testing both burial age accu-
Table 4

Statistics of cosmogenic 26Al / 10Be burial age reproducibility

Cave Sample Weighted average

age

(Ma)a

Standard deviatio

(Ma)

Bat BAT 2.55 (n =4) 0.12

Boyden BOY 0.89 (n =2) 0.70

Bear Den CCBD 1.15 (n =2) 0.01

Crystal CCPR 1.00 (n =2) 0.08

a Weighted by inverse variance normalized by average inverse variance.

variance.
racy and our cave development model. We replicated

burial ages from four cave levels, and generally found

very good agreement of ages, well within analytical

errors (Tables 3 and 4). In only one case do sediment

burial ages disagree substantially. Two samples from

Boyden Cave yield burial ages of 0.39F0.08 Ma and

1.38F0.08 Ma, a discrepancy well outside analytical

uncertainty (Tables 3 and 4). We suspect that the

younger sample is anomalous because it was collected

near a seasonal underfit stream that apparently entered

the cave recently and was not instrumental in its

formation; this stream may have carried sediment

into the cave well after it formed. In contrast, the

older sample was collected from a ledge 3 m above

the floor and more likely represents sediment

emplaced during the original development of the
n Weighted analytical

uncertainty

(Ma)

Reduced v2 Probabilityb

0.10 0.36 0.78

0.06 70 10�16

0.06 0.02 0.89

0.05 1.21 0.27

b Probability that analytical uncertainty accounts for all observed
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passage. The discrepancy illustrates a level of com-

plexity of cave development not shown in Fig. 1,

highlighting the importance of careful sample selec-

tion and interpretation.
6. Discussion

6.1. Comparison of dating methods

The three dating methods employed in this study

all provide minimum cave ages that yield maximum

rates of incision. However, comparison of ages sug-

gests that U–Th dating of speleothems and paleomag-

netism of fine sediment are prone to underestimating

cave age, leading to overestimates of incision rates.

Recall that cave ages increase with height above

modern rivers; dated deposits should display this

older-upward pattern if they accurately date cave de-

velopment. Sierra Nevada speleothem ages generally

increase in age with height abovemodern rivers, but the

trend is complicated by two samples with agesz400 ka

(Fig. 4). These two speleothems sit relatively close to

modern river levels; in both cases, speleothems from

stratigraphically higher positions yielded younger ages

(Fig. 4). The required older-upward pattern effectively
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hypothetical maximum incision rates based on speleothem age-

elevation distributions (see text for discussion). Error bars represent

1r uncertainty; where not visible, error bars are smaller than marker

symbol. For reference, normal polarity chrons are shown in gray,

reversed polarity in white [36].
negates the stratigraphically higher speleothem ages, as

they cannot be younger than those below and still

represent plausible cave ages. Furthermore, basal spe-

leothem samples collected from the same cave levels

show considerable age variations (Fig. 4, Table 1).

Stratigraphic inconsistency and variable ages from

similar heights suggest that speleothem ages often do

not accurately date cave development.

The most striking aspect of the speleothem ages is

how much they differ from sediment burial ages

collected from similar heights (Fig. 4). Coarse sedi-

ments are much older than speleothems at virtually

every site studied (Fig. 4). Burial ages from all but the

lowest (b20 m height) cave levels are much greater

than 400 ka, the approximate limit of U–Th dating.

Thus, except in the very lowest levels, speleothem U–

Th ages are not capable of capturing cave ages as

indicated by burial dating. The ~400 ka limit of U–Th

alone presents a serious limitation of speleothems to

accurately date cave development. Yet more troubling,

perhaps, is that most speleothem ages are in fact much

younger than the 400 ka limit (Table 1; Fig. 4). This is

similar to patterns shown by compilations of spe-

leothem age distributions (e.g., [26,27]) suggesting

climatic controls on speleothem growth. The result

is that, rather than simply recording ages of z400

ka for very old cave passages, speleothems may re-

cord babsoluteQ ages that are much younger, yielding

misleadingly fast incision rates. Note that the offset

between speleothem and sediment ages cannot be due

to uncertainty in age corrections, as correction for

initial 230Th and use of the alternative 10Be meanlife

both tend to increase this offset.

The paleomagnetic results are somewhat more dif-

ficult to interpret. No reversed sediments were found in

passages lower than 100 m height, despite burial ages

spanning the past 1.6 Myr (Fig. 4). We can think of five

reasons why reversed sediments were not found in

these passages: 1) many samples are in fact reversed,

but a viscous normal overprint was not removed by AF

demagnetization, 2) the cosmogenic 26Al/10Be burial

ages are erroneously old because of prior sediment

burial, 3) reversed sediments are present but were not

sampled, 4) fine-grained sedimentation occurred in

pulses coincident with short normal polarity chrons,

or 5) much of the fine sediment has been deposited or

remobilized since the last magnetic reversal. We have

already presented arguments against the first two rea-
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sons. The remaining three hypotheses are plausible.

Burial ages suggest that more than half of the sampled

coarse sediment deposits entered caves during the re-

versed Matuyama chron (Fig. 4). Although there are

considerable spatial gaps in our paleomagnetic sam-

pling, we consider it unlikely that we simply missed

sampling a reversal. In all cases but one, uncertainties

in the burial ages do allow for deposition of fine-

grained sediment nearly synchronously with coarse

sediment during many of the short normal chrons that

occurred within the Matuyama chron (Fig. 4). Howev-

er, this explanation requires an uncomfortable degree

of coincidence. We consider the last explanation to be

the most likely: that final deposition of fine sediment

lagged deposition of coarse sediment, potentially by

tens to hundreds of thousands of years, due to remobi-

lization and deposition during flood events that can

waft sediment high into upper level passages (Fig. 1).

Such floods are not unexpected in the mountainous

Sierra Nevada, where even historical floods have in-

creased mean peak river discharges by orders of mag-

nitude. Discordance between coarse sediment burial

ages and fine sediment paleomagnetism has been

noted in other flood-prone caves [14].

We argue that the discrepancies in cave ages shown

by the three dating methods are best explained in terms

of the timing of deposition. In most cases, only coarse
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sediment can be reasonably assumed to have been

deposited during the waning stages of cave develop-

ment. Fine sediment is easily reworked, and can be

deposited much later by floods entering cave passages

well above base level. Inception of drip-type spe-

leothem growth does not relate to base level lowering,

and may commence at any time. The age discrepancies

shown by the three dating methods suggest potentially

large time lags between deposition of these materials,

even when they are in close proximity.

6.2. Direct comparison of dating methods: Crystal

Cave

Thus far we have compared all of the dated cave

deposits rather broadly using the model of cave de-

velopment outlined in Fig. 1. How well do adjacent

deposits in the same cave, and even in the same

sediment deposit, compare? We collected 30 sediment

and speleothem samples from Crystal Cave (Fig. 5), a

multilevel cave with abundant stratified deposits (see

Appendix A). The development of Crystal Cave

closely mirrors the conceptual model illustrated in

Fig. 1: as bedrock incision of Cascade Creek lowered

the water table through time, multiple cave levels

were left perched progressively higher within a steep

ridge (Fig. 5A).
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The ages from Crystal Cave mirror the age dispa-

rities found in other caves. Speleothem ages range from

21.9F0.4 toz400 ka, but do not show a clear trend of

increasing age with height above Cascade Creek (Fig.

5). A z400 ka aged speleothem (CC-MH-1U) is the

second lowest sample, indicating that none of the stra-

tigraphically higher speleothems provide accurate cave

ages. In contrast, sediment burial ages range from

0.56F (0.16) to 1.17F (0.18) Ma and show the

expected older-upward pattern (Fig. 5B). Multiple

burial samples collected from two levels show excel-

lent age agreement, well within analytical uncertainty

(Tables 3 and 4). Although thez400 ka age of CCMH-

1Umay at first seem anomalous, and therefore suspect,

when compared with other speleothem ages, burial

ages suggests that this is the only dated speleothem

that correctly identifies the passage age.

Interstratified calcite and sediments offer the most

direct comparison of dating methods, but such depos-

its are rare in Sierra Nevada caves, and are generally

uncommon. In the one instance in which we found

interstratified calcite, it was too contaminated with

detrital Th to obtain a reliable U–Th age, a frequent

problem with dating such layers. However, we were

able to apply all three dating methods to one stratified

deposit in Crystal Cave (Fig. 6). Burial dating of
Bedrock
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gravel
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Fig. 6. Stratified deposit ages from Crystal Cave. Scale bar is 5 cm. Bedro

burial age of 860F (160) ka. Overlying silt layer shows normal polarity, i

Flowstone layer with a U–Th age of z400 ka caps deposit. Although dep

age provides accurate absolute age for cave passage development.
coarse sand and gravel resting on bedrock yielded

an age of 860F (160) ka. An overlying silt layer

shows a clear normal polarity signal. In this case,

the burial age and magnetic polarity are generally

consistent. If the silt was deposited shortly after the

coarse sediment (for instance, during the waning slack

water stage of a flood event), then the normal polarity

serves to reduce the uncertainty in the burial age,

suggesting that the coarse sediment was deposited

just prior to the last magnetic field reversal 780 ka.

The capping speleothem layer yielded an age of z400

ka, consistent with both the burial age and the paleo-

magnetic orientation, but obviously not providing

precise age control. If only the minimum age of 400

ka were used to estimate the age of this passage, it

would underestimate the age by at least a factor of

two. In other passages, age discrepancies between

coarse sediment and adjacent speleothems are greater

than an order of magnitude (Fig 5B).
7. Implications for landscape evolution studies

Speleothem U–Th ages provided the first quantita-

tive estimates of landscape evolution based on cave

development (e.g., [7,24–26]), and continue to be
l (<780 ka)

 (160) ka

 ka

ck floor is just below bottom of photograph. Coarse sediment has a

ndicating deposition following Brunhes–Matuyama reversal 780 ka.

osit ages are stratigraphically consistent, only coarse sediment burial
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used in incision studies (e.g., [9]). These studies are

usually explicit regarding the problem of minimum

speleothem ages, and emphasize that resulting inci-

sion rates should be considered maximum rates. Un-

fortunately, the importance of these rates as maxima

tends to become lost in subsequent citations, creating

a bias toward fast rates of landscape evolution.

Until now the sensitivity of speleothem ages to

potential bias in cave age, and thus in incision rate,

has not been well-quantified. This sensitivity is clear-

ly illustrated in Fig. 4. The steepest straight line

drawn to include all speleothem ages yields a max-

imum incision rate of 0.03 mm yr�1 (Fig. 4). This

line hinges on a single z400 ka age sample posi-

tioned relatively close to river level. If the two z400

ka age samples had not been collected, or if they

were ignored as outliers, the inferred maximum in-

cision rate based on the majority of speleothem ages

would be 0.32 mm yr�1 (Fig. 4). Stated as a max-

imum, this latter rate is not incorrect, but it places

only a basic constraint. In contrast, coarse sediment

burial ages reduce maximum incision rates to ~0.03–

0.05 mm yr�1, and omitting any one data point does

not significantly alter the slope of the maximum

incision line (Fig. 4). Because coarse sediment de-

position corresponds closely in time with cave de-

velopment, burial ages provide more accurate esti-

mates of cave age; they still provide only maximum

incision rates, but these are likely much closer to the

actual rates.
8. Conclusions

All cave deposits necessarily postdate cave devel-

opment, and even the youngest deposits provide min-

imum cave ages that place maximum limits on

landscape evolution rates. Yet, our results from Sierra

Nevada caves suggest that relying on either drip-type

speleothem U–Th ages or fine sediment paleomagne-

tism can greatly exacerbate the minimum age bias,

promoting erroneously fast rates of landscape evolu-

tion. Speleothem U–Th ages, while accurately dating

the inception of speleothem growth, provide the least

accurate cave ages because speleothem growth often

significantly lags cave development, and because U–

Th dating is limited to ~400 ka. Paleomagnetism can

place important age constraints on sediment deposi-
tion more likely contemporaneous with cave develop-

ment, but is limited by the fact that caves frequently

do not possess the continuous stratigraphic sections

necessary to correctly correlate reversals, and by the

fact that fine sediment can be remobilized and depos-

ited by floods in passages well above base level.

Episodic deposition can lead to misidentification of

reversals, resulting in underestimation of cave ages

and overestimation of incision rates. One of the key

strengths of cosmogenic burial dating is that it

requires no correlation with another time scale. Burial

dating of coarse sediment further reduces minimum

age bias because coarse sediment is usually deposited

as bedload at or near base level during the waning

stages of cave development. 26Al/10Be burial dating is

particularly useful because it requires only quartz, a

common clastic mineral, and because its age range,

~0.3–5 Ma, is well beyond the limit of U–Th dating.

Although simple stratigraphic relations dictate that

speleothems be younger than underlying coarse sedi-

ment, our results reveal that speleothems may be

younger by more than an order of magnitude. Fine

sediment deposition is often younger than coarse

sediment by an undeterminable amount. This suggests

caution in using speleothem U–Th dating or fine

sediment paleomagnetism alone to date caves for

landscape evolution studies. When dating method

limitations, stratigraphic relations, and complex depo-

sitional histories are considered, cosmogenic burial

dating of coarse clastic sediment appears to be the

best method for dating cave development in moun-

tainous regions.
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