


 
Studies of Cave Sediments 

Physical and Chemical 
Records of Paleoclimate 



 

 

 

 

 

 

Studies of Cave Sediments 

Physical and Chemical 
Records of Paleoclimate 

Edited by 

University of Akron, 
Ohio, USA 

and 

John Mylroie 

Revised Edition 

Ira D. Sasowsky 

Mississippi State University, 
Mississippi, USA 



A C.I.P. Catalogue record for this book is available from the Library of Congress.

Published by Springer,
P.O. Box 17, 3300 AA Dordrecht, The Netherlands.

www.springer.com

Printed on acid-free paper

All Rights Reserved

No part of this work may be reproduced, stored in a retrieval system, or transmitted
in any form or by any means, electronic, mechanical, photocopying, microfilming, recording
or otherwise, without written permission from the Publisher, with the exception
of any material supplied specifically for the purpose of being entered
and executed on a computer system, for exclusive use by the purchaser of the work.

ISBN-13  978-1-4020-5326-9 (HB)
ISBN-13  978-1-4020-5766-3 (e-book)

Background photo: Well-developed folia in Browns Room, Devil s Hole, Nevada.

Cover Illustrations

Reprinted with corrections 2007

’

© 2004, 2007 Springer

Photo by lra D. Sasowsky.

Photo by Alan Riggs.

First published 2004 by Kluwer Academic Publishers / Plenum Publishers, New York

Insert photo: Stalactites in Poor Farm Cave, Pocohantas County, West Virginia.



















 

vertically into the underlying conduit system. All of these materials are commingled to 
yield the modern day cave sediment piles. As base levels are lowered, entire flow paths 
in karst are often abandoned resulting in higher elevation, dryer, ancestral cave passages. 
Once these passages are abandoned, the sediment deposits in them will not be exposed to 
erosive forces that might rework them. Cave sediments in abandoned passages preserve 
the final episode of deposition and have been found to span the time scale from the late 
Pliocene to the Present (Schmidt, 1982) 

The sources for clastic sediments in the fluviokarst carbonate aquifers found 
commonly in the eastern United States are shown in schematic form in Figure 1. This 
conceptual model is appropriate when a portion of the drainage basin lies on non-
carbonate rocks. Drainage basins such as this provide the following sources for clastic 
sediments. 

(i) The clastic load from allogenic surface basins carried into the karst aquifer by 
sinking streams. The character of these materials depends on the geology and relief of 
the allogenic drainage basins. In the eastern United States, the rocks underlying allogenic 
drainage basins are typically shales and sandstones. However, allogenic basins may 
contribute granitic or basaltic weathering products or indeed any rock material that 
happens to underlie the allogenic surface stream basins. Influxes of glacial till are 
common in some basins. Low relief basins may carry only fine silts and clays. High 
relief allogenic basins may carry loads of pebbles, cobbles and boulders. On those 
tributaries with no surface overflow routes, any and all clastic materials derived from the 
allogenic basins will ultimately be carried into the karst aquifer. In the case of sinking 
streams with no surface overflow routes, simple mass balance arguments demand that 
transported clastics must be carried through the karst aquifer. 

(ii) Soils and regolith from the karst surface flushed into sinkholes by storm runoff. 
Also carried underground would be glacial tills, volcanic ash, and any other movable 
material accumulated on the land surface. Sometimes these materials are injected 
directly into the karst aquifer through the open throat of the sinkhole. In other cases, the 
sediments are accumulated in the bottom of the sinkhole and then are released abruptly to 
the subsurface through piping failures. These materials may or may not be distinct from 
the allogenic sediments depending on the contrast between the regolith on the carbonate 
rocks compared with the regolith on the non-carbonate rocks of the allogenic catchments.  
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Figure 1. Profile sketch showing various sediment inputs to a fluviokarst aquifer representative of many of the 
karst areas of the eastern United States.   





 

 

 

 

 

 

 

 

 

Flow sheet for sediment budget within a karst aquifer. 

runoff into sinkholes, Sd is the sediment settling into the conduit system through 
w s

quantity of sediment either deposited in storage or removed from storage. Of importance 
is the storage term. The net storage averaged over long periods of time must satisfy the 
relation 

0 (2)sS
t

∂⎡ ⎤ ≤⎢ ⎥∂⎣ ⎦
 

If the net change of sediment in storage does not satisfy equation (2), the conduit system 
will ultimately clog up, thus blocking the high capacity ground water flow path, and 
allogenic recharge will be forced back onto surface routes. 

Karst spring hydrographs have a range of responses from those with little or no 
response to storms to extremely flashy responses with storm flows increased by a factor 
of 100 over base flows. The flashiness of the response depends on the degree of 
development of the conduit system and on the fraction of allogenic recharge in the 
drainage basin. Flashy drainage systems are generally more effective at clastic sediment 
transport. 
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3.3 Importance of Storm Flow 

Figure 2. 

ave

fractures, S  is the weathering residuum from dissolution of carbonate rocks and S  is the 





 

sedimentary sequence depends on available source material so the contrast between  
 

 

 

 

 

 

 

 

 

 

 
Figure 3. 

facies types may be indistinct if a range of source materials is not present. The facies 
types are sketched in Figure 3 to show the populations as completely distinct in order to 
locate them on the diagram. For most real sedimentary deposits, the facies types would 
be less distinct and probably overlap. 

The channel facies represent sediments that have been sorted or partially sorted by 
transport along the conduit. They make up the bulk of the clastic sediments found in 
cave passages. When seen in stratigraphic section, channel facies are found to consist of 
distinct beds of silts, sands, and gravels. These materials are often well-sorted within a 
given bed but bed lithology changes rapidly along the stratigraphic section. A typical 

The 3-meter passage is filled to the roof with bedded sands and gravels which result 
from various flow conditions at a time when the passage was an active streamway. 
Channel facies represent a diverse collection of materials that could easily be subdivided 
into various subfacies as needed to describe specific sites. Because the detailed 
characteristics of the sediments depend on both flow regime and source materials, it does 
not seem useful to make further generic subdivisions of the facies. 
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4.3 Channel Facies 

of sorting as indicated schematically in Figure 3. The actual content of any given 
The distinction between the facies is mainly made on particle size and on the degree

“stratigraphy” is illustrated with a drawing from Davies and Chao’ s (1959) report (Fig. 4) 

Schematic representation of sediment facies in terms of sorting and particle size. 



 

 

 

 

 

 

 

 

 

 

 

Channel facies sediments are transported mainly as bedload. The varying particle 
sizes found from bed to bed appear to represent different flow regimes. The ability of 
any given flow regime to transport sediment is determined by the boundary shear 
between the moving water and the movable sediment bed. The boundary shear is related 

21 (3)
8

fvτ ρ=  

where τ is the boundary shear in Nm−2, ρ is the density of the fluid in kgm−3, f is a 
dimensionless friction factor, and v is the water velocity at the boundary in msec−1

critical boundary shear necessary to move particles of a given size has been determined 
experimentally for a great variety of particles (Vannoni, 1977). For the particle size 
range from 0.5 to 100 mm, the data can be fitted approximately by least squares 
regression to the empirical equation 

0.067 (4)c Dτ =  

8  R. F. BOSCH and W. B. WHITE

’

to flow velocity through Newton’ s stress law: 

1.08
50

Rose s Pass, Mammoth Cave, Kentucky.  From Davies and Chao (1959). 

. The 

Figure 4. A representative cross-section of channel facies sediment. The Chaperon, a filled side passage on 
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Figure 5. 

  and Burns (1964). 

R. F. BOSCH and W. B. WHITE

Map of Columbian Avenue, Flint Ridge section of Mammoth Cave showing location of sediment pits. 
Underlined numbers are elevations in meters above pool stage of Green River. Base map adapted from Brucker  



Kentucky showing lithologic characteristics of channel facies. Columns are keyed to core locations shown in 

Carwile and Hawkinson (1968). 
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Figure 6. Series of stratigraphic columns along Columbian Avenue, Flint Ridge section of Mammoth Cave

figure 7. Note the total column thickness; original columns were drawn to two different scales. Original data from 



 

passage, but these sections are not very useful for the interpretation of depositional 
processes. 

The karst aquifer of which the Mammoth Cave System is a part consists of a well-
defined set of ground water basins each of which has multiple inputs and all of which 
drain ultimately to springs on Green River (Quinlan and Ewers, 1989). One of the largest 
is the Turnhole Basin. The master trunk draining to the Turnhole Spring has an internal 
confluence of two very large tributaries known as Hawkins River and Logsdon River. 

These samples were sieved and distribution functions plotted (Fig. 8). Samples taken 
from the same tributary produced very similar distribution functions. Comparison 
between the two tributaries shows that the sediments being transported down the two 
“rivers” are dramatically different in spite of the similar hydrogeologic setting. 

Logsdon River has been explored upstream from the confluence for more than seven 
kilometers. It more or less parallels the escarpment at the southern edge of the Mammoth 
Cave Plateau and is a master drain for the karst as far northeast as Roppel Cave. It is 
known to receive recharge from valley drains and vertical shafts and also from the 
sinking streams and sinkhole inputs on the Sinkhole Plain to the southeast. The Logsdon 

than the smallest sieve size used. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Cave, Kentucky. The PVC pipe is a test well used for hydrologic measurements.  
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Mammoth Cave: Logsdon/Hawkins River 5.1.2 

Stream sediments were sampled at several points upstream from the confluence (Fig. 7). 

River sediments are mainly silts and fine sands with 40 – 60% of the material smaller 

R. F. BOSCH and W. B. WHITE

Figure 7. Sketch showing sampling locations at the confluence of Logsdon River and Hawkins River, Mammoth 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

= site 5; open circles = site 4. Hawkins River: solid square = site 2; triangles = site 3.  

The ultimate source of Hawkins River is not known because the main river sumps a 
short distance upstream from the confluence. The Hawkins River sediments are more 
uniformly distributed over the range of silt to gravel with less than 10% of the material 
smaller than the smallest sieve size used. 

The contrast between the two tributaries could be a matter of provenance, a contrast 
between sediment derived from the Plateau compared to sediment derived from the 
Sinkhole Plain. It would also be a matter of transport with Hawkins River being the 
higher energy stream. 

Rock Spring, Centre County, Pennsylvania, is the drain for a 14.2 km2 ground water 
basin. The basin is elongate along the trend of the Appalachian folding. Roughly one 
third of the basin is in folded Ordovician limestones; the remainder is underlain by 
Orodvician and Silurian shales and sandstones that make up Tussey Mountain which 
trends northeast-southwest along the trend of the Appalachian folding. More than 50% of 
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5.1.3 Rock Spring 

Figure 8. Particle size distribution in Hawkins and Logsdon Rivers. Logsdon River: diamonds = site 1; asterisks 



 

the recharge is mountain runoff that sinks in a series of swallets along the flank of the 
mountain. The master conduit that feeds the spring is developed parallel to strike and 
thus parallel to the mountain. Rock Spring has been used as a test site for a variety of 
karst water investigations. See Jacobson and Langmuir (1974) for a more detailed 
description. 

The conduit that feeds Rock Spring is entirely in the phreatic zone. It has been 
explored by SCUBA diving for roughly 400 meters. The conduit carries a flux of clastic 
sediments. The diver reports a lift tube where the flow rises about 4 meters up a slope. 
Channel facies sediments collected from bottom and top of the lift tube were dried and 
sieved. The resulting grain size distribution (Fig. 9) reveals little difference between the 
bottom and the top of the tube. These sediments are being swept down the conduit by 
pipe flow and quite clearly follow undulations in the pipe. 

Tytoona Cave, Blair County, Pennsylvania provides an example of thalweg facies. 
Tytoona Cave is a segment of trunk passage carrying an active stream that drains a 
substantial portion of Sinking Valley (Fig. 10). The cave is subject to flooding. The 
stream flows in a wide, shallow channel with an armoring of gravel sized sandstone and 
siltstone derived from the Silurian clastics that make up the ridges bounding Sinking 
Valley. Surface runoff from the ridges carries the clastic material into the karst drainage 
system. 
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5.2 Thalweg Facies 

5.2.1 Tytoona Cave  

R. F. BOSCH and W. B. WHITE

Figure 9. Grain size distribution in feeder conduit of Rock Spring. Diamonds: bottom of lift tube; squares: top  
of lift tube.  



 

 

 

 

 

 

 

 

 

 

The streambed in Tytoona Cave consists of winnowed gravels at the surface. This 
surface layer is generally about the thickness of the diameter of the largest grain size 
represented. Near the cave entrance, the largest particles are cobbles and boulders, some 
as large as 40 cm in diameter. Qualitatively, the armor layer exhibited a fining trend 
downstream to a largest gravel size of 7 cm just upstream from a pool and low ceiling 
reach known as the “duckunder”. Downstream from the duckunder are gravels with 
particles as large as 13 cm. These fine downstream to about 2.5 cm just upstream from 
the terminal sump. Beneath the winnowed cobble layer is a deposit generally consisting 
of sands mixed with gravels. Grain sizes beneath the winnowed layer are finer than the 
armor layer and also appear to exhibit a downstream fining trend. 

Sediment samples were collected from Tytoona Cave with sampling sites spaced at 
about 30 m intervals (sample sites are shown by number on Figure 10). Two samples 
were taken at each site using a shovel. The first sample was taken from the well-
winnowed armor layer. The second sample came from directly below the first. These 
were collected to a depth of about 7.5 cm below the bottom of the first sample. Both sets 
of samples were dried, sieved, and the particle size distribution plotted (Fig. 11-a,b). The 
sediments sampled from below the armor layer did indeed show a general downstream 
fining trend. The winnowed armor layer shows a much narrower distribution of sizes 

grains. Unfortunately, the accessible segment of Tytoona Cave is only a small fraction of 
the total conduit so that particle size distributions along the entire drainage channel 
cannot be determined. 

The Butler Cave-Sinking Creek System, Bath County, Virginia (White and Hess, 
1982) is developed with a master trunk passage along the axis of a syncline. Tributary 
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5.2.2 Butler Cave 

Figure 10. Map of Tytoona Cave, Blair County, Pennsylvania showing sample locations. 

than the underlying material. The thalweg facies consists entirely of coarse (8 – 32 mm) 



 

 

 

 

 

 

 

 

 

 

Figure 11. Thalweg facies in Tytoona Cave. (a) Armor layer making up the surface of the stream bed 
sediments. (b) Sediment lying directly below surface layer. There is both a surface and a subsurface 
distribution for each sample site. These are keyed to the site numbers shown on figure 10: diamonds = site 1; 
solid squares = site 2; triangles = site 3; open circles = site 4; asterisks = site 5; solid circles = site 6.  

passages are developed along the flank of the syncline. These serve as inlets for clastic 
sediments flushed down the sides of Jack Mountain into a set of swallets. As a result, the 
trunk passage contains extensive beds of sand, gravel, and sandstone cobbles. The 
central portion of the trunk passage presently acts as an overflow channel and carries 
water only during flood events. Flood flow is injected from the flanks of Jack Mountain at 
high velocities, and as a result the thalweg facies is very well winnowed with only the 
coarsest cobble material remaining. The photograph (Fig. 12) was taken in the trunk 
channel near Sand Canyon (map in White and Hess, 1982) at a location where there are  
no nearby inlet points. The coarse material is mainly sandstone cobbles which have been 
carried down the low gradient trunk channel. 

Most caves that contain clastic sediments contain slackwater facies. The slackwater 
facies material consists of the layer of clay or perhaps clay and silt that makes up the 
topmost layer of the sediment. Caves subject to flooding collect a layer of slackwater 
facies every time the cave fills with water. 

Mammoth Cave provides excellent exposures of slackwater facies (Fig. 4). At the 
tops of most sediment piles is a layer, seldom more than a few cm thick, of thinly layer 
clay and very fine silt. Some of these sedimentary layers are varved, apparently 
representing an annual cycle of flooding with the rise and fall of the ancestral Green 
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5.3 Slackwater Facies 

5.3.1 Mammoth Cave 

R. F. BOSCH and W. B. WHITE



 

River. X-ray examination of the material reveals mainly quartz. Clay minerals are a 
relatively minor component. 

Diamicton facies, by their nature, do not lend themselves to direct observation. 
There may be one example known from anecdotal evidence, that of Mystic Cave, 

3

communication). Mystic Cave consists of a single conduit with a small surface stream 
sinking at one end, flowing through the cave for roughly 1000 meters to emerge at a 
spring. A tributary stream enters the cave about two-thirds of the distance downstream. 
The mass of material torn loose during the storm was flushed through the cave as a single 
debris flow. Later, masses of unsorted clastic material ranging from clays to cobbles 
were found piled on flowstone and wedged in crevices, very much like the diamicton 
facies. The characteristic of the diamicton facies is that entire sediment piles are 
mobilized and move as a single debris flow. In this particular example, the November, 
1985 storm was calculated to have a greater than 500 year return period in the Potomac 
River Valley of Pendleton County. Diamicton facies appear to record rare events in the 
cave depositional history. 

 

 

 

 

 

 

 

 

 

 

 

 Figure 12. Photo of thalweg facies in Butler Cave main stream channel. 
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5.4 Diamicton Facies 

5.4.1 Mystic Cave 

one of the cave’s entrances and flushed through the cave (J.J. Van Gundy, personal 
et al., 1987) a mass of soil and regolith on the order of 1000 m  was torn from a field above 
Pendleton County, West Virginia. During the great West Virginia flood of 1985 (Clark 



 

The Butler Cave - Sinking Creek System, Virginia, USA contains large deposits of 
what appear to be a diamiction facies, These occur in the tributary caves oriented down  
the flanks of the syncline (Hess and White, 1982; Chess et al., in preparation). These dip 
passages have a much steeper gradients than do most cave passages. The upstream ends  
of the tributaries are along the flanks of Jack Mountains, a quartzite capped ridge that  
is the source of much of the sediment. Although the updip ends of the passages are now 
occluded by breakdown and surface weathering material, it appears that the sediment was 
flushed into the passages from the mountain side. These deposits are plastered into 
recesses in the passages walls and fill side passages. The sediment is mostly sandtone. 
There is no evidence of bedding and no sorting. A completely chaotic mix of particle 
sizes ranges from sandstone clasts 10 to 20 cm across down to fine sand and clays (Fig. 
13). 

The distribution of sediment masses in the dip slope passages suggest a debris flow 
that swept down the passage under completely pipe-full conditions. Recesses and side 
passages served to break the dynamics of the flow and thus trap localized masses of 
sediment. It is suspected, although not proven, that the initiation and transport of the 
diamicton flows was related to climatic conditions much wetter than presently occur in 
this part of Virginia. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

20  

5.4.2 Butler Cave 

Figure 13. Photo of diamiction facies. Dave’s Gallery in Butler Cave.  

R. F. BOSCH and W. B. WHITE











 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Location of the Terrieu Creek study site. 

percussion-drilling rig and without the use of drilling mud. Well P7 is known to intercept 
a zone of slight fracturing at 40 to 50 m, whereas well P8 intercepts highly-fractured 
zones at 10 to 12 and 42 to 45 m; water-level changes in the two wells in response to 
rainfall closely mirror one another (Botton, 1984). The effective hydraulic conductivity 
of the zone penetrated by P7 is 10−7 to 10−9 m/s and that of P8 is 10−1 to 10−3 m/s, as 
determined by pump test (Drogue, 1974). 

The assumed source of fecal coliform contamination is a wastewater treatment plant 
located 400 m upstream of the well field. Primary-treated wastewater is collected in a 
basin; during rain storms, the retention basin sometimes overflows and the treated 
wastewater flows into Terrieu Creek. Previous research by Malard et al. (1994) at this  
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Figure 2. Histogram of rainfall and indication of timing of events. 

site demonstrated the relation between the wastewater treatment plant, fecal coliform 
contamination in Terrieu Creek, and contamination of nearby wells. Primary-treated 
wastewater is used for irrigation of a pine plantation located between the well field and 
the treatment plant. There is no known source of bacterial contamination within the 
confines of the well field. 

Samples were collected before, during, and after a rainfall of 28 mm spread out over 
about 18 hours (Figure 2). Prior to the sampled storm event, no rain had fallen for 2 
weeks, and the surface stream had not flowed for 4 weeks. Downhole pumps were 
installed, three well volumes purged, and initial samples collected before rainfall began. 
Water level was monitored in well P20, located in the same well field as P7 and P8. 
Piezometric level in P20 is highly correlated to that in P7 and P8 (Botton, 1984). A 
downhole piston and a downhole diaphragm pump were used to pump the wells at a rate 
of 5.5 L/min. Once rainfall began, samples were collected from the wells and the surface 
stream every 3 hours initially, then tapering off after the first 48 hours. Total suspended 
solids were determined by weight difference after vacuum filtration. 

Each sample was split for analysis of the whole (unfiltered) water and analysis of 
sediment-associated bacteria. Samples for whole-water analysis were sonicated to 
disaggregate microbial masses and detach bacteria fixed to sediment. Samples for 
analysis of bacteria associated with suspended sediment were gently agitated and filtered 
through an 8-µm membrane (for this study the bacteria-sediment conglomerate was 
operationally defined as having a minimum size of 8 µm to preclude retention of any 
unadhered bacteria). Sterile distilled water was then passed through the membrane to 
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2.2  Karst Bacteria Field Investigation: Methods 





 

 

 

 

 

 

 

 

 

 

 

 

response to a storm.  

temporal pattern (Figure 4b,c), with suspended sediment from both wells initially 
much less contaminated than that in the surface water. During the latter part of the sampling 
period, the suspended sediment in both wells, and particularly in the fissured well (P8), 
had bacterial densities much more similar to that of the surface water. 

Ground-water quality responded virtually immediately (less than 3 hours, the 
sampling interval) to changes in surface-water quality (Figure 3a,b). The source of the 
first peak in bacterial densities is most likely the upstream wastewater treatment facility, 
which overflows into Terrieu Creek after heavy rainfall. The source of the second 
increase in bacterial densities, which occurred long after overland flow had ceased and 
when flow in the creek had decreased to a trickle, could not have been the wastewater 
treatment plant. One possibility is that, given the warm daytime air temperatures 
(~25°C) and the almost stagnant condition of the water in the creekbed, bacterial 
populations in the ponding water underwent explosive growth, and infiltrated from the 
surface water into ground water. Alternatively, it is possible that bacteria were 
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2.4  Karst Bacteria Field Investigation: Discussion and Implications 

Figure 3. Concentrations of TSS (a) and fecal coliform density (b) in wells P7 and P8 and Terrieu Creek in 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Percent fecal coliform associated with particulates in wells P7 and P8 and Terrieu Creek (a); and 
comparison of fecal coliform densities in whole water (b) and on suspended sediment (c) in each of the two wells to 
that in surface water. Ratios are calculated as CFU/L in each well divided by CFU/L in Terrieu Creek for whole 
water, and CFU/g in each well divided by CFU/g in Terrieu Creek for suspended sediment.  

multiplying simultaneously both in the surface water and in the ground water, resulting in 
similar densities of bacteria in both surface and ground water during this second peak. 
This hypothesis is supported by the fact that, during the latter portion of the sampling, 
bacteria densities in well P8, both in whole water and on suspended sediment (Figure 
4b,c), were actually greater than those in the surface water. It may be that conditions 
within the aquifer were more favorable for the growth and/or survival of bacteria than 
conditions at the surface. A third possibility is that during the early portion of the 
response to the storm, fecal coliform and sediment stored in small conduits intercepted by 
the wells were remobilized. Because the sediment would have been in storage since a 
previous event, the bacterial counts would be expected to be lower because of die-off. 
However, the travel time from Terrieu Creek to the wells is sufficiently short that the 
influence of the creek would have been seen long before the second increase in bacterial 
levels, 60 hours after the onset of rainfall. 
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 Figure 5. The three segments of the Edwards (Balcones fault zone) aquifer. 

the particle surface area, potentially lending them an important role in contaminant 
transport. Characteristics such as mineralogy, surface area, and organic carbon content—all 
of which influence the degree to which contaminants adsorb to sediments—have yet to be 
described. 

3.1. Sediment Characteristics Field Investigation: Background 

An investigation of temporal variation in geochemical characteristics of suspended 
sediment in response to a storm was carried out at Barton Springs, the fifth largest spring 
in Texas (Mahler and Lynch, 1999). Barton Springs is the primary discharge point  
for the Barton Springs segment of the Edwards aquifer (hereinafter referred to as the Barton 
Springs aquifer), located in central Texas, one of the most rapidly urbanizing regions in  
the United States (Figure 5). The aquifer and its watershed are divided into three areas: 
the contributing zone, the recharge zone, and the confined zone (Figure 6). The  
contributing zone is not hydrogeologically connected to the aquifer, but surface water 
originating in this zone ultimately flows, via five main creeks, onto the highly permeable 
recharge zone. Once over the recharge zone, defined by the area where the highly 
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Figure 6. The Barton Springs aquifer and contributing zone and location of sampling sites. 

permeable Edwards and Georgetown Limestones outcrop, water infiltrates into the 
aquifer through sinkholes and fractures in the creekbeds. Slade et al. (1986) estimate that 
85% of aquifer recharge occurs in this way, with the remaining 15% occuring through 
direct infiltration on the uplands. The confined zone is the artesian portion of the aquifer, 
where the Edwards and Georgetown Limestones are confined by the relatively 

generally from west to east, ground-water flow is predominantly NNE, and about 90% 
discharges from Barton Springs. The series of NNE-trending high-angle normal faults 
comprising the Balcones fault zone are responsible for the structurally controlled 
direction of subsurface flow (Slade et al., 1986). 

The travel time from recharge to discharge is difficult to define, as the distance from  
the most distal part of the recharge zone to Barton Springs is about 30 km, and recharge 
occurs through both large and small recharge features in and outside of creekbeds. 
However, some idea of travel times can be gained from various ground-water traces: a 
trace carried out during high flow conditions demonstrated that recharge from 
Williamson Creek discharged from Barton Springs in less than 30 hours (Hauwert et al.,  
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impermeable Del Rio Clay. Although surface flow across the aquifer’s watershed is 





 

 

 

 

 

 

 

 

 

 

 

Figure 7. 

microscope for visual identification. The particulate fraction in the remaining sample 
was concentrated by in-line centrifugation: sample was pumped at a steady rate of 120 
mL/min through a Servall in-line system rotating at 6,000 rpm; the 3.3-minute residence 
times corresponds to collection of the >0.3-µm fraction, the operational definition of 
particulate for this study. Particle-size distributions (PSD) were determined by the 
Coulter Counter system. Mineralogy was analyzed by powder X-ray diffraction with a 
Siemens D-500 diffractometer, and the data were interpreted as described in Lynch 
(1997). Turbidity, pH, and specific conductance (SC) were measured in situ using a 
Horiba Model U-10. 

The response of Q to the storm events is difficult to ascertain, as it was obscured by 
the immediate and dramatic increase caused by removal of the dam gates after the storm 
events (Figure 7). However, it is clear that the spring hydrographs would have peaked at 
some time less than 26 hours after rainfall. 

Concentrations of TSS began to increase 8 to 9 hours after rainfall began, and peaked 
at about 12 to 15 hours (Figure 8). The shape of these sedigraphs is similar to those of a 
typical storm hydrograph, with a steep rising limb and a more gradually-tapering falling 
limb. The total mass of sediment discharged for storms 1 and 2 was about 805 and 1,013 
kg, respectively, based on results of the TSS analysis and Q. 

Inspection of the particles trapped on the filters revealed numerous fibers in a wide 
range of colors and lengths. Some fibers were coated with what appeared to be dark 
brown-black organic matter, and others were ensnared in clumps of inorganic particles 
and organic matter. Individual pieces of organic matter ranged from a few microns to 50 
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Barton Springs discharge (Q) after storms 1 and 2. Note the increase in Q. 

3.3.  Sediment Characteristics Field Investigation: Results 



 

 

 

 

 

 

 

 

 

Figure 8. 

µm in diameter. Based on visual inspection, the amount of organic matter seemed to 
increase with increasing TSS, giving the filter a rich tan color at the peak of the  
sedigraph. Pieces of quartz, calcite, and dolomite were recognizable on the filters, and  
other particles 10 to 20 µm in diameter in shades of fuschia-pink, bright green, and 
turquoise blue were rarer but present. 

Temporal changes in mineralogy were somewhat similar between the two storms,  
but with some differences (Figure 9). For both storms, clay and dolomite were  
predominant with lesser amounts of quartz and calcite. After both storms, the amount of 
clay minerals in the samples increased throughout the response to the event. However, at  
the beginning of the response to storm 2, calcite was present in a proportion equal to that  
of clay and dolomite before dropping off about 12 hours after rainfall began. The  
response to storm 2 also showed a marked peak in dolomite coincident with the TSS peak. 

The particle-size distribution function (PSDF) is expressed as the number of particles 
per milliliter of solution per class size (particles ml−1 µm−1); a representative PSDF for the 
storms (as computed for storm 1) is shown in Figure 10. A cubic regression, determined  
to be the best fit for the data, was used to compute the PSDF at 4 and 10 µm (N4µ and  
N10µ) and dmax, defined as the particle diameter for which only 10 particles were counted. 
Changes in these three parameters in response to the storms are shown in Figure 11. 

Visual evidence and timing of sediment peaks indicate that some portion of  
discharging sediments is allogenic. The colored fibers and organic matter are both  
clearly allogenic. Sediment samples collected from Barton Springs have an organic  
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Changes in TSS in response to storms 1 and 2.  

3.4.  Sediment Characteristics Field Investigation: Discussion 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
and as concentration in milligrams per liter of sample (c and d). 

 
carbon content of 1.6 to 2.9% by weight (U.S. Geological Survey, unpublished data), 
similar to that of surface samples and greater than that of sediment from wells and caves 
in the recharge zone (Mahler et al., 1999). 

Peak concentrations of TSS coincide with changes in specific conductance,  
indicating flushing of surface water through the aquifer (Mahler and Lynch, 1999) and 
possibly a surface origin for much of the sediment. Although the removal of the dam  
gates coincides with increases in TSS during the two storms, the increase cannot be 
attributed to removal of the gates—note, for example, that although the dam gates were  
not in place at the beginning of storm 1 (Figure 7), TSS was only 1 mg/L (Figure 8). The 
gates have been removed dozens of times during routine pool maintenance without  
resulting in an increase in turbidity, as recorded at 15-minute intervals on a DataSonde 
installed in the main spring orifice (David Johns, City of Austin, unpublished data). 
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Figure 9. Changes in mineralogy in response to storms 1 and 2 as percent by weight of total sediment (a and b) 



 

 

 

 

 

 

 

 

equation.  

 
Furthermore, TSS increased 12 to 24 hours following rainfall even in instances where the 
pool gates have not been removed (David Johns, City of Austin, unpublished data). 
Increases in TSS must therefore be caused either by changes in flow conditions at the 
surface or in the more distal parts of the aquifer unaffected by a change in head at the  
spring. 

Temporal changes in mineralogy indicate a varying contribution of sediment from 
different sources. The gradual increase in proportions of clay over time was not matched  
by a gradual decrease in the other three mineralogical constituents over time for either 
storm. The increase in clay minerals cannot be attributed solely to a hydraulic change 
causing the small, platy clay minerals to stay in suspension as other minerals drop out, 
because dolomite both increases and decreases while clay is increasing during storm 2.  
One hypothesis is that different aquifer compartments are accessed at different stages of  
the storm surge. Mahler et al. (1999) found statistically significant differences in  
mineralogy of sediments from the surface, in wells, and in caves in the Barton Springs 
recharge zone. Surface sediments were calcite rich and may contribute to the initial pulse  
of sediment discharging from the spring. Furthermore, it is unlikely that the clay and 
dolomite share the same source, as those compartments found to have a high proportion  
of dolomite contained little or no clay. 

A second and more likely hypothesis to explain the variability in mineralogic 
composition of the suspended sediment over time stems from mineralogic differences at  
the surface. The different members of the Edwards Group outcrop across the aquifer, and 
each have subtly distinct clay mineralogies. Spatial variation in rainfall and differences  
in travel time could result in the appearance of these distinct sediment types at the spring  
at different times. 

Finally, there are five different creek basins contributing flow to Barton Springs,  
each with discrete recharge points and different flowpaths and travel times. Thus, it  
cannot be expected that the mineralogic composition of the discharging sediment would  
be homogeneous. 
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Figure 10. R epresentative p article-size d istribution function (PSDF) for the storms fit with a cubic regression 



 

Temporal changes in the PSDF may also reflect conditions both within and outside  
the aquifer. For both storms, dmax reaches a maximum at the same time that TSS peaks, a 
reflection of maximum flow velocity. The maximum particle size decreases from 8 to 12 
hours after rainfall, possibly indicating that an initial flush of water from one source is  
later followed by an influx from another source. The late flush of clay minerals for storm  
2, seen both in the mineralogy and as an increase in N4µm, indicates a newly accessed  
source of clay minerals. 

Interestingly, the amount of sediment discharged in response to storm 2 was greater 
than that discharged in response to storm 1, even though only one-half as much rain fell. 
This may be a function of the intensity and location of rainfall, in which case the source  
of the sediment must be the surface. Alternatively, it may be the result of seasonal 
differences in sediment supply. The concept of sediment supply is used to describe and 
predict sediment transport by surface streams: as the wet season progresses, sediment 
concentrations for a given stream discharge decrease as sediment supplies are depleted. 
During the dry period that follows, supplies are “reset” by mass soil erosion processes, 
which may be caused by land-use practices such as construction and devegetation, or  
natural phenomena such as landslides (Van Sickle and Beschta, 1983). Storm 1 occurred  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Changes in PSDF parameters N4µm, N10µm, and dmax in response to storms 1 and 2.  
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than one million years (Webb et al., 1992). Given that this age range straddles,  
the Matuyama-Brunhes magnetic reversal, it was hoped that a palaeomagnetic study of the 
cave sediments from the Dukes system could clarify the age of development of these  
caves. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Generalised geology of the Buchan Synclinorium, showing the location of the Dukes Cave system.  

2. GEOLOGICAL AND GEOMORPHOLOGICAL SETTING 

The Buchan area, some 350 km east of Melbourne in eastern Victoria, comprises a 
large synclinorium of Early Devonian limestones and mudstones (Buchan Group) dis- 
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Figure 2. Plan view of the Dukes Cave system, showing the Royal Cave section (B6-B65) and the location of  
the two sampling sites, Reed Chamber and Bone Chamber, see Fig. 1 for overall location. Grids represent the 
Australian Map Grid, 1966, Zone 55, and are based on the Mount Tara 1:25 000 topographic sheet (8522-4-1).  

Both the lowermost and uppermost epiphreatic passages in the Dukes system (Level  
A and Level C) contain extensive sediment deposits. These sediments were sampled for 
paleomagnetic analysis. 
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Figure 3. Detailed cross-sections at two sites in the Dukes cave system, illustrating the three flat-roofed 
epiphreatic levels and their relationship to the bedding and pre-existing phreatic passages (after Webb et al.,  
1992).  

Two sites within the Royal Cave part of the Dukes cave system were selected for 
palaeomagnetic sampling; one within Level A (“Reed Chamber”), and one within Level  
C (“Bone Chamber”). The locations of both sites are indicated on Figure 2. 
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3.  SAMPLING LOCALITIES 



 

3.1. Level A (Reed Chamber) 

Much of the Fairy and Royal Cave portions of the Dukes system consists of a flat- 
roofed epiphreatic passage at Level A (Fig. 4); the roof is a few meters above the level of 
the bed of Fairy Creek outside the cave. At one stage in its history this passage was 
almost completely filled with bedded fluvial sediments. Subsequently, the stream flow-
ing through the cave has removed most of the sediment fill, although remnants are  
present in many places. Flowstone has covered much of this remaining sediment, but  
banks of unconsolidated material are exposed in the walls of the cave at several sites. 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 4. Cave cross-section within Reed Chamber (Level A), showing the location of cave sediment  
(hatched), grain size stratigraphy of the cave sediments, and the position of samples. Column at right indicates 
topographic height, surveyed to within 0.1% accuracy against local benchmarks (see Webb et al., 1992).  

At Reed Chamber the sediment fills the passage almost to the roof (Fig. 4). The 
sediments are thin to medium-bedded and brownish black (10YR 2/3) to yellowish  

predominate (Fig. 4); the gravels are composed of well rounded pebbles and cobbles.  
Within the sand layers are numerous interbedded thin clay lenses. Grain size analysis of 
the sandy layers reveals peaks in grain size at round 3-4 mm and around 0.7-0.5 mm, 
with a tail of finer material into the silt range (Grotaers, 1995). Palaeomagnetic sampling  
at Reed Chamber (RC) concentrated on the finer sands and clays as the better 
palaeomagnetic targets (Fig. 4). Four principal fine-grained intervals were sampled,  
 

  
R.J. MUSGRAVE AND J.A. WEBB52  

brown (10YR 5/6) in colour (occasionally bright brown - 7.5YR 5/6). Sands and gravels 



 

spanning 3 m of stratigraphy, with from three to five samples in each. A single sample 
(RC10) was taken in an isolated thin sand layer. There is no evidence of bioturbation  
within the sediments, as bedding is undisturbed. 

3.2. Level C (Bone Chamber) 

The northern part of Royal Cave, near the B65 entrance (Fig. 2), consists of a high  
level passage, much of it with a flat roof (Level C; Fig. 3). In places, such as Bone 
Chamber, this flat roof is cut across a pre-existing phreatically enlarged joint (Fig. 5).  
This passage represents the uppermost epiphreatic level in the Dukes cave system, and is 
16-18 m above Level A. 

 

 

 

 

 

 

 

 

 

 

 

 

and flowstone cap (black), and the position of samples within the cave sediment. Column at right indicates 
topographic height, as for Fig. 4.  

Reddish brown (5YR 3/6 to 5/8) sediments are present almost throughout Level C, 
mostly in the epiphreatic passage (Fig. 5) but also within the enlarged joint that extends 
upwards beyond the flat roof. The sediments are highly uniform, and consist of abundant 
angular silt-sized quartz in a reddish clay matrix. Laser particle size analyses of sediment 
from Bone Chamber (Fig. 6) show that the grain size distribution is polymodal; the  
coarsest grain size (medium-coarse silt) comprises only a small proportion of the  
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Figure 5.  Cave cross-section within Bone Chamber (Level C), showing the location of cave sediment (hatched) 



 

sediment, about half of which is clay-sized (< 4 µm). There are no obvious bedding 
structures, but this is not due to bioturbation, as there is no evidence of burrowing of any 
kind. The upper surface of the sediments is covered by flowstone in several places. 

Within the reddish brown sediments of Bone Chamber (also known as Skeleton 
Chamber), the bones of extinct marsupials, including Sthenurus sp., have been collected 
(Fig. 5; A. Tickner, pers. comm.). Sthenurus was a large kangaroo with a time range of 
Pliocene to Pleistocene (Rich and Thompson, 1982). 

Five samples were taken in Bone Chamber (BC) at an approximately 50 cm vertical 
spacing from a section below a prominent flowstone layer (Fig. 5). 

Figure 6.  Laser grain size analyses of two separate sediment samples from Bone Chamber. 

 

 

 

 

 

 

 

 

 

 

To obtain samples, oriented plastic cubes were pushed gently into a flat vertical face 
cut into the unconsolidated cave sediments. Samples were demagnetised through a very 
closely spaced series of alternating field (AF) demagnetisation steps conducted with a 
coaxial AF-demagnetiser – cryogenic magnetometer system on board the Ocean Drilling 
Program ship JOIDES Resolution. Remanence was measured with the 3-axial 2G 
magnetometer in this system prior to demagnetisation (natural remanent magnetisation, 
or NRM), and after each successive demagnetisation step; the magnetometer had an 
effective sensitivity for the 6 cm3 samples of 2 × 10−3 mA/m. Demagnetisation was 
carried out at 2 mT steps to 30 mT, which at the time was the operating limit of this 
instrument. Remanence was almost completely lost in most samples demagnetised at 30 
mT (mean destructive fields were typically less than 10 mT); this was confirmed by 
continued demagnetisation and measurement of selected samples above 30 mT, using a 
Molspin spinner magnetometer (sensitivity 0.1 mA/m) and Molspin AF-demagnetiser at  
 

  
R.J. MUSGRAVE AND J.A. WEBB54  

4.  SAMPLING AND MEASUREMENT TECHNIQUES





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Zijderveld (orthogonal) plots for representative samples from Bone Chamber. Solid squares show 
projection of remanence after stepwise demagnetisation onto the horizontal plane (north to the right); open 
squares show equivalent projection onto north-south vertical plane (+Z = up). NRM = natural remanent 
magnetisation, prior to demagnetisation. AF demagnetisation at 2 mT intervals; selected steps are indicated. 
Dashed, arrowed lines show projection of a magnetisation parallel to the present-day field, representing a VRM 
with short relaxation time; short dashes = horizontal plane, long dashes = vertical plane. Insets for BCI and  
BC3 show enlargements of higher demagnetisation stages.  

Demagnetisation of sample BC4 reveals these additional components more clearly. 
From 14 to 20 mT a reversed polarity component is removed. Above 22 mT the demag-
netisation spectra of this reversed component and another component of unknown  
direction overlap, resulting in a curved demagnetisation interval. It is possible that the 
reversed polarity component is present in all the Bone Cave samples, but is propor-  
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and with north to the top on the horizontal projection.  
sample RC 12 is presented in the alternative orthogonal projection, with the vertical plane aligned east-west,  
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Figure 8.  Zijderveld plots of representative samples from Red Chamber, Symbols as for Figure 7. For clarity, 





 

 

 

 

 

 

 

 

 

 

Chamber and Reed Chamber sediments. Susceptibility is normalised relative to the initial susceptibility  
measured before heating.  

Fields defining domain states for magnetite assemblages have been theoretically 
defined for the Day plot, and similar fields for both magnetite and haematite have been 
empirically determined for the Bradshaw and Thompson plot. The two plots appear to 
disagree over the Buchan samples: the bulk of the samples fall in the pseudo-single 
domain (PSD) field on the Day plot (representing grains around 0.1-1 µm in diameter), 
but in the multidomain (MD) field (grains larger than PSD size) on the Bradshaw and 
Thompson plot. Neither plot was designed to identify superparamagnetic (SP) grains, 
however. SP magnetite grains have dimensions smaller than about 0.03-0.05 µm (Butler 
and Banerjee, 1975), and contrast markedly in magnetic properties with single-domain 
(SD) grains, which are slightly larger. SP grains are too small to support a stable 
magnetic domain, and are characterised by high susceptibility but very short relaxation 
times, of the order of seconds: relaxation times increase dramatically over the transition 
from SP to SD grains (up to billions of years). In both the Day and the Bradshaw and 
Thompson plots SP grains are regarded as having essentially zero saturation remanence 
and coercivity, so that their admixture with other domain sizes shifts the position on both 
plots downward. 

Frequency dependency of susceptibility ( ) sharply increases with an increase in 
the proportion of ultrafine (0.01–0.03 µm) grains of magnetite, around the border 
between the superparamagnetic (SP) and single domain (SD) fields (Özdemir and 
Banerjee, 1982; Maher, 1988). Assemblages of larger grains, including SD, PSD and MD 
grains, display little frequency dependence of susceptibility. Most of the Buchan samples 
experience a substantial decrease in susceptibility at the higher measuring frequency: χ  
exceeds 5% in all samples except RC12, indicating the presence of substantial  
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Figure 9.  Plot showing variations in susceptibility measured after a series of heating and cooling steps for Bone 

χFD

FD



 

proportions of SP threshold grains (Dearing, 1994), and in two of the Bone Chamber 
samples (BC1 and BC3) χ  exceeds 10%, suggesting that SP-threshold grains dominate 
the remanence. Sample RC12, which has a bulk susceptibility one to two orders of 
magnitude less than all other samples, also has a much lower χ  (<2%), in the range 
where SP grains contribute little to the total remanence. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Day plot showing representative samples from the Buchan cave sediments. Theoretical fields for 
single-domain (SD), pseudo-single-somain (PSD), and multidomain and/or superparamagnetic (MD + SP) 
assemblages of magnetite are indicated.  

Grains which contribute the strongest χ  are in a size range just below the lower 
limit of true single-domain behaviour (Dearing et al., 1985, 1996). As such, they exhibit 
behaviour transitional between true SP and SD grains: they can maintain a remanence for 
an appreciable period, and have a low but non-zero coercivity. This potentially makes 
them carriers of viscous remanence (VRM), more commonly thought of as being assoc-
iated with PSD or MD grains. The presence of significant proportions of these ultrafine, 
“viscous SP” grains probably explains the anomalous position of the Buchan samples on  
the Day and Bradshaw and Thompson plots, and the disagreement between the two plots. 
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Figure 11. Bradshaw and Thompson (1985) plot showing representative samples from the Buchan cave 

assemblages of magnetite are indicated, as is the effect of adding superparamagnetic grains to these 
assemblages (“+SP”). Fields for pure haematite assemblages lie well to the right, beyond Hcr = 100 mT.  

6. DISCUSSION 

6.1.Palaeomagnetism 

Given the rock-magnetic evidence that unstable, SP magnetite grains make up a 
substantial proportion of the magnetic carriers in the Buchan cave sediments, it is not 
surprising that a simple pattern of magnetic polarity has not emerged. The relatively 
simple, normal polarity component which dominates the magnetisation of most of the 
Bone Chamber samples is probably a viscous remanence (VRM) with a relatively short 
relaxation time, acquired over the last few tens to hundreds of years, and carried by 
ultrafine grains of around 0.01-0.03 µm diameter, just below the SP/SD threshold. In the 
case of sample BC4, the presence of the reversed polarity component can be explained 
by the slightly greater grain size of this magnetite component, towards the SD limit, 
resulting in an increase in remanence coercivity and the preservation of a “stable” 
remanence component. At least one other component, of slightly higher stability, also 
seems to be present in this sample; similar, relatively stable components are probably 
present in much smaller proportions in the other Bone Chamber samples, presumably 
being carried in each case by the coarser fraction of the SP magnetite grains. 

Some of the Reed Chamber samples preserve only a VRM directed near the present 
field; the grain size of magnetite in these samples is presumably finer. Complex demag-
netisation in other Reed Chamber samples implies the presence of two or more com-  
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sediments. Empirical fields for multidomain (MD), pseudo-single-domain (PSD) and single-domain (SD) 
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modified from original map by Jim Kennedy and Kevin Lear (Kennedy, 1990).  

Figure 1. Map of the vicinity of Kooken Cave. Topography (100 foot contours) and hydrography from  
U.S.G.S. Spruce Creek 7.5′ quadrangle. Geology from Berg and Dodge (1981). Kooken Cave map modified  
from original map by Pittsburgh and Nittany Grottos (National Speleological Society). Ruth Cave map  



 

 

 

 

 

 

 

Figure 2. Map of Kooken Cave. Modified from original map by Pittsburgh and Nittany Grottos (National 
Speleological Society).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Cross section of Kooken Cave and overlying land surface. No vertical exaggeration. Lower 
portions of cave, with white tone and no black line, are unmapped, because they are underwater. The cave 
extends to unknown depth. General position of sample locations is indicated by number. Dashed lines show 
cave passages that are behind others. Modified from a map by Bryan Crowell.  

Water flows in an overall eastward direction within the cave. The specific source of 
the water has not been identified, but is likely to be the unnamed surface stream shown 
on Figure 1 near the western end of the cave. Almost all drainage on the limestone 
upland is lost from intermittent streams to the groundwater system, which is typical in 
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allowed for the boxes to be pressed in to the cleaned face of the outcrop. The number of 
the sample was written on the box while in position, and the strike, dip, and tilt of the 
sample were measured with a Brunton compass (Sasowsky et al., 1995) with declination 
set to zero. The samples were then excavated with a plastic spatula, capped, cleaned, and 
packaged for transport. The position of the sample with respect to a known (surveyed) 
elevation in the cave was measured with a fiberglass tape, and a description of the 
stratigraphy was made at that time. A total of 12 sample pairs (24 samples) were 
collected for paleomagnetic analysis (sample identification numbers IDS468 through 
IDS491). 

Samples were analyzed intact in their plastic cubes, at the University of Pittsburgh 
Paleomagnetic Laboratory. First, the sample orientations were corrected for declination 
using the GeoMAG computer program and IGRF95 magnetic model (National Oceanic 
and Atmospheric Administration - National Geophysical Data Center, 2000). A  
declination of −10.2° and an inclination of 69° were found for the date and location of 
interest. Following this, a large-bore, 3-axis 2-G superconducting rock magnetometer 
(SRM) was used to measure sample magnetic orientation and strength. To further 
enhance sample signal, the device was zeroed before each sample. Stepwise alternating 
field (AF) demagnetization was used to progressively demagnetize the samples.  
Analytical instruments were housed in a magnetically shielded room that reduced the 

−4 millitesla (mT). 
Samples were demagnetized in 5 to 7 steps ranging between 0 (NRM) to 110 mT. 

Orthogonal vector plots (Zijderveld, 1967) were constructed for each sample. Through 
inspection of the plots, points were chosen for principal component analysis to extract 

coercivity demagnetization directions were visually removed from high-coercivity 
directions. Mean directions for sample pairs, as well as all 24 samples, were determined 
using Fisher (1953) statistics. Magnetic susceptibility of all samples was measured (2 
orientations, 3 repeats) in a Sapphire Instruments Model SI-2 instrument. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The top surface is at an elevation of 875 feet amsl (267 m), and is moist and mud-cracked.  
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earth’s present field (PDF) strength to below 2.5 × 10

the characteristic remnant magnetic vector of interest (Kirschvink, 1980). Lower- 

Figure 4. Photograph composite view of the uppermost sedimentary deposit investigated in Kooken Cave.  





 

 

 

 

 

 

 

 

 

 

Figure 5. Summary diagram showing elevation, sediment lithology, and overall magnetic results from  
Kooken Cave. Each dot represents a sample pair (averaged), starting with samples IDS468/489 at top, and 
ending with IDS 490/491 at the bottom. Vertical gray lines show present-day field values for declination and 
inclination.  

 

 

 

 

 

 

 

 

 

 

Figure 6. Vector endpoint (Zijderveld) diagrams for typical paleomagnetic samples from Kooken Cave. 
Both samples shown have normal polarity. Sample IDS482 shows a weak viscous magnetization that was 
removed by application of a 10 mT alternating field demagnetization.  
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5.2. Magnetism of sediments 

Kooken Cave was chosen for study because of its potential to contain datable 
paleohydrologic records in its fine clastic sediments. In particular, the presence of 
magnetically reversed sediments would constrain the age of the cave. All of the samples 
had well-preserved depositional remnant magnetization (DRM). Typical vector endpoint 
diagrams are shown in Figure 6. A few of the samples had a weak viscous remnant 
magnetization (VRM) that was random, and easily removed by application of a 10 mT 
alternating field demagnetization. Magnetic behavior was straightforward, with decay of 
the magnetic vector directly toward the origin. 

All magnetic samples exhibit normal polarity. This is an active area of sedimentary 
deposition, which strongly suggests that the deposit originated in the present magnetic 
chron, and has an age of less than 780 ka (Cande and Kent, 1995). A plot of field 
directions (Fig. 7) shows that the samples clustered around the present-day field (PDF), 
but with considerable scatter. Figure 5 shows the detailed magnetic behavior of the 
sediments in stratigraphic context. Most of the magnetic declinations are east of the 
expected value. Based on agreement between sample pairs, this appears to represent a 
true record of paleosecular variation (magnetic pole drift), rather than sampling error. 
Inclinations, for the most part, were less than predicted by the PDF. In our experience 
with cave sediments, this “shallowing” is normal, and results from depositional and 
post-depositional compaction of detrital grains. However, we usually find that the 
inclinations in the uppermost part of the column are closest to the PDF. The opposite is 
true in Kooken, for unknown reasons. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Lambert equal-area stereoplots of all magnetic sample directions (A) and means of sample pair 
directions (B). Present Day Field (PDF) is shown as a black dot. Mean of all directions and alpha-95 
confidence interval (white ellipse) also shown. Sample numbers are all in IDS400 series (i.e. “72” means 
“IDS472”).  
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  Figure 1. Location of the Barton Springs study area. 

2C shows that calcite, quartz, and clay minerals also exist in the rocks and sediments  
found at the surface of the contributing and recharge zones. 

The dolomite fraction of the suspended sediment is the only mineralogical 
component of the suspended sediment that is unambiguously autochthonous. Members  
of the Edwards Limestone that contain abundant dolomite are very rarely exposed at the 
surface in the recharge zone, and are almost totally absent in the soils and sediments of 
the contributing zone (Small et al., 1996). The “hollow box” texture of the dolomite 
observed in the discharged sediment (Fig. 3A) has been observed in petrographic study of 
Edwards rocks (Ellis, 1986). Clearly allochthonous components of the discharged 
sediment are woody organic matter (Fig. 3B), and pink, green, and blue filaments that are 
probably some type of man-made fiber (Fig. 3C). 

Determination of an autochthonous or allochthonous source for the calcite, quartz, 
and clay mineral components of the discharged sediment is more problematic. The rocks 
of both the contributing and recharge zones, the Glen Rose and Edwards Limestones 
respectively, are grossly similar. Both are complex geological units composed of 
platform, lagoonal, shoreface, tidal flat, and shallow marine limestones and marls 
(Stricklin et al., 1970; Rose, 1972; Ellis, 1986; Woodruff, 1993; Woodruff et al., 1994; 
Havorka et al., 1996, and many others). The soils and sediments derived by the 
weathering of the rocks (calcite, clay minerals, and quartz), are also grossly similar. 
However, more detailed investigation of the clay mineral suites from the different 
samples does show significant differences. 

3.1 Clay Mineralogy of Suspended Sediment 

Figure 4 is the XRD pattern of the <2 µm fraction (oriented and glycol-solvated) of 
the suspended sediment discharged at Barton Springs. Though some quartz, calcite, and  
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Figure 2. Relative mineralogy of (A) suspended sediment discharged at Barton Springs, (B) samples of the 
Edwards Formation, and (C) soil and stream sediment from the contributing and recharge zones.  

dolomite does exist in the sample, it is composed predominately of clay minerals. The 
clay minerals present are kaolinite (38%), illite (24%), and mixed-layer illite/smectite 
(37%). The peak at 5.34 Å indicates that the illite/smectite (I/S) contains ~60% illite 
layers (60%I), and the 16.9 Å peak shows that the I/S is randomly interstratified (R0). 
For the purpose of this paper, randomly interstratified I/S with 55-65% I will be identified 
as Barton Springs I/S (BS I/S). For further explanation of clay mineralogy and mixed-
layering, interested readers are referred to Moore and Reynolds (1997). 
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3.2 Autochthonous Clays 

Figure 5 shows XRD patterns of the <2 µm fraction (oriented and glycol-solvated) of 
samples of autochthonous clays in the Edwards Limestone, and the <2 µm fraction 
(oriented and glycol-solvated) of the suspended sediment discharged at Barton Springs. 
Marls in the Edwards Limestone are composed of kaolinite, illite, and I/S, however, the 
position of the I/S peak at 13.2 Å in the marl indicates ordered interstratification as 
opposed to the random interstratification in the BS I/S (16.9 Å peak). Furthermore, the 
peak at 5.2 Å shows that the I/S from the marl has a larger %I than the BS I/S (~80%I vs. 
~60%I). This indicates that the marls in the Edwards Limestone are not the source of 
either the BS I/S or, by inference, the other clays and quartz in the sediment discharged 
from Barton Springs. 
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Figure 3.  Scanning electron microscope images of suspended sediment discharged at Barton Springs. 



 

 

 

 

 

 

 

 

 

 

 

 

from Barton Springs. Minerals present are illite/smectite (I/S), illite (I), kaolinite (K), quartz (Q), calcite (C), 
and dolomite (D).  

The Pleistocene terra rossa of central Texas is a soil that developed during times of 
tropical weathering between 0.7 and 2.0 m.y.b.p. Today it is found almost exclusively as 
an uncommon cave fill in the Edwards Limestone (Young, 1986). Analysis of the XRD 
pattern of the terra rossa indicates that it is composed of interstratified kaolinite/smectite 
and is clearly not the source for the BS I/S (Fig. 5). 

Most caves in the Edwards Limestone do contain a clay suite very similar to the 
clays found in the suspended sediment discharged from Barton Springs. The I/S in the 
cave clays is identical to the BS I/S (Fig. 5). The presence of laminations in some cave  
clay deposits indicates that, like the terra rossa, the clastic material was washed into 
caves and was not derived from dissolution of the Edwards Limestone (Kastning, 1986; 
Ellis, 1986; Havorka et al., 1996). Similarity of clay suites in the caves and in the 
discharged sediment implies that the source area for the clays, and the processes leading 
to its deposition in caves or transport through the aquifer, have been the same for an 
extended period of time. 

3.3 Allochthonous Clays: Recharge Zone Soils 

Figure 6 shows XRD patterns of the <2 µm fraction (oriented and glycol-solvated) of 
samples of soils found in the recharge zone. The 17 Å, 8.4 Å and 5.64 Å peaks in the 
pattern of Edwards soil A show that smectite, not BS I/S, is present in that sample. 
Furthermore, Edwards soil A does not contain illite, which is present in the Barton 
Springs suspended sediment. Therefore, Edwards soil A is not the source of the clastic 
material discharged from Barton Springs. Neither is Edwards soil B, which is also found  
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Figure 4.  XRD pattern of the <2 µm fraction (oriented and glycol solvated) of suspended sediment discharged 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. XRD patterns of the <2 µm fraction (oriented and glycol solvated) of Edwards Limestone 
autochthonous clay samples. K/S = kaolinite/smectite, other peak labels as in Figure 4.  

on some members of the Edwards Limestone in the recharge zone, since it is dominated  
by interstratified kaolinite/smectite and does not contain BS I/S. 

The I/S peak at 11.8 Å in the pattern of soil developed on the Del Rio Clay indicates 
ordered interstratification as opposed to the random interstratification in the BS I/S (16.9 
Å peak). Soils developed on the Buda Limestone contain smectite and yield XRD 
patterns similar to Edwards soil A. Therefore, neither the Del Rio Clay nor the Buda 
Limestone is the source of the Barton Springs suspended sediment. 
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Figure 6. XRD patterns of the <2 µm fraction (oriented and glycol solvated) of soils from the recharge zone. 
S = smectite, other peak labels as in Figure 5. 
 

 
3.4 Allochthonous Clays: Contributing Zone Soil and Stream Sediment 

Soils developed on the Glen Rose Limestone in the contributing zone contain the 
identical clay mineral suite as is present in the suspended sediment discharged from 
Barton Springs (Fig. 7). The <2 µm fraction of samples of stream sediments from both 
the contributing and recharge zones also contain the same clay mineral suite. This data 
implies that at least the clastic component of the suspended material discharged from 
Barton Springs originated as soil in the contributing zone. Storm events mobilized the 
soil in the contributing zone and transported it to the recharge zone where it entered the  
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the contributing zone. F = feldspar, other peak labels as in Figure 4. 
 

 
aquifer through losing streams. The sediment traveled through the aquifer and was 
discharged at Barton Springs. 

Is this conclusion plausible? The contributing zone of the Barton Springs aquifer, 
which accounts for almost 75% of the aquifer watershed (Slade, 1986), is located in the 
Texas Hill Country. The stair-step morphology of the Texas Hill Country is due to 
alternating layers of hard limestone and soft marls (Wilding, 1993; Woodruff et al., 
1994). Compared to the Edwards Limestone, the Glen Rose Formation is a marl-rich, 
therefore clay-rich, unit (R. L. Folk, pers. com.), so the source terrain for the discharged 
sediment does exist. Great potential for soil erosion also exists because the contributing 
zone contains abundant small, high gradient streams. Furthermore, the Austin area has  
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Figure 7.  XRD patterns of the <2 µm fraction (oriented and glycol solvated) of soil and stream sediment from 











 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Topographic map of the study area showing the location of Bathers Cave in relation to major 
geomorphic features. Derived from a Lexington, Virginia, 1:24,000 USGS Quadrangle.  

system. Clay mineralogy samples were prepared by disaggregating approximately 10 
cm3 of sediment in 500 ml of deionized water. Samples were stirred and allowed to set 
to check for flocculation. Flocculated samples were washed by removing the supernate and 
refilling with deionized water until clays remained suspended. Samples were then 
transferred to 1000 ml graduated cylinders and filled with deionized water to the 1000 ml 
level. Samples were stirred and allowed to settle for eight hours, after which the top 10 
cm of sediment (2-4 micron clay) plus water were extracted. Oriented samples were 
created using the filter paper method described by (Moore et al., 1989). 

 
Random powder mounts were made by mixing sediment with Duco cement on a 

glass slide. Clays were identified by comparing untreated, glycolated, and heated  
(550°C) samples. Samples were analyzed on a computerized Rigaku x-ray diffractometer 
using Cu k_ radiation at 35 kv and 15 ma with a scan rate of 1.2 deg/min and a step of  
0.05. Diffractograms were interpreted using data from (Moore et al., 1989) and Jade 
mineral identification software. Samples for scanning electron microscopy were coated 
with gold and analyzed on a PGT-EDX system. 
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 Figure 2. A. Cross section of Bathers Cave showing the location of the cave system and the study area  
relative to the Maury River and surrounding topographic features. B. Close up cross section of Bathers Cave 
showing the location of the study area and distribution of cave sediments within the passage. See Figure 3 for 
detailed measured section.  
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Figure 3. Measured section and cross section through the sample interval showing the relationship to the  
overall cave stratigraphy. XRD = x-ray diffraction, PMAG = paleomagnetic sample interval.  

3.2. Geochemistry 

Sediments were also subsampled from each of the four stratigraphic layers of the 
sequence. In order to examine the relationship of cave sediments to modern, nearby 
depositional settings, samples were also collected from a nearby sinkhole pond with hand 
operated coring device and from the high terrace and flood plain soils with a shovel (Fig.  
1). 

The geochemistry of cave samples from each of the stratigraphic layers and the 
nearby sediments was characterized using metal-oxide extractions on repeated 1-g sample 
splits for ferrous and ferric iron and manganese. The ammonium oxalate extraction 
removed poorly crystalline oxides (Phillips and Lovely, 1987). The dithionite citrate 
bicarbonate (DCB) method was used for extracting total metals (Mehra and Jackson, 
1960). The 0.5 HCl extraction removed oxides, including crystalline Fe-oxides such as 
goethite, and was used for speciating reduced iron phases (Heron et al., 1994). Iron and 
manganese were determined by atomic absorption spectroscopy. Ferrous iron was 
determined by uv-vis spectroscopy using the ferrozine method (Gibbs, 1979). Organic 
carbon content of each of the layers was determined by loss on ignition. Samples from 
each layer were dried overnight at 100°C, weighed, heated to 450°C for two hours and 
then reweighed. The loss in weight is expressed in % C (Bierman et al., 1997). 
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Figure 4. Photographs. A. The cave sediments and study interval from the section closest to the cave 
mouth. B. Photomicrograph of the lower yellow layer showing the disrupted, rubbly texture produced by 
alternating clay clasts (C) and laminae (L). C. Photomicrograph of authigenic iron oxides (ferrihydrite?) 
from the lower yellow layer. Note that individual blebs in the lower left coalesce and form larger masses in 

microscope image of an authigenic manganese dendrite. G. Photomicrograph of the red layer showing the 
several clay clasts (C) within finely laminated clays. H. Photomicrograph of the upper orange layer showing 
the repetitious, laminated layers of silt and reddish-orange clay. Up is towards the top of the photograph 
unless indicated otherwise. Scale bar in all thin sections is 0.1 mm.  

 The cave sediments consist of distinct layers of yellow, black, red, and orange silt and 
clay that are punctuated by thin beds of yellow silt (Fig. 3). The main study interval is a 
25 cm thick zone in the middle of this package that contains four distinct units, herein 
referred to as the bottom yellow, black, red, and top orange layers. 
 Macroscopically, the bottom yellow layer is a 8 cm thick rubbly zone of alternating 
silt and clay layers with occasional stringers of fine silt. On a microscopic scale, this 
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4. RESULTS 

4.1. Sedimentology 

4.1.1. Petrography 

layer is characterized by alternating zones of clay clasts that are covered by thin clay  

the upper right. D. Possible plant fragment from the lower yellow layer. Note that the far left chamber has 
collapsed. E. Photomicrograph of authigenic manganese dendrites in the black layer. F. Scanning electron 





 

yellow layer has the least amount of kaolinite. The identify of the authigenic manganese 
of the black layer is unknown as it was amorphous to x-rays. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 5. X-ray diffractogram of the four main layers. G = goethite, I = illite, K = kaolinite, and Q = quartz.  
Note that goethite is absent from the top orange layer, quartz appears in the top orange layer, and that  
kaolinite is greater in the red and orange layers than in the bottom yellow and black layers.  
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Figure 6. Geochemical analysis of Fe and Mn extractions from the four main cave sediment layers as  
compared to different surficial environments. A. Fe results for the cave sequence. B. Fe results for the  

The extremely jumbled and rubbly nature of the bottom yellow layer is interpreted as 
the result of episodic high flow events through the karst system. Individual storm events 
were followed by quiet water conditions that allowed finer suspended particles to settle 
out and form the laminae followed by draining of the cave system. The previously  
deposited muds were later remobilized as rip-up clasts during initial phases of successive 
flooding events. The difference in orange laminated clay vs. massive gray silty clay 
clasts is likely a function of sediment source. The yellow-orange laminated clays were 
eroded from cave deposits. Gray clay clasts may represent the introduction of new 
material into the karst system, possibly from catastrophic collapse of overlying sinkholes 
or from the fluvial system via the cave mouth. Given that the fine sediments are eroded 
from soils and delivered to the cave from the sinkhole above or from the river, the  
presence of goethite represents lower amounts of organic matter in the soil and/or lower 
release rates of iron (Birkeland, 1984). Moreover, the lower amount of kaolinite in the 
yellow layer is consistent with less intense weathering and leaching in the sediment  
source area. 

The black layer is a coarser sediment brought in by stronger flow conditions, 
possibly a catastrophic event such as sinkhole collapse. The contact with the underlying 
yellow layer is marked by numerous clay clasts, many of which are massive gray silty 
clay, reinforcing the idea that this layer was the result of a high flow event. The black 
coloration is due to post-deposition mineralization of manganese oxide. The delicate 
nature of the manganese dendrites precludes their transport into the cave system as a 
clastic sediment. The silty texture of this layer was conducive to manganese  
mineralization, as were other silty layers throughout the cave section. The formation of a 
significant amount extractable ferrous iron minerals in the black layer, in addition to 
manganese formation, is consistent with delivery from an anaerobic source. The  
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surficial environments. C.  Mn results for the cave sequence. D.  Mn results for the surficial environments.  









 

Figure 1. 

  

 

 

 

 

 

 

 

 

 

 

  

interpretation of how glacial processes affected cave development and sedimentation. 
Detailed classification and mapping of cave sediments were accomplished with very little 
cave disturbance. 

Leadville Limestone on the west slope of the Sawatch Range, approximately 20 
kilometers (12 miles) northeast of Aspen, Colorado (Fig. 1). The mapped area is 
approximately 23 km2 (9 mi2), at elevations between 2,740 and 3,350 m (9,000 to 11,000 
ft). The area is bounded by tributary valleys of the Fryingpan River on the north, south, and 

The Leadville Limestone is part of a carbonate shelf northwest of the Sawatch Uplift 

and west. The eastern extent of the study area is defined by uplifted and exposed 
Precambrian granite, gneiss, and schist (Fig. 2). 

(Fig. 1). In Lime Creek, the Leadville is a massive to well-bedded, fossiliferous limestone  

Location and tectonic features of the late-Mississippian, northern Sawatch Range showing 
distribution of Leadville Limestone (After DeVoto, 1990).  
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2. GEOLOGIC SETTING 

The Lime Creek drainage is an alpine karst system developed in Mississippian 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Geologic map of Lime Creek Study Area. Xm: Precambrian migmatite, Cs: Sawatch Quartzite, Cp: 

containing discontinuous layers of black chert. The Sawatch Uplift has existed as a 
topographic high from the late Cambrian to late Pennsylvanian, and influenced the thickness 
and facies of rock units deposited along its flank. 

Mu: undifferentiated Mississippian, Pb: Belden Shale, Qi: Ivanhoe Till, Qb: Biglow Till, Qt: Thomasville Till, 
Qg: undifferentiated till, Qbt: Burnt Mtn. Talus, Qa: alluvium: White line indicates line of section shown in 
figure 4.  

Peerless Shale, Om: Manitou Dolomite,Dp: Parting Quartzite, Md: Dyer Dolomite, Ml: Leadville Limestone, 

During late-Mississippian, the Leadville Limestone was subjected to subaerial 
erosion and karstification. During this large-scale karst event, sinkholes developed on the 
surface of uplifted structural blocks (Maslyn, 1977) and cave passages were developed in 
patterns largely controlled by bedding planes and northeast-trending fractures and faults. 
As base level dropped, sinkholes and caves were filled with carbonate collapse breccia, 
carbonate sand and silt, and black chert (Maslyn, 1977; DeVoto, 1990). During the 
Pennsylvanian, a transgression deposited the Belden formation on the Leadville karst 
surface and filled some open sinkholes and near-surface conduits with calcareous black 
shale (Maslyn, 1977; Hall, 1987; DeVoto, 1990). 

In the southern part of the Sawatch Uplift, the Laramide Orogeny began about 72 
Ma, forming a north-trending, asymmetrical anticline with reverse faults on the west side 
(Wallace, 1990). During the Laramide, igneous material was intruded into faults along 
the northeast-trending Colorado Mineral Belt (Tweto, 1980). Mineral-rich waters  
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Figure 3. Correlation of glacial events and speleogenesis. 

associated with these intrusions altered the rock near the faults and emplaced silver-lead-
zinc and some gold into Mississippian paleokarst features. 

By the late Eocene to mid Oligocene (about 37 Ma) uplift and erosion had ceased, and 

Oligocene, extension along the Rio Grande Rift cut the Sawatch Uplift into the Sawatch 
Range and the Mosquito Range (Wallace, 1990). This extension reactivated older faults, 
causing normal motion on some older reverse faults, and initiated downcutting of older 
deposits, including Paleozoic sedimentary rocks. 

Alpine glaciation (Pre-Bull Lake, Pre-Wisconsin) began in Colorado about 450 ka 
(Wallace, 1990; Meierding and Birkeland, 1980; Miller, 1971; Nelson, 1954). By using 
the relative position and degree of preservation of glacial landforms, Nelson (1954) 
mapped five major glacial advances in the Lime Creek valley. Miller (1971) used a 
statistical approach to divide the glacial deposits of four drainages located north of the 
Lime Creek study area. Miller used the weathering characteristics of granite boulders and 
measurements of glacial landforms (height and length of till ridges, end moraines, etc.) to 
divide the deposits into five statistical groups. He then used the relationships between the 

(1954) and Richmond's (1965) sequence for the Rocky Mountains as a whole (Fig. 3). 
Large rock volumes and angular moraine morphology are characteristic of relatively 

young Ivanhoe deposits (17,250 years b.p.). Older glacial deposits are weathered and 
have more subdued topography. The Hellgate substage (11, 500 years b.p.) is 
characterized by small moraines with very little rock. 
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deposits to assign relative ages. Miller’s results generally agree with the stages of Nelson 

the topography was subdued (Epis et al., 1980; Wallace, 1990). During the mid-



 

 

 

 

 

 

 

 

Figure 4. Section through Slim Jim Gulch showing recharge and discharge areas. Symbols as in Figure 2. 

The study area can be divided into two general regions, an active karst recharge area 
and a flow and discharge area (Fig. 4). The two areas are separated by a north-northeast 
trending fault along the west side of Burnt Mountain (Fig. 2). 

The recharge area consists of a relatively flat-lying Leadville Limestone bench 
between 2,960 and 3,200 m (9,700 to 10,500 ft) elevation. Some of the limestone is 
covered by Belden Shale and/or glacial deposits. The recharge area is a moderately well-
developed karst bench with poor surface drainage, numerous large sinkholes, one major 
sinking stream, and two known caves over 150 m (500 ft) long. 

The flow and discharge area is a Leadville Limestone bench, underlain by Paleozoic 
sedimentary rocks and partially covered with glacial materials and talus, with an  
elevation between 2,740 and 3,140 m (9,000 and 10,300 ft) elevation. Paleozoic rocks 
along the dividing fault are nearly vertical, while rocks in the Lime Creek valley dip less 
than twenty degrees. The discharge area has numerous sinkholes, sinking streams, caves, 
and a major karst spring, Clark Spring, which discharges into Lime Creek. 

The caves in Lime Creek were mapped with compass and tape and then drafted  
using a computer drawing program (Canvas 5, Deneba Software) at 2.4 m/cm (20 
ft/inch). Longitudinal profiles of the caves were generated during this mapping and 
standard cave mapping symbols were used to indicate floor detail. 

Cave sediments were differentiated based on color, grain size, and general 
composition. Sediments were mapped and digitally drawn onto the plan and profile cave 
maps. The classification and descriptions of mapped sediments are shown in Table 1. The 
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3. HYDROLOGIC SETTING 

4. METHODS 

distribution of sediments were mapped onto cave profiles Ato determine the vertical  





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. General stages of cave development. 

The caves of Lime Creek have gone through four general stages of development 
(Fig. 5) based on the ability of the system to transport material over a long distance. The 
first stage is enlargement of fractures or faults to capture runoff. This occurs 
preferentially along the contact with less soluble, overlying material, especially poorly-
sorted glacial deposits and the Belden Shale. Development in the vadose zone consists of 
enlarged fissures and solution domes and is characterized by limited transport of 
sediment. 

During the second stage, flow from the enlarged fissures and domes coalesced and 
formed branchwork stream passages that could carry sediments over a greater distance. 
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Aggressive downcutting was focused along vertical joints and bedding planes in the  





GLACIALLY-INFLUENCED SEDIMENTATION IN LIME CREEK    115 

Figure 6. Alphine Twister Cave. 





 

 

 

 

 

 
Figure 7. Relative positions of Lime Creek, Bonnies Hall, Ice Palace and glacial deposits shown in profile. 

If the ages assigned by Nelson (1954) and Miller (1971) to the glacial deposits in the 
northern Sawatch are accurate, it is possible to assume ages for the caves near these 
deposits. Both the Thomasville glaciation (63,250 years b.p.) and the Biglow glaciation 
(46,000 years b.p.) extended beyond the entrances of Ice Palace and Bonnies Hall. Surface 
karst features tend to be removed by ice movement or buried by glacial debris (Ford, 1979). 
The entrances to all of these caves are sinkholes, so it seems unlikely that these entrances 
would have survived the glaciations. 

Initial fracture and fault enlargement probably began during the Biglow glaciation, 
but the present entrances most likely formed during the retreat of the Biglow ice. At this 
time, the lower passages in Lime Creek Cave were probably forming at or near the water 
table. 

After the end of the Biglow substage and before the Ivanhoe substage (17,250 years 
b.p.), Lime Creek Canyon formed. It is likely that Lime Creek Cave was one of several 
springs fed by Ice Palace and Bonnies Hall (Fig. 7). The glacial deposits observed in the 
front section of Lime Creek Cave (Fig. 8) were probably Biglow deposits washed into 
Bonnies Hall and Ice Palace, and transported through now-filled passages. 

As water stopped flowing into Ice Palace and Bonnies Hall, Lime Creek Cave and 
the similar springs around it stopped flowing and began to fill with breakdown and 
secondary calcite deposits. Whether the water stopped flowing because all of the ice had 
melted, or because flow was pirated elsewhere is unknown. 

Alphine Twister (Fig. 6) has gone through at least two stages of development. A 
cemented deposit located about one meter above the current base level in Alphine 
Twister Cave contains no igneous or metamorphic rocks. This suggests that there was a 
stage of cave development before the main influx of glacial material. A sinkhole east of 
the entrance to Alphine Twister is filled with glacial debris, suggesting there was a karst 
surface before the glacial debris was deposited. 
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7.1 Lime Creek Cave, Ice Palace and Bonnies Hall 

7.2 Alphine Twister 
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Figure 8. Lime Creek Cave. 















 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Location of the study area, showing important geological details. 

most important. Statistical study of cave fragments in the general area revealed that the 
earliest cave systems were formed before the displacement along the Idria Fault 
(Šušteršič, 1996, 2000), i.e. 2 Ma ago. The conclusion reached was that most of the 
present underground streams make use of partly - adapted channels, inherited from a 
hydrogeological situation essentially different from the present one. 

Structurally the area is a monocline, with beds dipping at 25° to 30° towards the  
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Figure 1. 





 

 

 

 

 

 

 

 

 

 

 

 

Morphological  and sedimentological indicators of denuded caves in the southern part of the study area. 
Note: Combined symbols indicate that both sediment types occur at this particular location. The blank area 
indicates the position of a collapse doline.  

relationship to the geological structure and lithology appear much clearer than before. 
Additionally, the application of “surface caving” has led to the identification of some 
previously unsuspected features, such as phantom caves and aureole flowstone. 

4. CHANNELS AND SEDIMENTS 

The known set of denuded underground karst phenomena includes morphological 
features and various cave sediments that are preserved, intact or reworked, at the karst 
surface. 

4.1 Directly Detectable Channels 

Except for some vertical vadose shafts, which appear to be very young, all of the 
cave channels identified to date are wholly phreatic in origin, and most of them are  
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Figure 2.





 

 

 

 

 

 

section (above) and cross sections (below).  

takes place, and the fill supports large isolated blocks of parent rock.  
C: The passage ceiling and the upper parts of its walls are removed as surface downcutting continues. 

Washing-out of sediment is somewhat faster than general surface lowering, and a small depression develops 
at the surface. Large insoluble clasts gradually concentrate in the floor of the depression.  

D: Most of the cave walls have been removed, together with most of the former infill. Fragments of decayed 
flowstone and insoluble pebbles are preserved along the line of the former cave floor.  

E: Both the cave and its parent rock have been totally denuded. A slight secondary depression persists within 
the new land surface for some time. Insoluble pebbles preserved in its former floor are the only evidence of 

isolated pockets.  

 

 

 

 

 

 

 

 

 

 

Figure 4. Possible positions of the cave infill. 
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Figure 3. Stages in the gradual decay of an inclined, sediment-filled, phreatic channel, showing longitudinal 

A: Original phreatic channel, not yet influenced by the zone of surface-weathering.  
B: The sediment-filled channel is intersected by the surface-weathering zone. Breakdown of the channel ceiling 

the original cave’s presence. Remnant concentrations of loamy infill are preserved only locally, within 







their dimensions have not yet been measured precisely enough to allow fair statistical 
analysis. Nevertheless, the disposable data imply strongly enough that such phreatic 
mazes are fractal, as concluded by Curl (1986). If the positions of these channels are 
considered relative to the lithology, it becomes clear that most of the phreatic tubes lie 
within or close to one or other of the upper or lower limestone/dolomite contacts. In this 

primary tubes are formed along only a small number of somehow favoured bedding 
planes within the stratigraphic column, appears to be proven on a large scale. It indicates 
especially that bedding planes marking trans-bedding contrasts are among the most prone 
to early karstification. 

Minor faults do not appear to affect the system to any great extent, except that major 
phreatic jumps are likely to be found in their close neighbourhood. 

5.2 Distribution of the sediments 

At least from the viewpoint of cave fill, the spatial distribution of cave sediments 
implies that the system must be split in two parts, separated by the NE Ravnik crush zone 
(Fig. 5). The best - studied area is on the western side. There, the basal fill must have 
been deposited within the channels when the system was still phreatic. 

 

 

 

 

 

 

 

 

 

 

 

 

infilled phreatic tubes.  
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way, D.J.Lowe’s Inception Horizon Hypothesis (Lowe and Gunn, 1997), arguing that 

Figure 5. Cave sediment distribution within the study area. The ovals represent idealized cross-sections of  













 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Time scales. Paleomagnetic scale constructed from Cande and Kent (1995) and Berggren et al.  
(1995). Oxygen isotope stages from SPECMAP and redrawn from Bradley (1999). Late Pleistocene  
consistent with Greenland ice core records (Alley et al., 1993). Historical period from Lauritzen and  
Lundberg (1999).  
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Figure 2. Sketch showing common style of stalagmites. 

Figure 3. Cylindrical stalagmites in the Catherine Cave, Moravian Karst, Czech Republic. 

W. B. WHITE 140 



partial pressures in caves are typically about ten time the atmospheric value, or 
approximately 10−2.5 bars. The seeping infiltration water dripping from the ceiling, 
splashing onto the floor, or flowing down the wall, degases CO2 to the cave atmosphere, 
becomes supersaturated, and deposits calcite on the growing stalactites, stalagmites, or 
flowstone. In the deposition process, both organics and trace elements are partitioned 
into the growing crystals of calcite. The complexity of the generation, transport, and 
deposition of the calcite in speleothems must be taken into account in trying to interpret 
the patterns in isotopes, trace elements, and organic molecules found in the speleothem 
layers. 
3.3. Crystal Growth and Textures 

 The growth of calcite crystals to form speleothems is a delicately balanced process 
depending on the degree of supersaturation of the water and its total concentration of 
dissolved carbonates. Waters dripping onto speleothems require supersaturations on the 
order of SIc = +0.5 in order to overcome nucleation barriers (where Sic is the saturation 
index defined in the textbooks cited above). However, the critical supersaturation for 2-

Figure 4. Longitudinal slice through 25 cm 
high stalagmite showing alternating light and dark 
bands. White Arch Cave, Norway. Specimen 
loaned by S.-E. Lauritzen.  

Figure 5. Conceptual model for the 
deposition of calcite speleothems.  
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dimensional nucleation and the continued growth of a single crystal is only slightly  



lower than the supersaturation required for 3-dimensional nucleation of new crystals. 
Speleothems growing from waters just above the critical supersaturation will form with 
the internal structure of a single crystal. Such speleothems are easily recognized because 
they fracture along a single cleavage plane. Very high supersaturations cause the 
formation of multiple nuclei and result in a speleothem consisting of a large number of 
small, randomly oriented crystals. 

Most speleothems grow in an intermediate range of supersaturations resulting in 
polycrystalline speleothems with large and partially oriented grains. The fast growth 
direction in calcite is along the c-crystallographic axis so that grains tend to be elongate 
in the c-axis direction. The shape, size, and orientation of crystal grains in a solid is 
known as a “fabric” or “texture” to petrologists (and as “microstructure” to materials 
scientists looking at the same patterns in ceramics) (Fig. 6). 

Inspection of the broken surfaces of damaged speleothems shows that many consist 
of very coarse crystals – grain sizes on the order of centimeters – while the outermost 
layer of the speleothem is composed of extremely small crystals, suggesting a major 
change in depositional mechanism. Some of these dramatic changes in fabric may 
represent the creation of cave entrances with corresponding changes in CO2 and water 
vapor pressures. No systematic investigations seem to have been made. 

Studies of speleothem fabrics (Folk and Assereto, 1976; Kendall and Broughton, 
1978) show that many flowstones in particular tend to grow as sets of columnar crystals 
oriented perpendicular to the growth surface (Fig. 6). Each of the columns grew from a 
separate nucleus. The columnar crystal morphology results from the fast growth of 
calcite along the c-axis. The size of the crystals and the degree of orientation has been  
used to deduce information on the paleoenvironment in which the flowstone deposited 
(Gradzinski et al., 1997). The fabric of recent speleothems deposited in the abandoned 
Godarville Tunnel in Belgium show much the same form as the fabrics of much older 
speleothems found in caves (Genty, 1992). Because the columnar structures originate  
from independent nuclei, the space between the columns can act as depositional sites for 
clay, sand, pollen, and other particulate material that may be carried into the speleothem  
by the seepage water. 

 

 

 

 

 

 

 

 

 

Figure 6. Two common speleothem fabrics. Adapted from Frisia (1994). 
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Figure 7. Decay chain for 238U. Alpha decays are shown by vertical down arrows; beta decays by 
diagonally up arrows. Half lives of isotopes are given in the boxes as years (a), days (d), minutes (m), or 
seconds (s) as appropriate.  

Figure 8. 234U/238U  and 230 234U ratios. Contours are in years. This  identical 

PALEOCLIMATE RECORDS FROM SPELEOTHEMS IN LIMESTONE CAVES   145 

Th/Isochrons for  various  
diagram appears in Harmon et al. (1975) and in Quinif (1989). Neither is credited to any other sources.  







where d is the stalagmite diameter, q is the drip rate, C is the concentration of the  
inflowing water, Cs is the saturation concentration at the CO2 pressure of the cave 
atmosphere, and dz/dt is the growth rate of the stalagmite along its axis. 

Curl (1973) published more detailed and quantitative calculations on the rate of 
stalagmite growth and showed that there are actually two growth regimes. There is a 
rapid flow regime in which the equilibrium diameter varies with the square root of the  

the flow rate. The slow flow regime leads to a minimum diameter for stalagmites given  
by 

min 2 (4)vd
πδ

=  

where ν is the volume of the water drop and δ is the thickness of the moisture film left 
on the surface of the stalagmite by the falling drop. The minimum diameter was 
calculated to be about 3 cm, which is generally consistent with observations. 

A more direct way to determine the average growth rate over long time periods is to 
measure U/Th ages along the axis of the stalagmite. Not only does a plot of age against 
the height above the base give a growth rate but, if the dates along the axis of the 
stalagmite are taken at sufficiently close intervals, the measurements reveal variations and 
hiatuses in the growth. Further, such data show the beginning and end of growth. The 
top of the stalagmite may be old with growth having ceased perhaps thousands of years 
before present. 

A number of such measurements have been made and some results are plotted in 
figure 9. The available data span many geographical locations and climatic regimes. The 
growth rates based on the linear slopes in figure 9 are summarized in Table 1. With an 
average growth rate of 40 µm/year, a 1-meter stalagmite would be expected to provide a 
record of 25,000 years. 

 

 

 

 

 

 

 

 

1994); Crevice Cave, Missouri, (Dorale et al., 1998); Grotte Pere Noel, Belgium, (Quinif, 1991); Little Trimmer 
Cave, Tasmania, (Goede et al., 1986).  
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flow rate as in Franke’s theory and there is a slow flow regime which is independent of 

Figure 9. Growth of cylindrical stalagmites based on U/Th dating. Lobatse II Cave, Botswana,  (Holmgren et al, 
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2

units of 10−3 atm. Adapted from Baker et al. (1998).  

results from U/Th dating of speleothems revealed ages from essentially modern to what 
was at that time the limit of the age dating technique (350,000 years) and some 
speleothems that were too old to be dated. 

One of the immediate applications of speleothem dates was that they provided 
minimum ages for the cave passages from which they were collected. The dates could be 
used to lock in the time scale for landscape evolution, rates of denudation, and establish 
time scales for tiered caves (Atkinson et al., 1978; Gascoyne et al., 1983). Results  
through 1990 are summarized by Atkinson and Rowe (1992). A recent application is to 
the Demanova Valley in Slovakia, which contains one of the classic examples of a tiered 
cave system. U/Th dating of level IV speleothems combined with magnetic reversals 
measured in the clastic sediments allowed level IV to be placed in the range of 780 – 685  
ka, older than previously proposed, thus shifting the entire time scale for the cave system 
(Hercman et al., 1997). 

6.1. Direct Climatic Correlations 

Because speleothem growth depends on a supply of drip water, breaks in speleothem 
growth could be interpreted as an interruption of the water supply. That in turn could be 
the result of increased aridity at the land surface or of frozen ground and glacial advance. 
These breaks can occur within individual speleothems as illustrated by the hiatuses that 
appear in the growth curves shown in figure 9 or they can be recognized by the absence of 
speleothems in certain age ranges. Either case requires evaluation of a sufficiently large 
number of speleothems to be confident that the signal is of regional significance and not  
the result of a quirk in local hydrology. 

The absence of speleothem deposition in the Nullarbor caves in southern Australia  
more recently than 400 ka was explained in terms of increasing aridity in the middle and  
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Figure 10. Theoretical growth rates of calcite from thin water films. Contours are CO  partial pressures in  

obtained through the early 1980’s are summarized by Hennig et al. (1983). The first 
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growth in the absence of biogenic CO2 sources. If infiltration water is in equilibrium of 
atmospheric CO2 at a temperature close to the freezing point of water, this water will be 
warmed somewhat as it passes down to the cave. The small temperature rise will be 
sufficient to supersaturate the water and cause calcite to be deposited. Dreybrodt  
estimates a maximum growth rate of 10 µm per year. 

 

 

 

 

 

 

 

 

 

represents 100 speleothem dates from Nordland, Norway. Dashed curve represents 260 dates from Britain drawn 
from Gordon et al. (1989). The bar graph is the distribution of 116 dates from southern regions of Europe and North 
America drawn from Henning et al. (1983). Compilation from Lauritzen (1993).  

6.3. Speleothem Deposition in Relation to Sea Level Changes 

In low relief coastal karst, such as the Yucatan and the Bahamian Platform, caves 
that have developed during the sea level minima associated with glacial maxima are 
flooded by the sea level rise during interglacial periods. Speleothems develop in many 
of these caves during glacial episodes when sea levels are low. Dates from these 
speleothems thus indicate the chronology of sea level lowering (Gascoyne and Harmon, 
1992). Speleothems collected from relatively shallow (0 < 15 m) depths in underwater 
caves in Bermuda (Harmon et al., 1978-a) and the Bahamas (Li et al., 1989; Lundberg 
and Ford, 1994) show a succession of speleothem ages indicating sea level lows and 
missing speleothem deposition that indicates sea level highs. In general these agree with  
the isotope stage record and with the speleothem record at northern latitudes. Lundberg 
and Ford specify sea level highs at 100, 125, 215, and 233 ka BP. 

There are deeper caves that contain stalactites and stalagmites that could only have 
formed when the cave was air-filled. Using mass spectrometric U/Th dating, Richards et  
al. (1994) measured sea level low stands down to 50 meters below present sea level. The 
last extensive thrust of the Wisconsinan ice sheet at about 20 ka is clearly shown. 
Speleothems recovered from a cave on Andros Island, Bahamas at −45 meters was dated 
at 139 – 160 ka, showing that sea level must have been at least this low at that time  
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Figure 11. Distribution of speleothem growth over time for the middle and late Pleistocene. Solid curve 







δ18Op. Lauritzen and Lundberg (1999) modified existing equations to arrive at an  
empirical expression for the dripwater function 

2( (12)p SMOWF T O cT d= + + ∆  

By calibrating the dripwater function with isotope ratios from speleothems deposited 
at known temperatures, numerical values for the empirical coefficients can be obtained. 
Under present and similar conditions, ∆SMOW = 0, but must be adjusted for changes in  
ocean water during periods when glacial ice has modified ocean water. Note that δ18Ow 
is measured with respect to the SMOW standard while δ18Oc is often measured with 
respect to the PDB standard. With the use of equations (11) and (12), oxygen isotope 
ratios determined from speleothem calcite can be converted into actual temperatures. It is 
important to realize, however, that the calculated temperatures are accurate only to the 
extent that the empirical coefficients are accurate and that the coefficients have remained 
constant through time. In reality, this is difficult to know. 

The Holocene temperature record extracted from a speleothem in Soylegrotta in 
northern Norway by Lauritzen and Lundberg (1999) is in reasonable agreement with the 
temperature record deduced from the Greenland ice core GISP2 (Fig. 12). Note that the short 
exceptionally cold period at 8200 years that is a dominant features in the ice core record 
(Alley et al., 1997) does not appear in the speleothem record, a mismatch that  
would merit further investigation. The great value of these oxygen isotope records and 
calculations is that, if properly calibrated, they can attach an actual temperature scale to 
periods that can otherwise be described only as “colder” and “warmer” (e.g. a half million 
year old flowstone from Lapphullet Cave in northern Norway, Lauritzen et al., 1990). A  
key assumption in these calculations is that the relation between δ18Op (precipitation) and 
temperature has remained constant over time. Work by Cuffey et al. (1994) on the 
Greenland ice cores cast doubt on this assumption. 

 

 

 

 

 

 

 

 

from Norway with the temperature curve from the Greenland ice core, GISP2. From Lauritzen and  
Lundberg (1999).  
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Figure 12. Comparison of a temperature curve calculated from oxygen isotope ratios in a speleothem (SG93) 
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Coplan et al. (1994).  

preferentially take up the lighter 12C isotope. This is referred to as C3 vegetation and is 
isotopically more negative than C4 plants, mainly grasses that utilize a less 
discriminatory photosynthetic pathway. δ13C ranges from −32 o/oo  to −22 o/oo  for C3 
vegetation and from −18 o/oo to −9 o/oo  for C4 vegetation (Tieszen and Boutton, 1989). 
The values are with respect to the VPDB standard. The mix of C4 and C3 vegetation  
varies with climate (Teeri and Stowe, 1976) and this is reflected in the carbon isotope 
ratios found in the speleothems (Dorale et al., 1992). Evaporation, degassing, or short 
residence times of water in the soil may shift isotopic compositions in the deposited 
speleothem as noted by Baker et al. (1997) from Stump Cross Caverns in the UK. 

Some of the greatest success in tracking vegetation changes has taken place in the 
American mid-west. Both oxygen and carbon isotope ratios from a Cold Water Cave, 
Iowa, speleothem allowed the tracking of Holocene climate changes which suggested a 
rapid warming at 5900 years BP, and then cooling at 3600 years BP (Dorale et al., 
1992). Dorale et al. (1998) were able to track changes from forest to savanna to prairie 
and back to forest from δ13C data taken from speleothems from Crevice Cave, Missouri, 
over the period from 75 to 25 ka. The speleotherm δ13C data show the changes in 
vegetation that accompanied the temperatures deduced from the oxygen isotope data and 
these speleothem data agreed well with the record from a nearby alluvial deposit that 
contained pollen and plant macrofossils (Baker et al., 1998). Collectively, the data  
showed prairie replacing mesic deciduous forest at 5900 years BP and the return of oak 
savanna around 3600 years BP. The δ13C measurements on the alluvial organic matter 
showed variations that agreed well with the speleothem data. Data from the Ozark Highlands 
has been interpreted in a similar fashion to help understand vegetation changes farther south 
in the mid-west (Denniston et al., 1999a; Denniston et al., 2000). These  
records also revealed the short intense cold period at 8200 years BP found in the 
Greenland ice cores (Alley et al., 1997) and recently measured in mid-Europe ostracod 
data (von Grafenstein et al., 1999). Well-dated speleothems collected from a group of 
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Figure 13. Oxygen and Carbon isotope ratios from underwater flowstone in Devils Hole, Nevada. From  



 

 

caves can show the migration of climatic boundaries (or at least the associated vegetative 

 
7.4. Strontium Isotopes 
 

Strontium isotope ratios in speleothems have only recently been considered in the 

conditions in the overlying soils (Banner et al., 1996; Ayalon et al., 1999). The shift in 

According to Banner et al. (1996) during periods of diminished recharge, the drip waters 
will carry a soil zone signature (lower 87Sr/86Sr ratio). During periods of high recharge, 
the infiltrating water will seek mainly open pathways with shorter residence time and 
thus produce a higher 87Sr/86

in Israel, Ayalon et al. (1999) found a sharp drop in the 87Sr/86Sr ratio at 17 ka when 
there was a abrupt shift from a cool dry climate to a warmer a wetter climate. These 
opposite interpretations reflect the emerging status of strontium isotope work in 
speleothems. 
 
7.5 Trace Element Studies 

 
The CaCO3 minerals that make up speleothems can accept small quantities of other 

ions in solid solution in the mineral structure. Sr2+ and Mg2+ are the most important, 
although Ba2+, and transition group ions such as Fe2+, Ni2+, and Cu2+ are occasionally 
found. Sr2+ is a large ion radius = 132 pm) compared to Ca2+ (radius = 112 pm) while  
Mg2+ is a smaller ion (radius = 86 pm). As such, Sr2+ would be expected to have a  

2+ should  
be more soluble in calcite with its smaller 6-coordinated cation site. Indeed, there is a  
very systematic relationship between Sr2+ and Mg2+ contents in calcite and aragonite 
samples as shown in figure 14 (White, 1994). 

simple exchage reaction 
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the solid phase. Application of the defining equation directly would require knowing 

terms of an effective or empirical distribution coefficient 
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The equilibrium constant for this reation is called a distribution coefficient, k , defined 
as 

changes) across the area as a function of time (Denniston et al., 1999b). 

higher solubility in aragonite with its large 9-coordinated cation site while Mg

The incorporation of trace element into calcite or aragonite can be thought of as a 

literature. The 87Sr/86Sr ratios in speleothems are a possible indicator of moisture  

Sr ratio. In contrast, from measurements in the Soreq Cave 

isotope ratio is due to differentiation in the soil and depends on residence time. 

The quantities in brackets represent activies of ions in solution and of components in  

activity coefficients for the ions in solution and also the Henry’s law coefficient for the 
trace carbonate in solid solution. A practical approach is to rewrite equation (13) in  



3( ) (14)Ca

f

m
N TrCO

m
=  

where the m’s are the molal concentrations of ions in solution and Nf is the mole fraction  
of the trace carbonate in solid calcite or aragonite. 

The distribution coefficient of Mg2+ in calcite is strongly temperature dependent. 
One such relation is (Katz, 1973). 

0.0351 0.000894 (15)Mg T= +  

The temperature dependence of k Mg has led to proposals to use the magnesium 
concentration as a paleothermometer. Gascoyne (1983) found a substantial difference in 

Mg between calcites and seepage waters from Jamaica and from Vancouver Island, which 
correlated, with the mean temperature differences. Unfortunately, the magnesium 
paleothermometer requires that the Mg2+ concentration in the drip water remain constant 
and as later work has shown, this is seldom the case. 

The thermodynamic distribution coefficient requires that equilibrium be maintained 
between the crystallizing solid and the parent liquid. However, diffusion rates in the 
solid are so slow that there is negligible interchange between trace elements in the crystal 
and trace elements in solution except at the surface. The measured empirical distribution 
coefficients describe an instantaneous or surface partitioning. This requires that a careful 
distinction be made between a static system, such as a closed pocket or pond from which 
crystals are growing and a flow-through system in which the growing crystals are 
continuously bathed in fresh solution. 

 

 

 

 

 

 

 

 

 

 

Figure 14. Sr2+ and Mg2+ distributions in calcite and aragonite. Solid circles indicate calcite; open circles  
indicate aragonite. Data from White (1994) with additional data from Harm and White (unpublished).  
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Figure 15. Strontium and magnesium banding in speleothems. (15A): Uamh an Tartair Cave, Scotland 
showing antiphase relation in strontium and magnesium (Roberts et al., 1998). (15B): Butler Cave, Virginia 
showing in-phase relation (Crowell and White, unpublished data).  

A visible-scale color banding is immediately obvious in polished sections of 
speleothems stalactites, stalagmites, and flowstone (see Fig. 4). The colors of the bands 
of calcite vary from pure white to deep browns with all colors in between. In general the 
banding is coarse with band widths from a fraction of a millimeter to many millimeters. 
The transport of humic substances that make up the color bands has clearly varied over 
the growth history of most speleothems. 

163 



Most quantitative measurements of the color banding have used optical arrangements 
that limit the spatial resolution to a few hundred micrometers. Reflected light intensities 
are converted into electrical signals by a photomultiplier for recording and display. 
Some have used digital cameras. Two-dimensional imaging is possible. Holmgren et al. 
(1999) used false color imaging to display the growth layer structure in a stalagmite. 
Improvements are possible. Certainly, higher spatial resolution can be achieved since the 
diffraction limit for visible light is on the order of one micrometer. 

“Brown” is a difficult color to characterize. The reflectance spectrum of a tan, beige 
or brown object is a continuous function of high reflectance in the red end of the 
spectrum gradually falling through yellow and green with little or no reflectance in the 
blue. The function is non-linear and its precise shape describes the depth and hue of 
“brown”. In attempting to describe the bulk color of speleothems, it was found useful to 
construct two color variables, one the logarithmic ratio of reflected blue light to red light 
and the other the logarithmic ratio of reflected green light to red light (White, 1981). 
Using these two variables, all humic-substance pigmented speleothems plotted on a 
single straight line. The variability of the B/R and G/R ratios along a sequence of color 
banding has not been examined. 

8.2. Speleothem Luminescence 

It has long been known that most calcitic speleothems are phosphorescent. 
Photographers noted that speleothems would glow a pale greenish to bluish white for 

suspected that the phosphorescence, like the color, was due to humic substances 
incorporated in the calcite crystals of the speleothems (White, 1986). The luminescence 
spectra were consistent with humic substances with the main contribution coming from 
the fulvic acid fraction (White and Brennan, 1989). Further characterization of the 
organic component of speleothems and the drip water shows that the luminescent 
component is extracted from overlying soils and carried into the cave with drip water 
(Ramseyer et al., 1997; Toth, 1998; McGarry and Baker, 2000). 

 

 

 

 

 

 

 

 

Figure 16. Luminescence spectrum of stalactite from Coffee River Cave, Jamaica. Brennan and White, 
unpublished data.  
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several seconds after excitation by a flash bulb or strobe lamp (O’Brien, 1956). It was 
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The emission spectra of speleothems tend to contain only a single broad band 
peaking in the range of 400 – 500 nm (Fig. 16). The wavelength of the band maximum, 
however, varies between speleothem samples. The excitation spectra are more 
complicated, often containing several bands. The humic substances are a mix of 
molecular structures and the mix varies from sample to sample. It appears that the fulvic 
acid component has the strongest luminescence signal. The characteristic fulvic acid 
peak occurs in the range of 400 – 450 nm. However, some specimens also exhibit 
luminescence from the humic acid component, which peaks at longer wavelengths. 

To obtain more information on the chemistry of humic substances, a set of 
speleothems was dissolved in hydrochloric acid (Smailer and White, unpublished data). 
Gel chromatography was used to separate the molecular weight fractions of the solutions 
and luminescence spectra were measured on each fraction as it came off the column. The 
resulting plot, for an orange stalactite with an oily yellow luminescence, shows two 
dominant fractions, one in the humic acid range of 100,000 daltons and the other in the 
fulvic acid range of 1000 – 2000 daltons (Fig. 17). What is measured in any 
luminescence investigation is a composite of whatever mix of organic molecules that 
happen to be present in the specimen. 

luminescence also exhibits a banding, in this case, on a scale of tens of micrometers. 
These bands take the form of alternating bright and less bright luminescence intensity. 
The thickness of the luminescence bands is comparable to annual growth rates. It is 
reasonably well established that the smallest scale luminescence bands represent a 
seasonal record (Baker et al., 1993; Shopov et al., 1994). Superimposed on the annual 
records are longer time scale fluctuations that must represent longer scale variations in 
depositional conditions (Fig. 18). 

 

 

 

 

 

 

 

 

 

 

Figure 17. Distribution of luminescence according to molecular weight. Smailer and White, unpublished 
data.  

An important discovery by Yavor Shopov in the mid-1980’s was that the 



 

 

 

 

 

 

 

 

 

 

 

Coldwater Cave, Iowa. Upper curve shows variation in the luminescent intensity on the scale of thousands of years. 
Insert curve shows details of resolution at an annual scale. From Shopov et al. (1994).  

The original measurement of luminescence banding was photographic. A polished 
slab of speleothem was illuminated with ultraviolet light and a high resolution 
photograph taken. Densitometer measurements on the photographic film produced a 
pattern of bright and dark bands along the growth axis. More recent measurements have 

extensive research – or a UV microscope with photographic recording. The microfocus 
Raman spectrometer, available in many university laboratories, has proved an effective 
tool for measuring luminescence banding (White, 1997). In this instrument, a laser – 
typically an argon ion laser – is focused on the specimen through a microscope objective. 
The luminescence radiation is also collected by the microscope objective and passed 
through a beam-splitter into a high-resolution monochromator. This permits 
constructing banding profiles at different wavelengths and thus traces the distribution of 
different mixes of organic species in the speleothem. With a precision mechanical 
translation stage, which may be computer controlled, spatial resolution of a few 
micrometers is possible. 

Comparison of gray-scale banding with luminescence banding for caves in France 
and Belgium (Genty et al., 1997) showed that in these examples both measures gave very 

correlation between reflectance and luminescence banding. 
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Figure 18. An early measurement of luminescence banding using the optical density of photographic film. 

utilized a laser source – a Cd-Ne laser emitting at 325 nm in the case of Baker’s 

similar patterns. However, Perrette et al. (2000) comment that there is no consistent 
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8.3. Speleothem Microstratigraphy as a Paleoclimate Record 

Considering stalagmites and flowstone simply as stratigraphic sequences in the same 
fashion as other sedimentary sequences, the textures of the individual layers themselves 
become paleoclimatic indicators. Annual laminations appear because of seasonal 
variations in flow rate of drip water (Genty and Quinif 1996). Increased layer thickness is 
usually a measure of higher growth rate that correlates with the infiltration rate, which in 
turn is a measure of excess precipitation over evapotranspiration. Brook et al. (1999) 
found stalagmites in the Anjohibe Cave, Madagascar that exhibited alternating layers, 
one inclusion-poor calcite (or aragonite) with high Sr2+ content, the other inclusion-rich 
with low Sr2+, each about 40 µm thick. These were interpreted as representing dry season 
and wet season respectively. The thickness of the layers correlated with rainfall and 
temperature data over the time period 1951–1992. A longer, 415-year stalagmite 
thickness agrees with the historical records of El Niño events. Holmgren et al. (1999) 
found excellent agreement between laminae thickness and the rainfall index northeastern 
South Africa (Fig. 19). 

The discovery of luminescence banding aroused a great deal of interest because it was 
immediately apparent that here was a record with a time resolution of one year or less that 
clearly seemed to be carrying a paleoclimatic signal. Many banding sequences have 
been measured, many from Britain, France, Belgium, and some from Germany (Richter 
et al., 1997; Niggemann et al., 2000). Much of the work cited in earlier sections was 
devoted to demonstrating the existence of luminescence banding and to attaching 
significance to the banding patterns. Some unique events appeared such as an anomaly 
in the banding pattern in a stalagmite from Uamh an Tartair Cave, Scotland, which Baker 
et al. (1995) assigned to the Hekla 3 volcanic eruption which occurred about 1159 BC. 

 

 

 

 

 

 

 

 

 

 

index for contemporary stalagmite growth in Cold Air Cave, Makapansgat Valley, South Africa. From 
Holmgren et al. (1999).  
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Figure 19. Correlation of gray scale banding with temperature index and laminae thickness with rainfall 

























large, [230Th/238U] approaches unity, and that at some point between 400,000 and 800,000 
years an age limit to the technique is reached. The exact limit depends on several factors, 
including δ234U(i) and the precision of the isotopic measurements. 

Reported uncertainties in T are introduced primarily by uncertainties in the measured 
values for [230Th/238U] and δ234U(m), but also depend on T itself, because the slope 
d[230Th/238U]/dT, generally decreases with increasing T, approaching a slope of zero 
near secular equilibrium (Fig. 1). The smallest fractional age errors are obtained for materials 
several thousands to several tens of thousands of years old. Samples of this age are old 
enough to have enough 230Th atoms for a high-precision analysis, yet are young enough 
to fall on the initial high-slope part of the [230Th/238U] evolution curve (Fig. 1). For 
example, [230Th/238U] and δ234U(m)
age errors: ± 40 yrs at 10,000 yrs, ± 200 yrs at 50,000 yrs, ± 1,200 yrs at 200,000 yrs, and 
± 15,000 yrs at 500,000 yrs. 

 

 

 

 

 

 

 

 

Figure 1. This shows the change in the  230Th/238U activity ratio ([230Th/238U]) with time for different initial δ234 
values (δ234U(i)) and is calculated assuming a closed system and initial 230Th = 0 (Eqs. (1) and (2)
cases where [230Th/238U] > 1, a unique combination of [230Th/238U] and δ234U(m) defines the age T. Initial δ234U 
values of 0 to 3,000 are common for many of the speleothems discussed in the paper.  

The analytical errors in [230Th/238U] and δ234U(m) generally follow counting statistics, 

counts per analysis. At the 2σ level: 

22
totalcounts

σ =  (3) 

4

6

 

Thus, precision at the 2 % level requires at least 10  counts, whereas precision at the 2  

such that the fractional error is inversely proportional to the square root of the number of  
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 measured to the 2.0-3.0 % level yield the approximate 0

). For those 

% 0
level requires at least 10  counts. Because of their relatively long half-lives, decay  













Also, 230Th released from the carbonate phase during acid dissolution may unpredictably 
adsorb to detrital particles if they are present. For these reasons, both Bischoff and 
Fitzpatrick (1991) and Luo and Ku (1991) independently concluded that isochron 
techniques that employ total sample dissolution give the most reliable results. 

The isochrons that we depict in this paper are simple two-dimensional isochrons. A 
rigorous treatment of isochron techniques requires the use of three-dimensional isochrons 
(e.g. Ludwig and Titterington, 1994). However, for our particular examples, variation in 
the 234U/238U ratio among sub-samples used to construct each isochron is negligible. 
Therefore, two-dimensional isochrons are advantageous in their simplicity in illustrating 
the concepts discussed here. Such a two-dimensional, three-point isochron using total 
sample dissolution for a stalagmite from Spring Valley Caverns, Minnesota is shown in 
Fig. 2 (data in Table 2). The regression y-intercept value of 4.4 ppm (the atomic 
230Th/232Th ratio * 106) is the present-day 230Th/232Th ratio of the contamination. The 
excellent fit of a straight line to the three points in Fig. 2 is consistent with initial 230Th 
being dominated by a single component that has a constant 230Th/232Th value. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Minnesota (the third dimension, not shown here, would be 234U/238U). The three sub-samples, labeled left, 
middle, and right, are horizontally spaced 1-1.5 cm from one another within the same stratigraphic layer and are 
from locations with visually obvious differences in detrital content. Sub-sample widths are about 1.0 mm. The 
regression y-intercept value of 4.4 ± 0.2 ppm represents the present-day 230Th/232Th ratio of the contamination. 
The true 230Th/232Th initial value, that is the value at the actual time of calcite deposition when T = 0, can be 
approximated by multiplying the present-day value by e−λ230T.  

 
Table 2. Isochron data for Spring Valley Caverns stalagmite SVC-98-3.B 

Isochron Sample 
Weight (mg) 

238U conc. 
(ppm) 

232Th conc. 
(ppb) 

Uncorrected 
Age 

Corrected 
Agea 

Middle 40.5 2.55 5.4 1,383 ± 34 1,344 ± 34 
Left 42.8 2.54 22.8 1,519 ± 46 1,349 ± 44 

Right 37.7 2.25 291.6 3,797 ± 55 1,348 ± 51 
230Th/ 232Th atomic ratio of 4.4 ppm. 

Sub-sample 
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aAges corrected using an initial 

Figure 2. A two-dimensional isochron diagram for stalagmite SVC-98-3.B from Spring Valley Caverns, 



The contamination in this particular example is almost certainly clay particles, as 
such particles were clearly visible in the two dirtier sub-samples. The 230Th/232Th ratio of 
4.4 ppm is almost the exact value predicted by the chondritic 232Th/238U atomic ratio of 
3.8, which at secular equilibrium gives a 230Th/232Th atomic ratio equal to λ238/λ230 *3.8 = 
4.44 × 10−6. Such a perfect match is doubtless fortuitous, but it is still reassuring 
validation of a value commonly used for correcting initial 230Th. A 4.4 ppm correction 
results in corrected ages that are impressively concordant (Table 2). 

A second isochron example from Crevice Cave, Missouri (Dorale et al., 1998) 
illustrates a slightly more complex scenario (Fig. 3). The regression y-intercept value of 
6.1 ± 0.2 ppm is certainly a reasonable value within the range of common detrital 
232Th/238U values. As Table 3 shows, however, applying a 6.1 ppm correction to each of 
the three sub-samples results in ages that are slightly discordant at face value. Such a 
data set is consistent with the hypothesis that there is more than one source of initial 230Th 
and that these multiple sources have different 230Th/232Th ratios. The simplest scenario is 
a two-component system in which the high 232Th component has a low 230Th/232Th ratio 
and the low 232Th component has a high 230Th/232Th ratio. Indeed, Table 3 illustrates that 
the two dirtier sub-samples (left and right) give an initial 230Th/232Th value of 2.4 ppm, 
while the two cleaner sub-samples (middle and left) give a value of 11.0 ppm. 

 

 

 

 

 

 

 

 

three sub-samples, labeled left, middle, and right, are horizontally spaced 1-1.5 cm from one another within the 
same stratigraphic layer and are from locations with visually obvious differences in detrital content. Sub-
sample widths are about 2.0 mm. The regression y-intercept value of 6.1 ± 0.2 ppm represents the average, 
present-day 230Th/232Th atomic ratio of the contamination. Although the scaling of this figure makes it difficult 
to see, the three points are not exactly co-linear. A two-point line using the two dirtier sub-samples (left and 
right) gives a regression y-intercept value of 2.4 ppm, and a similar exercise for the two cleaner sub-samples 
(middle and left) gives a value of 11.0 ppm. Such a data set is consistent with the hypothesis that there is more 
than one source of initial 230Th and that these multiple sources have different 230Th/232Th ratios. The simplest 
scenario (one that fits the data in this example) is a two-component system in which the high 232Th component 
has a low 230Th/232Th value and the low 232Th component has a high 230Th/232Th value.  
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Figure 3. A two-dimensional isochron diagram for stalagmite CC-99-12-A from Crevice Cave, Missouri. The 



























and both modern and fossil speleothems for 35 karst areas worldwide (Fig. 1) that has 
been assembled from the published literature and from our unpublished work. 

 

 

 

 

 

 

 

 

 

 

 

 

 
isotope data were compiled for this study. Data from: Gross, 1964; Hendy and Wilson, 1968; Duplessy et al., 
1971; Talma et al., 1974; Thompson et al., 1974, 1975; Harmon et al., 1977; 1978a,b; 1979b; Gascoyne et al., 
1981; Gascoyne and Nelson, 1983; Schwarcz and Yonge, 1983; Goede and Hitchman, 1984; Yonge et al., 1985; 
Urbanc et al., 1987; Goede et al., 1986; Miller and Dicken, 1987; Goede et al., 1990; Ingraham et al., 1990; 
Lauritzen et al., 1990; Chapman et al., 1992; Dorale et al., 1992; Talma and Vogel, 1992; Holmgren et al., 
1995; Lauritzen, 1995; Bar Matthews et al., 1996; Caballero et al., 1996; Goede et al., 1996; Baker et al., 1997; 
Bar Matthews et al., 1997; Hellstrom et al., 1998; Dorale et al., 1999; Frumkin et al., 1999; Lauritzen and Onac, 
1999) and our unpublished data (Harmon, 1976; Gascoyne, 1979; Atkinson et al., 1983; and Hess et al., unpub).  

2. OXYGEN ISOTOPES 

Calcite speleothems are deposited in a cave when downward-percolating, carbonate-
saturated groundwaters, with a partial pressure of CO2 exceeding that of the cave 
atmosphere, enter a cave and become supersaturated with respect to calcium carbonate. If 
the degassing of CO2 from solution is slow and isotopic equilibrium is maintained 
between aqueous carbon phases and deposited carbonate, then two climatically-dependent 

.
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Figure 1. Cave sites worldwide for which rainfall, cave drip water, and modern and fossil speleothem stable 

variables (a fractionation effect and a water effect) will determine the O-isotopic 
composition of the speleothem calcite deposited in a cave. 
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Figure 2. Co-variations of δ13Cct and δ18Oct (given relative to the PDB standard) for some fossil speleothems 

Mexico; 74019 – Coldwater Cave, IA, USA) illustrating isotopic relationships that characterize deposition 
under equilibrium and non-equilibrium situations (from Harmon, 1975). Meaningful paleoclimate information
can only be retrieved from speleothem calcite deposited under conditions of isotopic equilibrium. 

al., 1996). If equilibrium deposition is documented, then the assumption is made that 
fossil speleothem material in the same cave was also deposited under equilibrium 
conditions. 

As a consequence of the temperature dependence of the O-isotopic fractionation 
between water and calcite and the general isotopic equivalence of local meteoric 
precipitation and cave seepage water at a give cave locality (see below), the prevalence of 
equilibrium deposition should result in multiple speleothems within a single cave or local 
 

Sotano de la Tinaja, SLP, Mexico; 73039 – Crystal Cave, Bermuda; 71042 – El Sotano del Arroyo, SLP, 
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(73951 – Igloo Cave, Nahanni Region, NWT, Canada; 72040 – El Sotano de Soyate, SLP, Mexico; 71003 – El









 

 

 

 

 

 

18O values (relative to the SMOW standard) for modern cave 
seepage water as a function of cave temperature. The non-linear trend in the data closely resembles that 
recorded by Yurtsever and Gat (1981) for continental rainfall. 

The complexities discussed above can make the interpretation of speleothem δ18Oct 
profiles problematic because of the difficulties in quantitatively determining the net
response of Eq. 6 to climate change at any specific cave locality. The sum of the terms in
Eq. 6 can vary quite widely depending on the relative magnitude of the positive- and 

change in isotopic composition of calcite, ∆δ18Oct, which may be positive, negative or 
even zero. Unless the isotopic composition of cave seepage water at the time of 
speleothem formation can be estimated (e.g. through the analysis of fluid inclusions 
contained within the speleothem calcite as described Schwarcz et al., 1976 and Harmon 
et al., 1979b), the interpretation of measured δ18O variations can be problematic because 
a decrease in speleothem 18O/16O ratio may be interpreted as indicative of either warming 
or cooling conditions, depending on the sign and magnitude of the water effect over time. 
An early literature example from France (Fig. 4) demonstrates the dilemma. When 
unconstrained by information about either the isotopic composition of the cave seepage 
water from which calcite precipitation occurred or modern speleothem calcite, a 
measured increase in the 18O/16O ratio of speleothem calcite could be interpreted as 
indicative of either warming conditions, as advocated by Duplessy et al. (1971) in their 

Another way in which the sense of speleothem δ18O change can be estimated is by 
reference to modern speleothem calcite that is actively forming in the same cave at the 
present time, once equilibrium deposition of the modern calcite has been established 
through analysis of 18O/16O ratios for modern speleothem calcite-water pairs (Table 1). 
By assuming that the δ18Oct value of the modern material is representative of the O-
isotopic composition of speleothem calcite formed under interglacial conditions, both at 
present and in the past, then a record of δ18Oct variation for a fossil speleothem can be 
interpreted in terms of its climatic significance (e.g. Fig. 5). However, only a few recent 
speleothem paleoclimate studies have taken this approach to estimating the sense of 
δ18Oct variation for fossil speleothem calcite as a function of climate change. 
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Figure 3. Plot of average cave drip water δ

negative- trending terms, and a given change in climate (effectively, ∆T) can lead to a

conditions as Emiliani (1971) subsequently reinterpreted the Aven d’Orgnac results. 
initial interpretation of the Aven d’Organc O-isotope profile, or indicative of cooling 
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Times of enrichments of speleothem calcite in 18O have been interpreted as episodes of warm climate (Duplessy 
et al., 1971) and as episodes of cold climate (Emiliani, 1971). See text for discussion. 

During the Holocene, the δ18O value of seawater has remained constant and thus it 
18Oppt]/dT has been the principal control 

on δ18Odw. The situation for Late Pleistocene time is more problematic. Dorale et al. 
(1992) have shown that d(δ18Oct)/dT is positive for the mid-continent of North America 
during the Holocene. Earlier studies (Thompson et al., 1976; Harmon et al., 1978) 
indicated that a similar situation prevailed over the last two glacial-interglacial cycles in 
this region. However, Gascoyne et al. (1980, 1981), Goede et al. (1986, 1990), and 
Lauritzen (1995) have demonstrated that d(δ18Oct)/dT is negative for certain high-latitude 
maritime situations. Data for fossil speleothems from 22 areas worldwide (Table 3) 
indicate that long-term trends for speleothem O-isotope variation can be either positive or 
negative as a function of changing climate. Hence, determination of δ18Oct of modern 
speleothem is recommended as a foundation for any speleothem paleoclimatology study. 
As well, speleothem fluid inclusion analysis (e.g. Schwarcz et al., 1976) should be 
conducted where feasible. To simply presume that the net water effect at a given site has 
been constant throughout the Late Pleistocene, as has been done in several recent studies, 
is a very tenuous assumption indeed. 

 Variability and Bias in Cave Drip Water Isotopic Composition 

Continental precipitation exhibits distinct patterns of isotopic variation related to 
atmospheric circulation, geospatial position, and topography. Craig (1961) demonstrated 
that meteoric waters worldwide exhibit a well-defined relationship between D/H and 
18O/16O ratios. It is well established that the stable isotopic composition of cave seepage 
waters in temperate and boreal karst areas conforms well to the meteoric water 
relationship (Schwarcz et al., 1976; Harmon and Schwarcz, 1981; Yonge et al., 1985) and 
that site-averaged δ18O values for North American cave seepage waters exhibit the same 
geospatial distribution pattern as meteoric precipitation (Fig. 6). These two observations 
indicate that cave seepage waters in temperate to sub-arctic karst areas tend to be 
unfractionated samples of local meteoric precipitation. 

Figure 4. Axial δ O -time profile for a stalgamite from Aven d’Orgnac, France deposited from c. 130,000 to 

can be assumed  that present day value of d[δ

2.4
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90,000 years B. P. (after Duplessey et al., 1971)., O-isotope compositions are given relative to the PDB standard. 



 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Records of δ18Oct variation (given relative to the PBD standard) for speleothems from six different 
karst regions between 22° and 62° north latitude in North America and Bermuda after Harmon et al. (1978a). 
Vertical lines indicate suggested correlation between isotopic maxima and minima that are interpreted to denote 
paleoclimatic events. Small upward pointing arrowheads indicate U-series age determinations. Horizontal 
arrows labeled modern indicate the δ18Oct value of calcite presently forming a particular speleothem locality. 

 

However, the isotopic composition of seepage water at some localities is observed to 
be distinctly different from the annual average precipitation at the cave site, where cave 
drip waters may exhibit either a seasonal bias away from annual average rainfall, or large 
variations within individual cave systems or within local karst areas (Table 4) 

In some cases, such as Bermuda and central Texas (Harmon, 1975), there is a distinct 
bias toward either winter or summer rainfall. In other instances, particularly in semi-arid 
areas of strongly seasonal precipitation like Israel (Bar-Matthews et al., 1996; Ayalon et 
al., 1998) and New Mexico (Chapman et al., 1992), the isotopic composition of recharge 
waters can be substantially modified by evaporation and mixing processes within the 
epikarst zone. 
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Figure 6. Map of North America showing (a) generalized contours of approximate δD and δ18O 
values (given relative to the SMOW standard) of meteoric waters (after Taylor, 1974) and (b) site-averaged 
δ18Odw values for different karst areas. That the cave seepage waters exhibit the same geospatial distribution 
pattern as meteoric precipitation is an indication that cave seepage waters in temperate to sub-arctic karst areas 
tend to be unfractionated samples of local meteoric precipitation. The inset diagram is a schematic illustration 
of the multi-stage isotopic fractionation that occurs in the atmosphere during moisture transport from ocean 
source to a site of continental precipitation (after Siegenthaler, 1979). 

 

 

 
 

 

 

 

 

 

Figure 7. Map of White Scar Cave, Yorkshire Dales, UK (after Glover et al., 1977). The between the vertical

et al., unpublished) of cave drip waters in the Yorkshire Dales karst area. 
arrows denote 500 m portion of the cave of the Entrance to the Battlefield sampled in our 1980-81 study (Hess  
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Figure 8. Comparison of temporal profiles of δ18O variation for surface rainfall and cave seepage at different 

compared to 3.1‰ across all four caves. Mean annual δ18O values for the 11 White Scar 
Cave drip sites vary from −7.4 to −6.6‰, a range of almost 1‰ over only half a kilometer 
of cave passage. By comparison, mean annual drip site δ18O values for the seven caves 
sampled vary from −7.4 to −5.8‰, a range of almost 2‰. Finally, some drip sites exhibit 
similar temporal δ18O patterns, with major variations in isotopic composition in phase, 
but lagging behind the precipitation signal by some 50-60 days. By contrast, antithetic 
δ18O-time changes are observed for some other drip sites from one sampling time to the 
next. Together, this unusual set of data from the Yorkshire Dales indicates the isotopic 
composition of cave seepage drip waters is not necessarily a simple and direct response 
function of an input meteoric precipitation signal, but rather can be a complex derivative 
generated by a combination of physical effects such as different flow paths, residence 
times, and mixing histories of recharge water within the epikarst zone. 

These observations also have important paleoclimatological as well as hydrological 
implications. Since cave temperatures throughout the Ingleborough cave system were 
closely similar (and equal to the average surface temperature), the speleothem calcite 
precipitated over the interval of the study from such drip waters sampled would exhibit 
the same difference in O-isotopic composition as the parent seepage waters. This would 
correspond to an apparent maximum difference of >6°C between contemporaneously 
deposited speleothem calcite. 

The situation may be even more complicated when considering past climate regimes. 
The O-isotope data for the White Scar Cave system demonstrate that individual seepage 
 

sites in White Scar Cave, Yorkshire Dales, UK over the period from 9/80 - 10/81 (Atkinson et al., 1983; Hess
et al., unpublished data). See text for discussion. 
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air currents pumping 18O-enriched vapor from the cave atmosphere into the wallrock 
generated isotopically distinct winter and summer cave drip water. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Concordant records of δ18Oct variation for speleothems from two caves in Israel (after Frumkin et al., 
1999 and Bar Matthews et al., 1997). 

 

Karst hydrologic systems are both highly complex and dynamic in character, both in the 
short and long term (Friedrich and Smart, 1982). For example, a partly different set of 
epikarst flow paths might be utilized during high- and low-recharge conditions. Similarly, 
the quick flow versus base flow components (Atkinson, 1977) of the seepage flow signal 
may vary as a function of intensity, duration, or timing of a precipitation input or may 
vary with a change in predominant climate regime. As a result of local nuances, there 
may be significant δ18Odw variations for seepage sites in a single cave, such as those 
illustrated in Tables 4 and 5. We would expect to see such differences reflected in δ18Oct 
of coeval speleothems from the same cave; this has been observed at some caves. Note 
that such differences in δ18Odw would be persistent at a given site even though δ18O 
character of precipitation was changing seasonally or over the long term at a site. The 
important implication of this situation, from a paleoclimate perspective, is that the 
seepage water network within the epikarst zone feeding a particular cave drip site might 
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geographic regions. Data from the references cited in Figure 1. 

Cave Site δ13OCct Range 
(‰ PDB) 

Soreq Cave, Israel −12.8 to −5.1 
Yorkshire Dales, UK (5 Caves) −11.7 to −4.5 
Bermuda (5 caves) −11.0 to −2.3 
Vancouver Island, BC, Canada (3 caves) −11.0 to −6.2 

−9.6 to −7.0 
Mammoth-Flint Ridge, KY, USA −9.4 to −7.3 
Coldwater Cave, IA, USA −9.3 to −6.3 
Pulaski County, KY, USA (2 caves) −8.8 to −5.8 

−8.6 to −6.7 
Norman-Bone Cave, WV, USA −8.1 to −7.7 
Central TX, USA (2 caves) −8.1 to −0.5 
Wind Cave, SD, USA −4.4 to −4.1 
Yorkshire Pot, ATLA, Canada −4.1 to −3.1  

 

 

 

 

 

 

 

 

 

 

Figure 10. Comparison of the C-isotopic evolution at 25°C during dissolution of limestone (typically with δ13C 
= −4 to +2‰; average. = 0‰, Deines et al., 1973) by soil waters initially equilibrated with CO2 derived from 
a C3-type vegetation source of δ13C = −24‰ (a) and a C4-type vegetation source of δ13C = −12‰ (b) under 
open (solid line) and closed (dashed line) system conditions (after Salomons and Mook, 1986 and Deines et al., 
1974). The lines and curves in each figure represent solution paths for different conditions of initial CO2 partial 
pressure (PCO2) conditions until equilibrium with calcite (i.e. saturation) is reached. The tick marks on the lines 
represent the C-isotope composition of the solution at that point of on evolutionary trajectory. Note that 
carbonate dissolution under closed system conditions leads to higher δ13C values (‰ PDB) at saturation than 
open system dissolution, the lower the initial PCO2 value, the greater the degree of 13C enrichment at saturation. 

Moon’s Cave, Victoria, Australia 

Lynd’s Cave, Tasmania, Australia 

Table 6. C-isotope ranges observed for modern speleothems from caves in different 
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Figure 1. Location of Devils Hole and salient features in its vicinity. Dashed-dotted line 
marks approximate boundary of the Ash Meadows groundwater system. Dashed line 
marks approximate boundary of highly transmissive aquifer. They also coincide with 
approximate position of the Spotted Range-Mine Mountain structural zone. Arrows 
indicate the inferred direction of groundwater flow. Shaded areas are approximate 
recharge areas. Adapted from Winograd et al. (1992). 

south of, and ∼70 m higher than, Devils Hole is 12.09 cm (4.76 in) (www.wrcc.dri.edu, 
2000a) and in Beatty, NV, about 65 km northwest of, and ∼245 m higher than, Devils Hole, 
the average annual precipitation is 10.44 cm (4.11 in.) (www.wrcc.dri.edu, 2000b). 

The northwest-striking Walker Lane structural corridor is the dominant structural trend 
in the vicinity of Devils Hole. However, most recent tectonic activity has taken place on 
conjugate northeast-striking structures of the Spotted Range-Mine Mountain structural zone, 
(Carr, 1984). Though just outside of the Spotted Range-Mine Mountain structural zone, 
Devils Hole lies within an area (Fig. 1) in which present stress conditions compress northwest-
striking faults, tending to keep them tightly shut (Carr, 1974). Conversely, the less common 
northeast-striking structures currently are active, tending to open during fault movement. The 
Cambrian Bonanza King Formation at Devils Hole is one unit of the lower Paleozoic rocks 
that comprise the regional carbonate-rock-aquifer Ash Meadows ground-water system 
(Winograd and Pearson, 1976; Winograd and Thordarson, 1975). Because the regional stress 
field tends to open faults and fractures in the lower Paleozoic rocks, the main flow conduits 
forming the aquifer are so transmissive that Winograd and Thordarson (1975) found hydraulic 
gradients as low as 0.06 m/km. 
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regional water table approximately 16 meters below the adjacent land surface (Carr, 1988). 
Total depth of Devils Hole is unknown, however, mixed-gas scuba exploration has shown that 
Devils Hole extends more than 145 m below the water table. The water table in Devils Hole 
has a mixed semi-diurnal solid earth(?) tide with a maximum tidal range of ∼11 cm during 
maximum-amplitude spring tides, and ∼3 cm during minimum-amplitude neap tides. These 
tidal variations are superimposed on other water-level changes due to barometric pressure, 
seismicity, and long-term water level changes that result from a variety of causes. Strong 
seismic disturbances can cause the water table to rise and fall rapidly, with consequent 
resuspension of any uncemented sediment on the footwall. 

Surface water temperature is approximately 32°C throughout the year. Water 
temperature is 34.25°C at a depth of 51 meters (R.J. Hoffman, U.S. Geological Survey, 1990, 
personal communication). Water in Devils Hole is slightly supersaturated with respect to 
calcite (saturation index averages about 0.18) with calculated PCO2 values from 0.0123 to 
0.0141 atm (Plummer et al., 2000). The water has been supersaturated with calcite for at least 
500,000 years. 

about 25 meters in Devils Hole and ascending a different branch of the fissure back to the 
water table (Hoffman, 1988, p. 6; Riggs et al., 1994). Browns Room has a blocky shape that 
results from breakdown blocks falling from between splays of the fault (Riggs et al., 1994). 
The room extends approximately 9 meters above the present water table. An 8 m by 7 m pool 
of warm Ash Meadows groundwater occupies the southwest end of Browns Room. Millers 
 

 

 

 

 

 

Figure 2. View northeast into Devils
Hole. The left side of the opening is
the footwall of the fault. The width of
the opening at the water table is about
2 to 2.5 meters. 

Figure 3. Map of Devils Hole. BR is Browns Room, 
and M is Millers Chamber. Mammillary calcite is the 
only speleothem morph below the water table. Rafts 
currently form on the surface on the main chamber and 
in Browns Room. Folia only form in Browns Room, 
and popcorn forms in both Millers Chamber and Browns 
Room. 

KOLESAR AND RIGGS 

of approximately 8 meters by 24 meters in plan view (Carr, 1988). The fissure intersects the 
Devils Hole is a steeply dipping (∼80°) planar fissure with a surface opening (Fig. 2, 3) 

Browns Room (Fig. 3), an air-filled chamber, is accessible only by diving to a depth of 
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Chamber is a second, much smaller air-filled room that is connected to Browns Room by a 
short, water-filled passage. 

3. MORPHOLOGIC DESCRIPTION 

Devils Hole contains five distinct morphologies of speleothems that are readily 
discriminated by the naked eye. Their form is mainly a consequence of the carbonate 
precipitation environment, that is, whether the carbonate precipitated above, at, or on the 
water table in humid air, or below the water table. As a result, once we learn to recognize the 
different speleothem morphologies, and relate them to their precipitation environments, we 
can quickly begin to reconstruct the progression of environmental conditions at a site from 
the arrangement of speleothem morphologies deposited there. 

3.1 Mammillary Calcite 

By far the most common of the precipitated morphologies, mammillary calcite forms a 
massive, uniformly thick coating of very coarsely crystalline calcite on most underwater 
surfaces. The outer surface of the coating has many gently dome-shaped protuberances (Fig. 
4) that may result from convexities in the underlying bedrock surface on which the coating 
precipitated. In the Devils Hole system, mammillary calcite forms only below the water table 
(Kolesar and Riggs, 1999), and is the only coating present from approximately 1 meter below 
the water table to the present limit of exploration about 140 meters below the water 
surface. It is mammillary calcite that preserves the TIMS U-series dated (Ludwig et al., 1992) 560-
kyr-long paleoclimate record of δ18O (Winograd et al., 1988, 1992) and δ13C (Coplen et al., 
1990, 1994) changes. 

In thin section, mammillary calcite resembles the palisade calcite of Folk and Assereto 
(1976), with very large (up to 23 mm long and 2 mm wide), columnar (Logan and Semeniuk, 
1976) crystals oriented mostly normal to the surfaces it coats. Each columnar crystal is 
 

 

Figure 4. Mammillary calcite coating the 
walls of Devils Hole about 23 m below water 
table. Note the gently rounded protuberances 
that characterize the coating. A core of 
mammillary calcite about 42 cm thick was 
recovered from approximately 30 meters 
below the water table. Photograph courtesy 
of Ray J. Hoffman. 

Figure 5. Photomicrograph of mammillary 
calcite in cross-polarized light. Note the 
closely packed “comb” structure of the crystals 
with the “teeth” (T) of the comb meeting the 
“back” (B) of the comb at an acute angle. 
White arrow indicates direction to the 
substrate. 
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composed of numerous elongate subcrystals, or crystallites. The crystallites commonly form 
patterns that resemble closely packed teeth on a comb (Fig. 5). Elongate crystallites have the 
c-axis generally oriented at greater than 60° to the direction of elongation and are length-slow, 
in marked contrast to the observation of Kendall and Broughton (1978) who found most 
of the speleothem calcite they examined to be length-fast (“normal”). Crystal growth of the 
compound crystals is approximately normal to the substrate. This suite of petrographic 
characters allows us to distinguish mammillary calcite from flowstone in complex samples. 

Mammillary calcite on the hanging wall of Devils Hole is white, translucent, and 
unbanded. Footwall mammillary calcite, on the other hand, is strongly banded because silt 
and clay debris that settled on the up-facing surfaces were incorporated into the mammillary 
coating by continuing calcite precipitation. Well-developed bands on cross sections of 
up-facing mammillary calcite surfaces disappear abruptly wherever the depositional surface 
rolls over to vertical or overhanging. 

Rapid accumulation of silt and clay on mammillary surfaces stops crystal growth. Large 
numbers of very small, equant to columnar crystals that grade quickly to a few large columnar 
crystals (Fig. 6) mark the reinitiation of crystal growth. 

Growth rate of mammillary calcite ranges from about 0.3 to 1.3 mm/1,000 years (Ludwig 
et al., 1992; Plummer et al., 2000). 

of two different types. The first type consists of irregularly shaped pore spaces with fluid 
inclusions that are commonly oriented parallel with the crystallite boundaries. In “traditional” 
speleothems, spindle-shaped inclusions mark the sites where columnar crystals have coalesced 
(Kendall and Broughton, 1978). In mammillary calcite, the irregular inclusions probably mark 
 

 

 

 

 

 

Figure 6. Photomicrograph (plane polarized 
light) of a zone of irregular pore spaces 
(arrows) that are elongated parallel with buried 
crystal terminations. Pore spaces probably 
resulted from small irregularities on the upper 
surfaces of the crystals created by accumulations 
of clay-sized debris. 

Figure 7. Photomicrograph of mammillary 
calcite perpendicular to the long crystal axis. 
Note the very irregular crystal outlines. Partial 
coalescence of these irregular crystals may be 
responsible for the irregular nature of fluid 
inclusions in mammillary travertine. Plane 
polarized light. 

Mammillary calcite is very dense, with porosities much less than 1%. Pore spaces are 
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the sites of juncture of “micro-crystals” or crystallites that have coalesced to form large 
columnar crystals. Kendall and Broughton commented that most of the speleothems they 
studied were composed of length-fast calcite. In such crystals the c-axis is parallel with the 
long dimension of the crystal, and views of thin sections cut normal to the c-axis show the 

mammillary calcite crystals are also columnar, they are length-slow, and sections cut normal 
to the long axis of the crystals (approximately parallel with the c-axis) show very irregular 
crystal outlines (Fig. 7). This suggests that the irregularity of inclusion shape in mammillary 
calcite is a direct consequence of the crystal morphology. 

The second pore and fluid inclusion type was formed when debris settling onto up-facing 
mammillary calcite surfaces trapped spaces in the plane of the crystal terminations (i.e., 
parallel to the growing surface) (Fig. 6). 

3.2 Rafts, Folia, Popcorn, and Flowstone 

Calcite precipitated at/on the water table or in the intertidal range forms as rafts and as 
folia. 

3.2.1 Rafts 

Calcite that precipitates directly at the water-air interface forms rafts of calcite crystals. 
The rafts float on the surface, supported by surface tension (Hill and Forti, 1997). When the 
water surface is disturbed by wind, seismicity, tidal fluctuations, flood inflow, or divers’ air 
bubbles, the rafts sink and often become cemented to the bottom (Fig. 8) (Riggs et al., 1994). 
Rafts start out as roughly circular aggregations of crystals that, if undisturbed, coalesce into 
large (up to 10 cm across) aggregations that are variable in general outline. Because the 
water surface in Browns Room is protected from disturbance by wind or flood inflow, rafts 
in Browns Room consistently are much larger than those that form in the open part of Devils 
 

Figure 8. Accumulation of rafts (arrows) at a 
depth of about 28 meters below Browns Room 
in Devils Hole. Rafts have been cemented in 
place by continued precipitation of mammillary 
calcite. Thickness of bedrock block left of the 
arrow is about 15 cm. 

Figure 9. Scanning electron micrograph of the 
underside of a calcite raft that precipitated at 
the water-air interface in Browns Room. 
Perimeter has long crystals, whereas the central 
part of the raft is characterized by mostly 
equant crystals. Four small rafts coalesced to 
form this large one. Scale bar is 1 mm. 
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coalescence of triangular crystallites (Kendall and Broughton, 1978, Fig. 7). Although 
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well as signaling the ubiquity of folia on all vertical-to-overhanging subaerial surfaces in 
Browns Room, though in many places the folia are covered in turn by flowstone and popcorn 
(described below). A final point is that a rising water table will deposit folia over the deposits 
on the previously subaerial walls – typically bare bedrock, flowstone, popcorn, or older folia 
left from a previous highstand. Similarly, a falling water table will deposit folia over the 
previously submerged surface – typically mammillary calcite in Devils Hole. So by identifying 
the material on which the folia precipitated, we can generally tell whether the water table was 
rising or falling when the folia formed. 

Internally, folia generally consist of large numbers of relatively small (a few tenths of a 
mm to a few mm) equant to slightly elongate length-fast crystals (Fig. 11). Initial precipitates 
exhibit a dendritic habit, with most of the growth occurring on the upper surface of the folia. 
With continued calcite precipitation, the very open, dendritic habit fills in, with eventual 
formation of relatively long (up to 10 mm or so) columnar, length-fast calcite crystals. 

Folia commonly exhibit internal banding. Most foliar bands, like the foot-wall-
mammillary-calcite bands described earlier, are accumulations of silt- and clay-sized detritus 
that settled on top of the folia during growth. Too-rapid sediment accumulation on the 
actively growing rhombohedral crystal surfaces disrupts crystal growth. Large numbers of 
very small “seed” crystals on top of the sediment accumulations (Fig. 12) mark the resum-
ption of calcite precipitation. 

3.2.3 Popcorn 

Popcorn (Hill and Forti, 1997; Riggs et al., 1994), a speleothem type common in many 

 

 

 

 

 

 

Figure 10. Well-developed folia in 
Browns Room. Because folia form 
within the semidiurnal tide range of the 
aquifer, this one meter exposure of folia 
has recorded a falling water table. 

Figure 11. Photomicrograph (plane polarized 
light) of the crystal morphology characteristic 
of folia. Note the dendritic habit and the very 
porous nature of the precipitate. The dark 
material surrounding the crystals is opaque 
epoxy resin used to impregnate the sample 
before thin sectioning. 
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caves, is abundant in the perpetually humid Browns Room, and especially in Miller’s Chamber 



 
 

 

(Fig. 13), but does not occur on the dry walls of Devils Hole proper. Hill and Forti (1997) 
ascribe the precipitation of popcorn calcite to subaerial evaporation of calcite-rich water 
supplied by; capillary rise of water up a cavern wall, condensation of water vapor on cavern 
walls, splash from dripping water, or seepage of groundwater through cavern walls. Sub-
sequent evaporation of the water causes the calcite to precipitate into globular-to-dendritic 
efflorescences. Alternatively, Dublyansky and Pashenko (1997) have suggested that popcorn 
results from deposition of aerosol-borne material. Because popcorn seems limited to the high 
humidity areas of Millers Chamber, where aerosol inputs are highly unlikely, and Browns 
Room, we believe that condensation of water vapor on cavern walls is most plausibly respon-
sible for popcorn formation in Devils Hole. 

Popcorn deposits are composed of radiating to subradiating (Logan and Semeniuk, 1976) 
accumulations of acicular crystals. The acicular crystals coalesce over time to form columnar 
crystals with aligned elongate fluid inclusions (Fig. 14) like those described by Kendall and 
Broughton (1978). The dense, coalesced calcite or aragonite crystals exhibit sweeping 
extinction. 

3.2.4 Flowstone 

The final Devils Hole speleothem type is flowstone (Hill and Forti, 1997, p. 70-72), 
which precipitated from films of calcite-supersaturated water flowing down the exposed walls 
of Browns Room. Flowstone deposits in Browns Room characteristically are banded in cross 
section, with bands from about 0.1 to 3 mm thick (Fig. 15, 17). Each band is a depositional 
unit, with major or minor discontinuities on either side. Outer surfaces of bands commonly 
are etched and corroded, and may have thin coatings of clay-sized material. The inner, older 
bases of the bands are composed of large numbers of micron- and decami-cron-sized equant 
calcite crystals. The equant crystals rapidly grade into fewer elongate, length-fast calcite 
 

 

 
 

 

 

Figure 12. Foliar growth is commonly 
discontinuous. This photomicrograph (plane 
polarized light) displays two well-developed 
discontinuities (black arrows) caused by 
accumulations of silt and clay-sized debris, 
topped by numerous small seed crystals that 
mark resumption of deposition. The white 
arrow points toward the substrate. “Up” is 
toward the viewer. 

Figure 13. Popcorn covering surfaces in 
Millers Chamber, Devils Hole. Swim 
fins at bottom center, for scale. 
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crystals (Fig. 15). Devils Hole flowstone petrography is most similar to the petrography of 
stalactites described by Kendall and Broughton (1978). 

Individual flowstone bands are petrographically variable over their extent. One part of a 
band may consist of elongate, length-fast calcite crystals, whereas other parts of the same 
band may be composed of accumulations of approximately equant, micron- and decami-
cron-sized calcite together with abundant clay-sized material. Changes along a band typically 
are gradational, and the differences between the different parts of a particular band is a 
consequence of their orientation. Up-facing surfaces accumulate much clay-sized debris and 
equant calcite crystals, whereas down-facing parts of the same band are composed of 
debris-free elongate calcite crystals. 

 

 

 

Figure 14. Photomicrograph (plane polarized 
light) of coalesced aragonite needles in Millers 
Chamber popcorn deposit. Arrows point to 
several of the elongate inclusions developed 
along the seams where adjacent needles 
coalesced. 

Figure 15. Scanning electron micrograph of 
flowstone from Devils Hole. The white arrow 

4. DISCUSSION 

4.1 Possible Cause of Length-slow Calcite in Mammillary Deposits. 

Kendall and Broughton (1978) examined speleothems from what may be considered 
“normal” caves, that is, caves in karst areas. Their observation that most of the speleothems 
they studied were composed of columnar, length-fast calcite crystals is counter to our obser-
vation that Devils Hole mammillary deposits are composed of length-slow calcite crystals. 
One possible interpretation for the difference in crystal orientation may be related to the 
difference in rates of crystal growth. “Normal” speleothem growth rates are on the order of 
50 to 80 mm/ka (Johnson et al., 2001; Daoxian, 2001), whereas the documented growth rate 
of mammillary calcite is only 1.3 mm/ka at its maximum. The c-axis may be the most 
favorably oriented axis for growth during rapid precipitation. 

DEVILS HOLE CALCITE 237

points toward the substrate. Flowstone charac- 
teristically has many irregular depositional 
discontinuities, and two discontinuities are
shown here (solid lines). Note at the top
(right) of each discontinuity the many small
crystals (black arrows) that indicate recom-
mencement of rapid precipitation. The small
crystals rapidly grade into  a few large, 
length-fast crystals. 



 
 

Because new calcite in Devils Hole and Browns Room precipitates over material that is
already present, a cross section from the underlying bedrock to the outer surface of a deposit 
is a stratigraphic section. The contact between the coating and the bedrock is oldest, and the 
outermost surface is youngest. 

Figure 16 shows the broken edge of an approximately 20 cm-thick coating on the above-
water-table wall in Browns Room. Examination of the section shows that three different units 
make up the deposit. Based only on the morphology, two of the units are folia, and the third 
unit is flowstone. 

coating. The sample was taken approximately 6 meters above the present water table and 
from the general vicinity of the section shown in Fig. 16. Different crystallographic and 
morphologic zones are marked on the figure. Note several features: 

The sample is morphologically and crystallographically complex. The far left side of the 
figure exhibits the characteristic mammillary calcite morphology. Directly to the right of the 
mammillary calcite is a typical band of folia. The right edge of the foliar band is a transition 
zone containing both mammillary calcite and folia. To the right of the transition zone is a 
band of mammillary calcite. The right edge of the mammillary calcite zone is etched and 
corroded, with broadly rhombic crystal terminations. Finally, directly to the right of the 

record of a changing water table in Devils Hole. The water table was originally higher than 
 
 
 
 
  
 
 
 

Figure 16. Cross section of a wall coating in 
Browns Room, Devils Hole. The coating is 
approximately 20 cm thick. The thick, solid 
line marks the contact between the calcite 
coating to the left, and the Cambrian Bonanza 
King Formation bedrock to the right. Folia and 
flowstone morphologies (arrows) are immediately 
distinguishable. 

Figure 17. Positive print of a 2″×3″ thin section 
from Browns Room (DH-BR-2) that shows a very 
complex depositional history. The different calcite 
morphologies are labeled. The substrate is toward the 
left side of the figure. See text for interpretation. 

4.2 Rapid Interpretation of Depositional Site 

Figure 17 is a positive print of a thin section from a section of Brown’s Room wall 
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etched and corroded zone is the youngest deposit-flowstone. 
This sample, collected about + 6 meters above the datum, current water table, is a graphic 
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Figure 1. Map of Austria (top) showing major karst regions. Lower left diagram: geologic sketch map of the 
area surrounding Spannagel Cave (after Höck, 1969). The location of the Spannagel Hut is indicated by the 
encircled asterisk. Lower right diagram: plan view of Spannagel Cave and location of some of the localities 
mentioned in the text. 

sediment (e.g., Kiessling, 1992). The vast majority of the marble is calcitic in 
composition. The lowermost portion immediately above the gneiss is rich in quartz and 
mica, suggesting a significant siliciclastic input into this basin during the early stages of 
carbonate deposition. 

4. CAVE DEVELOPMENT 

The initiation and development of the Spannagel Cave System are controlled 
primarily by stratigraphy and tectonics. Because the Hochstegen Marble constitutes a 20 
m thick slab of carbonate sandwiched between gneiss its NW to NNW dip dictates the 
general orientation of the cave system (Fig. 1): it forms a layer of karstified marble 
extending from its southernmost (and highest) occurrence (Spannagel Hut, main entrance) 
toward the north and west. The lower boundary of the karst system follows the 
lithological boundary between Hochstegen Marble and underlying phengite gneiss in 
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ice, expect for a neighboring cave (near the main entrance of Spannagel Cave) that 
contains a small accumulation of ice, the volume of which has steadily decreased during 
the past few years. 

Consistent with the measured cave air temperatures, Spannagel Cave lakes perennial 
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Figure 2. Erosional features and clastic cave deposits. (A) Excavated pothole, 4 m deep, cut into the 
underlying gneiss. Eingangslabyrinth (part of the show cave). Lamp (c. 15 cm diameter, on wire) for scale.  
(B) Scalloped wall surface of Hochstegen Marble. Flow was from right to left. (C) Sheet- and spear-like 
protrusions of tectonically strained chert nodules allowing minimum estimates of karst dissolution. The photo 
is rotated 90 degrees counterclockwise. Long axis of picture approximately 2 m. (D) Section of clastic 
sediments showing complex internal stratigraphy, including trough-crossbedding (right), ripple-crossbedding 
(upper half) and erosional relics of older sediments incorporated into younger ones (left-central). Gloves for 
scale. (E) Westernmost termination of Spannagel Cave (locality Bauchbad), where a small stream disappears 
(right-center). Note abundant well rounded allochthonous gneiss cobbles. 75-cm-long speleo bag for scale.  
(F) Pocket of well-rounded gneiss cobbles left behind by an ancient cave stream on banded Hochstegen 
Marble. Note coating of cobbles by iron minerals. Width of picture 1.5 m. 

 





Figure 3. Chemical cave deposits. (A) Fossil flowstone partially exposed due to later erosion. Glove for scale. 

fairly extensive, but currently inactive, speleothem deposition, in the Spreizschlucht. (D) Holocene stalagmites, 
stalactites, soda straws and flowstone, in the Trosfsteingang. Height of larger stalagmite approximately 25 cm. 
(E) Coarsely crystalline gypsum covering a cave wall, in the Kristallgange. Width of photograph 20 cm. 
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(B) Actively forming, light-brown flowstone, in the Tropfsteingang. Glove for scale. (C) Example of an area with 

(F) Stalactites and soda straws and abundant white, microcrystalling gypsum growing on ceiling in the 

calcite crystals, which probably formed in a phreatic environment. Width of photograph 25 cm. 
Kristallgange. Width of photograph approximately 1 m. (G) Detailed view of partially eroded scalenohedral 







 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Stable isotopic composition of active and fossil calcite speleothems and the Hochstegen Marble, 
Spannagel Cave. The diagram contain single sample data and data from multiple subsamples. 

High-altitude caves are not uncommon in the Eastern Alps, but the vast majority do 
not show active speleothem deposition. In addition, the origin of many of these 
alpinecave systems presently situated above timber line probably dates back well into the 
Tertiary (e.g., Frisch et al., 2000, 2001). Spannagel Cave is an exception inasmuch as it 
contains both active and fossil speleothems that can be reliably dated using U-series 
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Figure 5. Th-U ages of calcite speleothems from Spannagel Cave (arrows) superimposed on the marine 
oxygen isotope curve (SPECMAP) to facilitate correlation with the marine isotope stages (MIS). Two 
Spannagel samples yielded dates > 350 kyr. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 techniques. Naturally, speleothems of Spannagel Cave are less abundant and of smaller 
size than their counterparts in warmer, low-lying caves. The presence of these carbonates, 
however, is a clear testimony that conditions had to be — at least temporarily and locally 
— above freezing even during some of the glacial periods (cf. Fig. 5). As the present-day 
air temperature inside the cave is only slightly above freezing, this is a highly sensitive 
system. 

Stable isotopes are particularly useful in helping to understand the conditions of 
speleothem deposition in Spannagel Cave. Under equilibrium conditions, calcite 
precipitating from modern dripwaters at this site (d18O = −14 to −10‰ VSMOW) at +1 to 
+2°C should have d18O values between −10.6‰ and −6.3‰ VPDB, which is the range of 
measured calcite compositions (cf. Fig. 4). As it is impossible to precipitate calcite at 
subzero temperatures, the only way to account for calcite of lower O isotopic 
composition (cf. Fig. 4) is to introduce 18O-depleted seepage water. The O isotopic 
composition of rain and snow is a complex function of several parameters, including the 
moisture source, the O isotopic composition of the evaporating ocean surface waters, the 
path the air masses take and the in-cloud temperature of condensation. Keeping other 
variables constant, the latter process results in a near-linear relationship between MAAT 
(a proxy for cloud condensation temperature) and stable isotopic composition of 
precipitation (e.g., Rozanski et al., 1993). Lowering MAAT would thus provide a means 
to shift toward lower d18O precipitation values. Using the present-day mid-European 
averaged d18O-MAAT gradient of 0.6‰/°C or 1.7°C/‰ as a guide (Rozanski et al., 1992; 
Grafenstein et al., 1996), calcite d18O values of as low as −15.5‰ suggest a temperature 
drop of up to several degrees C below present-day MAAT. Such a temperature decrease, 
however, would inevitably result in the development of permafrost and freezing 
conditions inside the cave, which are difficult to reconcile with the presence of 
speleothems. The most likely explanation for 18O-depleted speleothems at this site 
therefore is flushing of the karst fissure network by meltwaters derived from decaying 
glaciers which stored cold and 18O-depleted precipitation. A detailed study of a complex 
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position that it is strongly affected by glacial advance and retreat. In the present situation, 
with the ice limit far up-valley, the cave is air-filled and calcite deposition occurs freely. 
Expansion of the glacier would fill the valley and cause flooding of the cave preventing 
calcite deposition and probably causing some dissolutional damage to calcite already 
deposited; this would be apparent as an obvious non-depositional or erosional hiatus. 

Laphullet is one part of what is probably a much more extensive system comprising 
more than 4.5 km of total passage with a depth of >350 m. The cave was originally 
formed in phreatic conditions; subsequent vadose conditions have caused little 
modification to the large tubular phreatic passages. Quaternary glacial advances and 
retreats forced the cave system into alternating phreatic and vadose conditions, which 
variations are mainly apparent in dissolution of the cave deposits rather than in passage 
form. The cave is formed in a narrow, steeply dipping band of marble forming a stripe 
karst. The sample grew in the main passage about 76 m below the modern topographic 
surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Location map of the cave, Laphullet, close to the Norwegian Sea, just south of the Arctic Circle, in a 
valley leading north to the small ice cap, Svartisen, with insets showing locality of the cave and valley cross 
section. 
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 alternating bands, one major hiatus close to the base of deposition. Its top surface is eroded. (The holes visible 
here are from a former low-resolution isotopic profile). Scale is in centimeters. The section shown in Figure 3 is 
not from this slice but its approximate position is shown by the white arrow. The zones as defined in Figure 3 
are shown in white letters. 

4. RESULTS 

4.1 The dates and the age model 

Table 1 shows the U-series data. These dates are close to the limit of the TIMS 
technique at this level of U, where a small variation in the measured isotopic ratios could 
significantly shift the calculated date. However, they are in perfect stratigraphic order 
(Figure 4). We would normally suggest caution in accepting the date as reliable if it were 
a single finite date so close to the limit, but the juxtaposition of the nine dates here lends 
credence to their values. 
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Figure 2. LP6, a slice from the 7.5 cm thick flowstone deposited onto the marble bedrock, is made up of 



 
 

 
Sample Position 

(mm from 
base) 

Date (ka ± 2σ) 230/234 
Activity 
Ratio 

234/238 
Activity 
Ratio 

Initial 234/238 
ratio 

230/232 
Act. 
Ratio 

U ppm Th ppm 

0.497 0.3473 

189 12.0-14.0 419.0(+10.0 −9.2) 1.0012(19) 1.0650(09) 1.2132(10) 66 1.230 1.9569 

175 27.0-28.0 416.8(+11.0−10.0) 1.0006(20) 1.0650(12) 1.2118(14) 58 0.778 0.2152 

179 34.5-36.0 406.0(+11.2−10.1) 1.0001(23) 1.0715(13) 1.2259(15) 20 0.644 0.2247 

174 41.5-43.5 405.6(+8.7 −8.0) 0.9987(17) 1.0671(13) 1.2120(14) 43 0.715 0.4572 

177 51.0-52.5 401.6(+9.6 −8.8) 0.9961(19) 1.0624(14) 1.1948(15) 1040 0.533 0.2753 

173 55.0-56.5 401.4(+10.5 −9.6) 0.9960(21) 1.0620(14) 1.1935(16) 1357 0.534 0.1148 

176 64.5-65.8 396.7(+7.8 −7.3)  0.9950(17) 1.0630(10) 1.1939(12) 2861 0.614 0.1181 

172 72.5-73.8 383.8(+7.0 −6.2) 0.9933(18) 1.0696(10) 1.2064(11) 806 0.888 0.3819 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Diagram and scan of slab from LP6 showing stratigraphy and sampling positions for TIMS dating 
(solid black rectangles) and for stable isotopes (black dots). The sample is divided into zones A to G, based on 
crystal morphology and color. 
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Table 1. TIMS uranium series data for LP6. 2Φ errors are shown in parentheses. 

183 4.0-6.0 502(+31 −24) 1.0113(23) 1.0564(16) 1.2342(19) 108 



 
 

 

 

 

 

 

 

 

 

 

 

Figure 4. Dates on LP6 and growth model, in relation to marine isotope curve from Site 607. The periods of 
calcite growth are shown by the shaded boxes. If the topmost date is used then the period of calcite growth 
extends into the unshaded box. 

 

 

 

 

 

 

 

 

 

Figure 5. A: The seven MIS 11 dates from LP6 plotted with regression line (r2 = 0.93) and 95% confidence 
intervals. B: The probability density function for the first date above Termination V, curve a, and for all seven 
dates, curve b. 
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logarithmic scale, with lower values indicating higher detrital content at the top. The major hiatus of the Stage 
12 glacial and the minor hiatus. 

4.3 The isotopes 

Figure 7 shows the δ18O and δ13C curves for LP6 in relation to position from base 
and stratigraphy as described in Figure 3. The range of δ18O for modern calcite, of −6.9 to 
−6.3‰ come from active stalactite tips in the area (Lauritzen et al., 1990). The scales are 
placed such that the more depleted values lie at the top, representing the higher 
temperatures. This is done for three reasons: (i) because the more enriched values 
correlate with the early, cooler part of the interglacial as shown in the marine record; (ii) 
because the more depleted values are associated with the richer color which is usually 
related to a higher organic content from rich soils and high biogenic activity of warm 
times; and (iii) because this is in accordance with the commonly observed negative 
relationship of isotopes and temperature for north Norwegian caves (Lauritzen and 

Lauritzen et al. (1990) who argued for a positive relationship on theoretical grounds in 
the absence of detailed isotopic data and dates, and on the evidence of a positive 
relationship from Vancouver Island (Gascoyne et al., 1981). Figure 8 shows the stage 11 
part of the isotopic curve in relation to age, using the linear growth model, and to the 
marine isotope curve from the North Atlantic ocean drilling site 607, the nearest core for 
which we can find data (Raymo et al., 1990). 
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Figure 6. U and Th systematics for LP6 indicating a generally very stable system. 230Th/232Th is shown on a 

Lundberg, 1999b; Linge et al. In prep, 2001a, b). Note that it is not consistent with
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data points are assigned an age according to the linear age model described in the text. Values for modern 
calcite are included. 
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of 

Figure 8. δ18 O  and δ13 C curves in relation to age and to the marine isotope curve from Site 607. The isotope 

δ18 O for modern  calcite, of −6.9 to −6.3‰ come from active stalactite tips in the area. 
Figure 7. δ18 O  and δ13 C curves for  LP6 in relation to position from base and stratigraphic zones. The range
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1. ABSTRACT 

Climatic controls and growth modeling 

FOR SOUTHWESTERN OREGON 
ESTABLISHING A SPELEOTHEM CHRONOLOGY 

 
Cave calcites from Oregon Caves National Monument (OCNM), a dissolutional Cave 
system located in the Klamath Mountains of southwest Oregon, are shown to refelect 
golobal paleoclimates. Given the high cost of obtaining numerous U-series dates and that 
many records lie beyond the range of the U-Th dating method (~500 ka), we have 
explored a technique for modelling the growth of speleothems both between dates and 
beyond 500 ka using theoretical and empirical growth data applied to OCNM 
speleothems. Fourtheen U-series TIMS dates indicate mean growth rates between 1.54 × 
10-3 to 3.15 × 10-2 mm.a  mostly during early interglacials. Speleothem isotopes from 
dated intervals show direct relationships with temperature, and correlate well with high-
frequency Holocene events (~200 years) in the GISP2 ice core, as well as to glacial to 
interglacial terminations. Contrary to theroretical predictions showing that temperature 
should predominantly control calcite growth, result from our samples indicate that growth 
rates are linear for given growth periods on time  scales of ~103  to 104  years. The 
calculated growth rates, however, are broadly within the 2 to 5 x overpredication factors 
reported for theoretical growth rates. We suggest that in this area, both temperature and 
water film thickness control growth rates. Outcrop-scale discontinuities, representing 
prolonged hiatuses, are presumed to be caused by groundwater freezing during extended 
perigacial conditions. These hiatuses range from 14 to 102 kyrs are and get longer over the 
course of the Quaternary. An accompanying increase in growth rates suggests an opening 
of the cave system and shallowing of the rock overburden, which shifts the dissolutional 
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system from closed to open. A simple “start-stop” growth model is presented, based on  

–1







 
 

 

 

 

 

 

 

 

 

Figure 1. CO2 partial pressure control on carbonate dissolution: A) effect of temperature on biogenic soil pCO2 
and total soil pCO2; soil pCO2 is lower than biogenic pCO2 due to inhibition effects of high CO2 or low oxygen 
levels (Drake, 1983); and, B) equilibrium concentrations of Ca2+ with respect to calcite for open, closed, and 
restricted air volume systems (Vair = Vsolution). Equilibrium pCO2 values below atmospheric equilibrium is 
where dissolution occurs, while the cross-hatched area indicates where precipitation occurs (figures modified 
from Dreybrodt, 1999). 

 
2) Dissolution of carbonate bedrock by the groundwater solution follows CaCO3 + 

H2CO3 = Ca2+ + 2HCO3. Given that levels of soil CO2 in humid environments are 
generally greater during the summer months, as well as during longer-term warm periods 
such as interglacials, higher bedrock CaCO3 dissolution rates occur in response to 
increasing temperature and vegetation/microorganism levels (Rightmire, 1978; Lohmann, 
1988). 

Two dissolution system end-members can occur: the first is when the soil is free of 
carbonates and the meteoric waters reach equilibrium with pCO2 (soil). This solution then 
percolates to bedrock and dissolves carbonates away from the CO2 source under “closed” 
(also referred to as “sequential” by Drake, 1983) conditions (Garrels and Christ, 1965; 
Hendy, 1971). These conditions are illustrated in Figure 1b (“closed” curve). The dashed 
line represents [Ca2+] in equilibrium with atmospheric conditions (3×10−4 atm) (in most 
cave systems, cave air CO2 is close to atmospheric CO2). Below the dashed line, the 
solutions are undersaturated with respect to calcite and calcite dissolution occurs until 
equilibrium is reached. The second end-member is the “open” (“coincident” of Drake, 
1983) system (Garrels and Christ, 1965; Hendy, 1971), where an “infinite” CO2 source is 
in contact with carbonates (“open” curve of Figure 1b). This allows for the dissolution of 
calcite while maintaining high pCO2 (soil) levels of the groundwater. Carbonate regoliths, 
shallow soils, or soils in contact with bedrock are examples of such settings (Drake, 
1983). Conditions between these end-members are probably more common and can occur 
due to restricted soil air volumes interacting with percolating meteoric water. The Vair = 
Vsolution curve on Figure 1b illustrates the Ca2+ concentration with respect to pCO2 (soil) for 
a mixed system comprised of equal air and solution volumes. In general, the pCO2 of soils 
with little or no organic matter, such as those found in cold or dry environments, will lie 
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development can have high porosities owing to the development of dog-tooth calcite 
crystals in standing water (Hill and Forti, 1997). Contrary to the speleothems discussed in 
this study (see Turgeon and Lundberg, in press), these gour speleothems require high-
angle slopes (Hill and Forti, 1997) and are not commonly used in high-resolution 
paleoclimatic studies. Growth rates can be corrected by determining porosity in samples 
and adding this volume to the rates obtained from Eqs. 3 and 4 above. Given that 
porosities are generally small (<10%; Baker et al., 1998), this factor is not significant 
considering other uncertainties involved in the growth model. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Effects of different parameters on cave calcite growth rate: A) precipitation rates for various film 
thicknesses (d in cm; the thicker line represents average film thickness of 7.5 cm−3; Baker and Smart, 1995) as 
a function of [Ca2+] in the water film (T = 10°C, cave pCO2 = 3×10−4 atm); B) precipitation rates (with d = 0.01 
cm and cave pCO2 = 3×10−4 atm) for various temperatures (in °C);C) precipitation rates for various cave pCO2 
levels (in 10−3 atm) (d = 0.005 cm, T = 10°C); D) values of the kinetic constant α as a function of temperature 
for different film thicknesses (d in cm)(cave pCO2 = 3×10−4 atm). All figures after Baker et al. (1998). 
 
 

Baker and Smart (1995) presented data calculated for a 50% increase in growth 
parameters modelled from the means of actual samples (Table 1). According to this table, 
changes in [Ca2+] account for 43% of the variability while 29% is explained by water film 
thickness, and temperature and CO2 partial pressure account for 21% and 8% 
respectively. This is in agreement with Dreybrodt (1988). These data suggest that growth 
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located at approximately 28 m above the main entrance, contains thick, well-developed 
flowstones from which most of our samples come. Few speleothems are located at higher 
levels, formed mainly by vadose drawdown shafts. 

 

 

 

 

 

 

 

 

 

 

Figure 3. Location map of Oregon Caves National Monument. The cross-hatched areas indicate maximum 
extent of Pleistocene glaciers and continental ice sheets. 

5. SAMPLE DESCRIPTION AND METHODOLOGY 

Two flowstones, one approximately 13 cm thick from the Exit Tunnel Cave (ETC) 

high stalagmite from the White Formation Passage (WFP-2L), were analysed for this 
study. The NG and WFP-2L samples were taken from areas deep within the cave, away 
from the present-day main airflow in order to minimise evaporative effects and 
temperature variations stemming from airflow generated by the two known natural 
entrances. The ETC flowstone was collected in a cave discovered during the excavation 

flowstone was collected from a cave with no known natural entrances, conditions of 
minimal evaporative and temperature variations are thought to have dominated the cave 
climate at this site. 

In order to establish the depositional history of the speleothems, outcrop-scale 
features such as discontinuities were mapped. Four discontinuity surfaces were found 
within the NG flowstone (Figure 4). The discontinuities are laterally continuous over the 
entire outcrop of the specimen sampled. Debris such as broken soda straws and stalactites 
lie horizontally on these surfaces (Figure 4). Although columnar calcite crystals with 
rhombohedral terminations protrude from these sub-horizontal surfaces, they are 
 

ESTABLISHING A SPELEOTHEM CHRONOLOGY FOR SOUTHWESTERN OREGON 281

of a tunnel in the 1930’s allowing access to the cave at higher elevations. Since the ETC 

’and a 73 cm thick sequence from Neptune s Grotto (NG) (Figure 4), as well as a 5 cm 



 

 
generally smooth, and are covered with a thin layer of allogenic brownish detritus of 
mineral origin. 

X-ray diffraction analyses were undertaken on powdered samples of the speleothems, 
analysed with a Philips PW1730 apparatus at Carleton University, and used in 
conjunction with thin-section petrography to confirm the mineralogy of the crystals. 
Speleothem samples were cut normal to the growth axis. These surfaces were then ground 
and polished. The speleothems were sampled for stable isotopic analysis along the growth 
axis of the samples using a 0.6 mm drill bit. Oxygen stable isotope ratio measurements 
were done every 1 mm for the WFP-2L stalagmite and the lower section of the NG 
flowstone, while all the other samples were analysed every 2 mm. Standard extraction 
techniques, using H3PO4 digestion, were used to purify and isolate CO2, which was 

in the Earth Sciences Department of the University of Ottawa. The analytical errors on 
δ18O values are ±0.1% and all results are reported as V-PDB. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

marble. Black arrows indicate outcrop-scale disconformities (numbered I to IV). Numbered sections on the left 
correspond to text descriptions. The white arrow shows a broken stalactite resting on a disconformity surface. 
The open triangles to the right of the graph indicate stratigraphic locations of U-series samples. 

Chronological control is provided by 14 high-precision thermal ionisation mass 
spectrometry (TIMS) U-series dates performed at University of Bergen (Norway) on a 
Finnigan-MAT 262 RPQ solid source mass spectrometer following the analytical 
procedure described by Lundberg (1999). Owing to low uranium content, ranging from 
0.086 to 0.233 ppm (Table 2), samples sizes varied from 1 to 2 g, representing vertical 
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Figure 4. Cross-section of Neptune’s Grotto flowstone (≈73 cm thick), unconformably overlying Triassic 

S. C. TURGEON AND J. LUNDBERG 

analysed for oxygen stable isotopes using a Micromass Sira12 mass spectrometer located







 

 
of the sample, but also create problems sampling the same group of coeval bands at 
several locations within a single speleothem. Secondly, although this test is theoretically 
sound for stalagmites with smooth surfaces (on which water flow direction is clearly 
downward), it could prove more difficult to establish the flow direction on flowstones, 
which typically have subhorizontal surfaces. However, as many dissolutional caves 
unaffected by air flow have high relative humidity levels (>90%), evaporation is thought 
to be of minor importance (Hill and Forti, 1997). 

In the absence of any alternative, and in spite of the drawbacks enumerated above, 
Hendy tests were performed on the WFP-2L stalagmite and near the base of the NG 
flowstone (Figure 5). Figure 5a illustrates the results for sampling the WFP-2L stalagmite 
along coeval subsamples. Figure 5b illustrates the results for the lower parts of the NG 
flowstone. Sampling of the ETC flowstone for the Hendy test was not performed due to 
the lack of clear banding. For both the WFP-2L and the NG speleothem samples (Figure 
5a and b, left panels), the results show the absence of parallel enrichment of δ13C and 
δ18O along “coeval” growth layers. Furthermore, Figure 5a and b (right panels) show that 
there is no synchronous enrichment of the carbon and the oxygen isotopes. This evidence, 
in conjunction with the physical setting of the samples (in areas with high humidity and 
away from natural entrance or areas of high air flow), indicates that the stable isotopes 
potentially contain paleoclimatic information. 

 
 

 

 

 

 

 

 

 

 

 

Figure 5. Hendy tests results for two speleothem samples: A) WFP-2L and, B) NG. For the left panel of sample 
WFP-2L, subsample 6 represents the apex (top) of the growth layer on the growth axis, with either side of the 
subsample representing sampling down the side of the stalagmite (subsample 5 was lost during laboratory 
analyses). The left panels show the absence of parallel enrichment of δ13C and δ18O with distance along coeval 
samples; the right panels show the absence of a progressive positive relationship between δ13C and δ18O in 
sequential samples. 
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resolution paleoclimatic isotopic record for given intervals, although our oldest samples 
could only be compared to the two longest records available (SPECMAP; Imbrie et al., 
1984 and Devils Hole; Winograd et al., 1992). 

2-A) and a topmost date of 2.26 ±0.02 ka (WFP-2-B). These dates indicate a mean 
growth rate of 3.15×10−2 mm.a−1 during a short growth interval of approximately 1600 
years. This growth rate agrees well with interglacial stalagmite growth rates from Norway 
(2.0×10−2 mm.a−1; Linge, 1999), Ireland (2.8 to 3.4×10−2 mm.a−1; Vesely, 2000), as well as 
growth rates calculated for the ETC flowstone (2.79×10−2 mm.a−1). Figure 6 illustrates the 
oxygen isotope record of this sample in relation to the high-resolution ice cores from 
Greenland (GISP2; Grootes et al., 1993; Meese et al., 1994; Stuiver et al., 1995) and 
Antarctica (Vostok; Chappellaz and Jouzel, 1992). For both ice cores, an isotopic 
enrichment indicates an increase in global temperature (Grootes et al., 1993). The WFP-
2L record seems to indicate a slight positive relationship of isotopic signal and 
temperatures as the 3rd-order polynomial best-fit lines indicate overall parallel trends. The 
WFP-2L record reveals a series of isotopic depletion events occurring about every 200 
 

 
 

 

 

 

 

 

 

 

 

 

Figure 6. WFP-2L δ18O values compared to the GIPS2 and Vostok ice-core records for similar time periods. 
3rd-order polynomial best-fit lines are shown for the WFP-2L and Vostok isotope records. A 3-point running 
mean (thick line) is shown for the GISP2 record. This reduces the GISP2 record to a resolution similar to the 

18O values are not 
available for the Vostok record. The speleothem isotopes are plotted relative to distance from base. Bars on the 
dates represent vertical sampling range and they have been lined up with the compared chronologies. One 
possible peak-correlation scenario is shown (dotted lines). The GISP2 data are from Grootes et al. (1993), 
Meese et al. (1994) and Stuiver et al. (1995). The Vostok data is from Chappellaz and Jouzel (1992). 
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have assumed linear growth rates between these dated intervals. We utilised the highest 

WFP-2L’s resolution (WFP-2L has 51 points while the GISP2 record has ≈ 160 points). δ

Our youngest sample is the WFP-2L stalagmite, with a basal date of 3.88 ±0.17 ka (WFP-



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7. NG δ18O values compared to the GRIP (δ18O; Johnsen et al., 1993) and Vostok ice cores (δD; 

18O signature for the 
Termination II/5e period. A 3rd-order polynomial best-fit line is shown for the NG record. The speleothem 
isotopes are plotted relative to distance from base. The dated intervals for NG-L and NG-F have been lined up 
with the compared chronologies. Bars on the dates represent vertical sampling range. TII bars represent  
the SPECMAP curve. 

years. These appear to correlate with events of similar periodicity in the GISP2 record 
(Grootes et al., 1993; Meese et al., 1994; Stuiver et al., 1995). The resolution of the 

The chronology of deposition for the NG flowstone was established using seven U-
series dates (Table 2). Figure 4 shows the distribution of outcrop-scale discontinuities 
within the NG flowstone. The top-most growth interval (Section 1; Figure 4) is defined by 
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Chappellaz and Jouzel, 1982), and the SPECMAP (Imbrie et al., 1984) marine record’s δ

Vostok ice core is too low to reveal these short-term shifts. 
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Figure 8. Tentative correlation of NG δ18O values relative to the GRIP ice core (dotted lines)(Johnsen et al., 
1993) and SPECMAP (Imbrie et al., 1984) stacked marine δ18O records for parts of MIS 7. The speleothem 
isotopes are plotted relative to distance from base. The dated interval has been lined up with the compared 
chronology. Bars on the date represents the vertical sampling range. The marine isotope stage number is 
indicated on the SPECMAP curve. 

The lowermost of the dated NG intervals (Section 3) is chronologically validated 
using the mean date provided by the overlapping samples (NG-D and NG-J) indicating 
MOIS 9 deposition, along with a third date (NG-I) from a lower interval (MOIS 
10)(Figure 9). These dates provide a mean growth rate of 5.6×10−3 mm·a−1 between these 
two outcrop-scale discontinuities. Based on the mean growth rate, this interval represents 
approximately 51 kyrs of growth, possibly from marine isotope stages 9 through 11. 
Matching trends can be found between the NG speleothem and SPECMAP marine 
records for this section (Figure 9). 

Three dates (ETC-C, ETC-A and ETC-D) from the Exit Tunnel Cave flowstone range 
in age from 116 to 119 ka (isotope substage 5e) and indicate a high growth rate 
(2.79×10−2 −1) in the lower section of the flowstone, while two dates (ETC-E and 
ETC-B) in the upper reaches of the flowstone are clearly late Wisconsinan (MOIS 2) in 
age and indicate a growth rate of 7.6×10−3 −1. The interval between ETC-D and ETC-
E, broadly corresponding to the colder conditions of stages 4 through 2 (and including 
late 5), therefore represents either severely reduced growth (≈3.0×10−4 −1) or a hiatus 
in deposition of approximately 102 kyrs. No outcrop-scale discontinuity has been 
observed and no microscopic evidence of precipitation stoppage has been clearly 
identified, suggesting that growth was continuous throughout the Wisconsin glacial 
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period, although complete growth cessation could have occurred. The ETC isotopes for 
this section provide few clues to this puzzle as the δ18O values have remained more or 
less constant between the two dates (ETC-D and ETC-E) constraining stages 4 through 2. 
The mean growth rates for the section spanning glacial intervals should therefore be 
considered as minimum growth rates. 

7. GROWTH MODELLING 

A simple theoretical model to determine growth rates for our interglacial samples can be
obtained by using data in Figures 1 and 2. For example, using an approximate present-day 
mean annual temperature for OCNM of 7.5°C, a pCO2 (soil) of 0.015 atm is obtained 
(Figure 1a). This translates into theoretical [Ca2+] values ranging from 0.75 to 2.3 

−3 for closed and open systems respectively (Figure 1b) (preliminary testing of 
−3, 

with a 2σ = ±0.52 for n = 27; OCNM internal document). Thus the ([Ca2+]−[Ca2+]equilibrium) 
term,  assuming an approximate  [Ca2+ −3

−1), 

 

 

 

 
 
 

 

 

 

 

 

 

Figure 9. NG δ18O values relative to the SPECMAP (Imbrie et al., 1984) stacked marine δ18O record for parts of 
MIS 11 through 9. A 3rd-order polynomial best-fit line is shown for the NG isotopes. The speleothem 
isotopes are plotted relative to distance from base. The dated interval has been lined up with the compared 
chronology. Bars on the date represents the vertical sampling range. The marine isotope stage numbers are 
indicated on the SPECMAP curve. 
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actual cave water at OCNM in 1992 reports mean values of approximately 0.68 mmol.cm
mmol.cm

] equilibrium value of 0.63 mmol.cm
.

 (Dreybrodt,  
1996, although he reports an apparent equilibrium value of 0.72 mmol cm







 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. NG δ18O values relative to the Devils Hole (Winograd et al., 1992) and SPECMAP stacked marine 
(Imbrie et al., 1984) δ18O records for parts of MIS 12 through 11. A 3rd-order polynomial best-fit line is shown 
for the NG isotopes. The speleothem isotopes are plotted relative to distance from base. The marine isotope 
stage numbers are indicated on the SPECMAP curve. 

7.3. Climatic Implications of Outcrop-scale Discontinuities 

Figure 12a summarises all our data and the paleoclimatic proxies used for 
comparisons; the growth hiatuses within the OCNM speleothem are illustrated as cross-
hatched areas. Through the use of the proposed chronology for the growth intervals of the 
NG flowstone, and U-series dates when available, we have estimated the time intervals 
represented by the outcrop-scale disconformities to be approximately 14 kyrs (IV), 22 
kyrs (III), 63 kyrs (II), and 96 kyrs (I) (Figure 4) respectively. These hiatuses broadly 
correspond to the interglacial conditions of MOIS 12, 10, 8, and 6. 

The ETC flowstone also corroborates this pattern: although no apparent precipitation 
cessation occurred (Turgeon and Lundberg, in press), a severe reduction of growth rates 
between two U-series dates (ETC-D and ETC-E) indicates the influence of climate on 
speleothem growth. This growth rate reduction observed in the ETC flowstone lasted 
approximately 102 kyrs during late MOIS 5 through MOIS 2. 
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Figure 11. NG δ18O values relative to the SPECMAP (Imbrie et al., 1984) stacked marine δ18O record for parts 
of MIS 13. A 3rd-order polynomial best-fit line is shown for the NG isotopes. The speleothem isotopes are 
plotted relative to distance from base. The marine isotope stage number is indiciated on the SPECMAP curve. 

 
These isotopic records and hiatuses indicate narrow growth intervals during early to 

mid-interglacial conditions. Although several growth frequency studies show that 
speleothem deposition occurs mainly during interglacial intervals in high-latitude 
environments (Gordon et al., 1989; Gascoyne et al., 1983; Gascoyne, 1992; Baker et al., 
1993; Lauritzen, 1995), calcite precipitation in these studies was interrupted by 
continental ice sheet glaciation in most cases. No evidence of continental glaciation has 
been reported in the immediate vicinity of the study area, although cirque-like structures 
suggesting alpine-style glaciation have been observed at higher altitudes elsewhere in the 
Klamath Mountains (John Roth, U.S. Park Service, personal communication, 1994). This 
suggests that these growth hiatuses may be associated with periglacial conditions 
extending well below the alpine glacier limit. The increasing durations of these hiatuses 
indicates that precipitation could reflect an interplay between climate and additional 
effects related to cave development. 

Glaciation thresholds in the northwestern United States suggest that climatic 
gradients during the last glacial maxima were similar to those of today, and that the 
change in summer temperature was about 5.5 ±1.5 °C (Porter, 1977; Porter et al., 1983). 
These glaciation thresholds allowed for changes in mountain snowline altitude (currently 
at about 3200 m ASL), which was depressed by approximately 1100 m during the last 
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2. INTRODUCTION 

There are relatively few reports of the authigenesis of silicates in carbonate 
speleothems (stalagmites, stalactites, and crusts). Mills (1965) noted interbanded opal, 
calcite and aragonite layers in speleothems from Argentina. Accounts of cave-authigenic 
opal and other silicates such as quartz and clays are generally associated with volcanic 
caves, or non-carbonate settings (Hill and Forti, 1997). Authigenic quartz in carbonate 
speleothems has not been well documented. Polyak and Güven (2000) reported the 
authigenesis of trioctahedral smectite in magnesian-carbonate speleothems such as 
dolomite crusts and huntite moonmilk. Polyak et al. (2001) noted the presence of 
authigenic (euhedral) quartz in association with dolomite in crusts. The present study 
focuses on the authigenesis of silicates in carbonate speleothems from the caves of the 
Guadalupe Mountains, southeastern New Mexico. While not abundant, silicates do 
sometimes occur in these carbonate speleothems. 

2.1 Depositional Setting nd Samples 

Caves in the Guadalupe Mountains such as Carlsbad Cavern and Lechuguilla Cave 
contain some of the most spectacular and unique carbonate speleothems and mineral 
assemblages in the world (Fig. 1). With the exception of water seeping into the caves 
along joints in the limestone and dolostone, these caves, like the surrounding regions, are 
relatively dry. The relative humidities in these caves generally vary from 70 to 95%, and 
change due to the cave's elevation, size of entrance, and morphological character. Due to 
 

 

 

 

 

 

 

 

 
 

 

Figure 1. Map showing location of three caves in the Guadalupe Mountains, New Mexico pertinent to this 
study. The photograph shows typical carbonate speleothems. 
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Figure 2. (A) SEM image of amorphous silica dissolved from a late Holocene stalagmite (Hidden Cave). Note 
the fibrous texture of the amorphous silica. These are molds of aragonite crystals. (B) SEM image of opal 
botyroids and filaments on an opalline coating on metatyuyamunite crystals (Spider Cave, from Polyak and 
Mosch 1995). 

Figure 3. (A&B)SEM images of quartz crystals in dolomite crust, Carlsbad Cavern (D=dolomite). 

oxide reported as fossil bacteria by Davis et al. (1990) and Provencio and Polyak (2001). 
In the dolomite crusts, quartz was associated with dolomite, trioctahedral smectite and 
other Mg-silicates, and sometimes tyuyamunite. 
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3.3 Trioctahedral Smectite 

Trioctahedral smectite (stevensite) was common in Mg-carbonate crusts and 
moonmilk (Polyak and Güven, 2000). Most of the smectite appeared fibrous, or less 
commonly as films. The fibers and films formed filamentous aggregates that enveloped 
dolomite and huntite crystals (Fig 4). 

3.4 Kerolite-like Silicates 

Poorly formed Mg-silicate platelets made up the acid-insoluble residue of aragonite 
crusts. XRD and EDX microanalysis of this material by Polyak and Güven (2000) 
suggested that it was kerolite or kerolite-like. Kerolite is a non-expandable hydrous 
phyllosilicate with a chemical composition and X-ray diffraction pattern similar to talc 
and stevensite (Brindley et al., 1977). The clay fills spaces between aragonite needles in 
cave crusts. 

3.5 Other Mg-Silicates 

Fibers associated with dolomite crusts consisted of a mineral that we could not 
identify. These fibers appeared to protrude from pits in the dolomite crystals and 
extended outward from the surface of the crust (Fig. 5A). They were also associated 
with botryoidal opal (Fig. 5B). The morphology of these fibers inferred that they are not 
smectite. EDX microanalysis indicated that the fibers were a Mg-silicate mineral. 

4. AUTHIGENESIS OF SILICATES 

The sources of Si for cave-authigenic silicates were most likely the silicates 
disseminated in the dolostone units of the Permian Capitan reef complex. Silt-sized 
quartz and minor feldspar, and clays such as illite and dickite, made up approximately 
1-5% of the dolostones. 

 

 

 

 
 

 

Figure 4. SEM images of filamentous aggregates of trioctahedral smectite enveloping dolomite crystals in 
dolomite crust (Carlsbad Cavern). Image on the right was modified from Polyak and Güven (2000). Arrows 
point to coated dolomite rhombs. 
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Figure 5. SEM images of Mg-silicate fibers associated with dolomite and opal (Spider Cave). (A) Mg-silicate 
fibers appear to grow from pits on the dolomite crystal. (B) Mg-silicate fibers extend from botryoidal opal. 

Partial dissolution either in the soil zone, or along the paths of seeping water through the 
dolostone most likely provided the necessary concentrations of aqueous silica. Excess 
silica generated by sulfuric acid-influenced speleogenesis of these caves (Hill, 1987) may 
be another possible source of Si. Interbands of amorphous silica with calcite and 
aragonite in the Holocene stalagmites formed rapidly (1–5 years based on the number of 
annual bands), and were quickly coated by the next band of calcite or aragonite. For this 
reason, the silica is structurally immature. The silica can transform to opal A, opal CT, or 
quartz by diagenesis given ample time. Poorly crystalline kerolite-like silicates were 
associated with aragonite crusts, while moderately well-crystallized phases such as quartz 
and trioctahedral smectite were associated with dolomite and huntite crusts. Polyak and 
Güven (2000) documented this sequence of silicate precipitation that coexisted with the 
expected sequence of carbonate mineral precipitation in these caves. The expected and 
observed sequence of anhydrous speleothemic carbonate deposition in the thin water-film 
environment is Mg-calcite → aragonite → dolomite → huntite. To obtain dolomite 
crusts, the source water must loose much of its original Ca by calcite and aragonite 
precipitation. Likewise, the thin water-film, after deposition of calcite and aragonite, 
experiences an increase in Si/(Ca+Mg). The Si concentration increases by evaporation. 
The formation of dolomite further depletes the source water of Ca and Mg, which further 
increases the Si/(Ca+Mg). The microenvironment eventually becomes conducive to the 
formation of silicates such as opal, quartz, and trioctahedral smectite. This sequence of 
silicate precipitation in these caves is illustrated in Figure 6. 

Origin of the amorphous silica in stalagmites may be related to organic materials. 
The incorporation of silica in fragments of invertebrate parts seems to support an organic-
related origin. Amorphous silicate deposition associated with plants (Jones et al., 1998) 
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Figure 6. An example of a setting ideal for silicate precipitation in these caves. Modeled after a setting in Hell 
Below Cave where trioctahedral smectite formed with huntite moonmilk. 

and microorganisms (Fortin and Beveridge, 1997; Fortin and Ferris, 1998; Westall, 1999) 
has been well documented. Also, organic gels have been used as templates for the 
synthesis of silica gels (Bujanowski, et al. 1994; Ono et al., 1998). Presence of organic 
substances, which were relatively abundant in the Holocene stalagmites from Hidden 
Cave, probably promoted and accelerated the formation of amorphous silica in carbonate 
speleothems. 

The origin of euhedral quartz in carbonate speleothems is more difficult to explain. 
The quartz formed with dolomite, trioctahedral smectite, and in some settings, 
tyuyamunite. The origin of the dolomite may help explain how the quartz precipitated at 
such low temperature in the cave environment. Polyak et al. (2001) reported the 
formation of moderately well-ordered dolomite from these caves. They showed that the 
dolomite matured with time in a very stable depositional environment. At 30°C, 
Usdowski (1994) determined from laboratory experiments that it would take several 
hundred years (>600 years) to synthesize well-ordered dolomite. Polyak et al. (1998) 
demonstrated that these caves containing authigenic dolomite and quartz are in excess of 
4 Ma in age. Therefore, if the cave environment has been relatively stable over that 
period of time, then there has been ample time for the development of well-ordered 
dolomite. By the same reasoning, quartz has probably formed in association with the 
dolomite in this environment over similarly long periods of time. Hervig et al. (1995) 
reported the precipitation of quartz overgrowths in sandstone at low temperature (15-
35°C) over an extensive period of time (≤130 Ma). Chavetz and Zhang (1998) reported 
the authigenesis of euhedral quartz in marine dolomite at low temperature and shallow 
burial over a relatively short time (<1 Ma). We suggest that a long period of time in a 
stable environment conducive to quartz precipitation results in the maturation of poorly 
crystallized silicate to euhedral quartz at low temperature. 
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these islands. The earliest efforts by E. D. Cope in the late 19th century (based on field 
collections by van Rijgersma; McFarlane and MacPhee, 1989; 1993) led to early 

specific epithet for the giant extinct rodent of Anguilla, Amblyrhiza inundata. More than a 
century later, patterns of West Indian fossil vertebrate distributions were used to infer  
an episode of later Pleistocene aridity (Pregill and Olson, 1981). 

In view of the fact that paleoclimatic interpretations of the fossil record must depend 
on a good radiometric framework, it is surprising that radiometric studies of the West 
Indian vertebrate record were slow to begin. As late as 1981, only a single 
radiometrically-supported study was in print (Pregill, 1981). In the late 1980s this began 
to change, and there are now more than 60 published radiometric dates on late 
Quaternary West Indian vertebrates or vertebrate-bearing sites. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Diagrammatic cross sections of flood deposit sites with dates. All dates are U/Th alpha count dates, 
except for 1F, which is a TIMS date. 
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speculation concerning sea-level and sundered land bridges, and is embodied in Cope’s 





 

 
are statistically indistinguishable at 91 ± 10 ka (McFarlane et al., 1998). The stream 
deposits and associated fossils must thus have been emplaced before the end of marine 
isotope stage 5, and most likely within the Last Interglacial. For various reasons, 
discussed in McFarlane et al. (1998), A. inundata is believed to have become extinct 
during the Last Interglacial. 

an accumulation of lateritic cave earth containing abundant remains of A. inundata. A 
minimum age for the fossiliferous deposit of 106.5 ± 0.6 ka was obtained by U/Th dating 
of an overlying flowstone shelf (McFarlane et al., 1998). Specimens of Amblyrhiza 
 

Figure 2. A: Age distribution of West Indian vertebrate sites over the past 50,000 years. B: Age distribution 
of all Quaternary West Indian vertebrate sites. 
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Pitchapple Hole, in Anguilla, is a 20 m deep, open pit cave (Fig. 1f) which contains 
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Anguilla. 

The fossil-bearing sediments in Pitchapple Hole are somewhat different from the 
other five deposits in that they are not obvious stream deposits. The sediments consist of 
fine-grained red clays accumulated at the foot of the breakdown talus filling the center of 
the pit. It is likely that they represent the flushing of fines out of the talus, but they have 
no evidence of any kind of stratification, no hardgrounds, no lenses of coarse-grained 
lags or anything that might suggest accumulation over a long time period. The feature 
that cannot easily be explained by slow flushing out of fines over time is the size of the 
vertebrate remains that are distributed throughout the red clay. These range up to 10 cm 
in longest dimension (Fig. 4). The standard Hjullstrom diagram is not designed for non-

noted that the flow required to carry these bones must have been of sufficient velocity 
and discharge to entrain and transport relatively large clasts. Sedimentation stopped at 
the end of the Last Interglacial with the calcite capping. No comparable deposit from any 
more recent age can be found in the cave, and once again, stream flow is never observed 
in this cave or on the surface today. 

4. PALEOENVIRONMENTAL INTERPRETATION 

These six sites have several distinct features that must be explained: the unusual 
nature of the fossil assemblage; the unusual nature of the sediments; and the 
unexpectedly high rate of preservation. 

Figure 3. Gravel and cobble sediment capped by calcite flowstone, in Mitchell’s Chamber, Katouche Cave,
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rock clasts and so cannot be used to indicate probable flow velocities; it can only be



 
 

 

 

 

 

 

 

 

 
 

Figure 4. Amblyrhiza bone remains from Pitchapple Hole, Anguilla. 

4.1 The Unusual Nature of the Fossil Assemblage 

Vertebrate bone deposits accumulate in West Indian caves through several distinct 
processes. Most commonly, rich deposits of small vertebrates accumulate below owl 
roosts. These deposits are readily recognized by their lack of vertebrates with living body 
masses greater than 1–2 kgs, and by their high proportion of bird remains. Vertebrates 
also accumulate in caves through accidental falls into pits. These deposits over-represent 
larger vertebrates, and are deficient in birds and small reptiles. 

The six sites lack either of these signatures, suggesting an alternative mode of 
transportation and deposition. Each of the known Last Interglacial vertebrate cave sites, 
with the exception of Pitchapple Hole, Anguilla (a pit-fall site), exhibits a taphonomy 
best interpreted as the result of storm-emplacement. We interpret each of these deposits 
as death assemblages emplaced by major floods backing up from the local river or stream 
sink, Wallingford Roadside cave, Jamaica, being a classic example where the fossil 
deposits are emplaced in a cave 40 m above the modern river sink 

4.2 The Unusual Nature of the Sediments 

The six deposits have many characteristics in common. The fossil remains include a 
mixture of large and small mammals, small birds, small reptiles, and aquatic vertebrates. 
The bones and teeth of megavertebrates deposited amongst stream cobbles are relatively 
unworn, suggesting little transportation. Most of the sediments are an inhomogeneous 
mixture of large and small vertebrate remains, stream cobbles, clays, and cavities. None 
are stratified and yet all seem to be fluvial deposits. Most are poorly packed with inter- 
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