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ABSTRACT

Cave ice is an understudied component 
of the cryosphere that offers potentially sig-
nificant paleoclimate information for mid-
latitude locations. This study investigated 
a recently discovered cave ice deposit in 
Strickler Cavern, located in the Lost River 
Range of Idaho, United States. Field and 
laboratory analyses were combined to de-
termine the origin of the ice, to limit its age, 
to measure and interpret the stable isotope 
compositions (O and H) of the ice, and to 
investigate its glaciochemistry. Results indi-
cate that the ice forms through snow den-
sification, freezing of infiltrating water, and 
refreezing of meltwater. Radiocarbon dat-
ing revealed that an ~30-m-thick deposit of 
layered ice and organic matter accumulated 
over the past several centuries. In contrast, 
a 3.5-m-tall ice stalagmite began forming 
almost 2000 yr ago. Stable isotopes in the 
stalagmite and in the layered ice generally 
have slopes that parallel the local winter 
meteoric water line; however, d18O and d2H 
values are offset to the right of this line, in-
dicating the influence of sublimation. Val-
ues of d18O are lower in older ice, signaling 
cooler temperatures during the Little Ice 
Age. Calcium is the most abundant element 
in the ice, followed by Na, Mg, and K. Prin-
cipal component analyses revealed a group 
of elements related to the local bedrock, a 
second group reflecting regional transport 
of mineral dust, and a third group sugges-
tive of eolian transport from a mining dust 
source. Future work should build upon this 
foundation to further exploit the significant 
paleoenvironmental information archived 
in Strickler Cavern.
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INTRODUCTION

The past several decades have witnessed a 
massive increase in research attention focused 
on the cryosphere. Work that began in Antarc-
tica during the first International Geophysi-
cal Year in the late 1950s (e.g., Summerhayes, 
2008), increasingly collaborative efforts to ex-
tract long ice cores from Antarctica (e.g., Jouzel 
et al., 2007; Petit et al., 1999) and Greenland 
(e.g., Grootes et al., 1993), satellite-based moni-
toring of glaciers (e.g., Wahr et al., 2000) and 
sea-ice extent (e.g., Serreze et al., 2007), field 
and laboratory investigations of ice-rich perma-
frost (e.g., Romanovsky et al., 2010; Schirrmeis-
ter et al., 2013), and coordinated monitoring of 
alpine glacier mass balances (e.g., Haeberli et 
al., 2000) are all examples of cryosphere-centric 
research that have revealed tremendous infor-
mation about the operation of Earth’s climate 
system and paleoclimatic variability during the 
Quaternary. Despite these successes, a notable 
drawback of this research is its uneven spatial 
distribution: Because most features of the mod-
ern cryosphere are located in the polar regions 
or at high elevations, lower-latitude and lower-
altitude areas are typically underrepresented.

Subterranean accumulations of perennial ice 
in caves, hereafter “cave ice,” are less-studied 
components of the cryosphere that offer a po-
tential solution to this problem. Caves con-
taining perennial ice have been reported from 
a wide variety of locations around the globe 
(Kern and Perşoiu, 2013). Significantly, they 
are often found in midlatitudes at elevations 
below alpine glaciers and in locations where 
ice-rich permafrost or other cryospheric ar-
chives are absent (Perşoiu and Onac, 2012). In 
light of this potential, researchers have begun to 
focus on cave ice as a source of paleoclimate 
information (Laursen, 2010). Cave ice formed 
from precipitation that infiltrates the ground 
carries a paleoenvironmental signal in stable 
isotopes of hydrogen and oxygen (Yonge and 
MacDonald, 1999). Geochemical variability 

in successive layers of cave ice can provide a 
record of past changes in atmospheric circula-
tion (Kern et al., 2011a). Alternating intervals of 
ice accumulation and ablation provide evidence 
of fluctuations in winter snowfall and summer 
temperature over time (e.g., Luetscher et al., 
2005; Stoffel et al., 2009), and changes in cave 
ice mass balances observed through long-term 
monitoring have been linked to weather patterns 
(Schöner et al., 2011; Colucci et al., 2016). Pol-
len and other botanical evidence incorporated in 
the ice can provide information about changes 
in surface environments (Feurdean et al., 2011). 
Cave ice sequences can be dated with radiocar-
bon, tritium, dendrochronology, and other tech-
niques (e.g., Luetscher et al., 2007; Kern et al., 
2009; Spötl et al., 2014), allowing paleoenviron-
mental data to be studied as time series. Initial 
results from these efforts have been promising 
(e.g., Kern et al., 2011a; Perşoiu et al., 2011), 
but there is also cause for concern, because 
many cave ice deposits are rapidly disappearing 
(e.g., Fuhrmann, 2007; Kern and Perşoiu, 2013; 
Pflitsch et al., 2016). This situation has added 
new urgency to the investigation of cave ice and 
has motivated a call for increased collaborative 
study of these deposits before they are lost for-
ever (Veni et al., 2014).

Caves containing perennial ice have been 
most intensively studied in the Alps and in 
eastern Europe; in contrast, cave ice has re-
ceived relatively little attention in North Amer-
ica. Many sites were mentioned in a seminal 
work by the naturalist Edwin Balch over 100 yr 
ago, which described ice caves all over the 
world and speculated on their origins (Balch, 
1900). More recently published North Ameri-
can work includes long-term monitoring of ice 
in Candelaria Cave, New Mexico (Dickfoss et 
al., 1997), in Merrill Cave on the California-
Oregon border (Fuhrmann, 2007), at Lava Beds 
National Monument in California (Kern and 
Thomas, 2014), and in a lava tube on the Big Is-
land of Hawaii (Pflitsch et al., 2016). Ice caves 
have also been studied at a number of locations 
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in the northern Rocky Mountains (Marshall and 
Brown, 1974; Lauriol and Clark, 1993; Mac-
Donald, 1994; Yonge and MacDonald, 1999; 
Yonge, 2014). These projects have reinforced 
the notion that cave ice is a significant paleo-
climate archive, but that potential remains pro-
foundly underdeveloped.

Here, we report on our study of a recently 
discovered cave ice deposit at a moderate el-
evation (~2500 m) in midlatitude (~44°N) in 
Idaho, United States. Previous reconnaissance 
work and mapping indicated that the ice deposit 
is in excess of 30 m thick and possibly several 
hundred years old (Cecil et al., 2004). These 
characteristics, coupled with the dearth of cave 
ice studies from this region, the absence of gla-
ciers from this part of the Rocky Mountains, 
and concerns about the stability of cave ice un-
der a warming climate, motivated a field- and 
laboratory-based investigation in pursuit of the 
following objectives:

(1) to investigate the origin of the ice present 
in the cave;

(2) to determine the age of the ice;
(3) to evaluate the potential paleoclimate 

significance of stable isotope variations in the 
ice; and

(4) to analyze and interpret the glaciochem-
istry of the ice.

SETTING

This research focused on perennial ice in 
Strickler Cavern, a solution cave in the Lost 
River Range of Idaho, United States (Fig. 1). 
This fault-bounded mountain range is composed 
primarily of Paleozoic carbonate and mudstone 
units separated by unconformities (Wilson and 
Skipp, 1994). Maximum summit elevations 
reach in excess of 3800 m, with ~2000 m of 
relief relative to the adjacent valley floors. The 
central part of the Lost River Range exhibits 
classic alpine glacial geomorphology (Foster et 
al., 2008), although no active glaciers remain, 
and the Pleistocene glacial record has not been 
formally studied.

Strickler Cavern is located at an elevation of 
~2500 m above sea level (asl) on land managed 
by the U.S. Department of Agriculture Salmon-
Challis National Forest. As required by the U.S. 
Forest Service as a condition for working in 
Strickler Cavern, the specific location of the cave 
is withheld to protect this unique and vulnerable 
resource. The cave formed in the Devonian- 
age Grand View Dolomite, which dips to the 
SW (Mapel et al., 1965). These rocks feature 
medium to thick bedding, are finely crystalline, 
and are dull gray in color. The hillside surround-
ing the cave entrance is forested with Douglas 
fir (Pseudotsuga menziesii). Climatic data are 

Big Room

Upper
Level

Lower
Level

Strickler’s Throat
(Behind Ice)

Ice Stalagmites

D

C

B

A

10 m

Bedrock

Solid Ice

Part Ice

Wall / Ceiling Ledges

Breakdown

Snow Cone

Entrance

not available for the cave site; however, data 
collected since 1978 at the Mill Creek Sum-
mit SNOTEL (Snowpack Telemetry) station 
at a slightly higher elevation (2680 m) in the 
Salmon River Mountains NW of the Lost River 
Range are likely similar. The mean annual air 
temperature at the Mill Creek Summit SNOTEL 
is 1.1 °C. December through February tempera-
tures average −7.1 °C, whereas June through 
August temperatures average 10.7 °C. Mean 
annual precipitation is 730 mm, with less than 
20% of the precipitation falling during the sum-
mer months. December and January have the 
greatest precipitation (>12% of the annual total 
in each month), and 64% of the annual precipi-
tation falls during months with subzero average 
air temperatures (November through April).

Strickler Cavern can be classified as a “static 
cave with congelation ice and firn” (Luetscher 
and Jeannin, 2004, Fig. 1, p. 64). The air circula-
tion within the cave is likely static because the 
only entrance is at the top, and cold air that en-
ters through density settling in winter is trapped 
in the cave during the summer. This permits the 

year-round maintenance of subzero cave tem-
peratures despite a mean annual air temperature 
>0 °C at the surface.

The entrance to Strickler Cavern is a collapse 
doline, ~5 m in diameter, that descends ~8 m to 
the top of a steep-sided cone of snow, firn, and 
ice ~5 m tall (Fig. 2). This “snow cone” rises 
from a relatively flat floor of ice that forms the 
Upper Level of the cave (Fig. 1). During July 
of 2015, a shallow (<10 cm) meltwater pond 
covering ~25 m2 was located on the floor of 
the Upper Level to the north of the snow cone. 
From the Upper Level, a nearly vertical slope 
of ice leads down into a large chamber known 
as the Big Room (Fig. 1). This room, with a 
ceiling height locally in excess of 15 m, fea-
tures a floor of ice that grades laterally into a 
slope of breakdown derived from the cave roof. 
Packrat middens, wood, and other organic de-
bris are scattered across this slope, and an inac-
cessible dome extends upward in the center of 
the ceiling. A large stalagmite of ice occupies 
the center of the Big Room floor, and a smaller 
stalagmite is located on the breakdown slope. 

Figure 1. Vertical profile map of Strickler Cavern (adapted from digital mapping provided 
by David Herron, U.S. Department of Agriculture, U.S. Forest Service). A–D denote the posi-
tions of the four studied exposures. Exposure E was excavated into the snow cone below the 
entrance (Fig. 2). Inset shows the location of the cave within the state of Idaho, United States.
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Air temperature in the Big Room was stable at 
0 °C during field investigations. From the north 
side of the Big Room, a narrow passage known 
as Strickler’s Throat leads downward between 
the cave wall and the ice (Fig. 1). This passage 
provides access to the Lower Level of the cave, 
where an exposure of ice extends upward for 
more than 20 m. The deepest accessible part 
of the cave is reached ~40 m below the ground 
surface, although the depth of the base of the 
ice deposit is unknown. Groundwater flux to 
the cave is negligible, and no carbonate speleo-
thems were observed.

METHODS

Field work was conducted in Strickler Cav-
ern over 5 d in July 2015. The vertical entrance 
was rigged with static ropes for ascending and 
descending. A third rope was configured with a 
pulley system for raising and lowering equip-
ment and samples. A thorough reconnaissance 
was first conducted in all accessible levels of 
the cave to identify ice exposures suitable for 
more detailed investigation. Criteria consid-
ered in this evaluation included accessibility, 
safety, exposure extent, presence of organic 
material for radiocarbon dating, and evidence 
of folding, distortion, or melt unconformities in 

the ice. This approach revealed four exposures 
considered optimal for subsequent study, desig-
nated A–D, along with the snow cone (exposure 
E) beneath the entrance doline. All exposures 
were measured, photographed, and described. 
Samples for radiocarbon dating were collected 
with a focus on the largest, least-decomposed 
organic fragments. Samples of ice for stable 
isotope and glaciochemical analysis were 
extracted with a 13-cm-long hand screw. To 
eliminate the potential for contamination by 
water films on the ice surface, the first ~5 cm 
section was discarded, and only the deeper ice 
was retained. Most samples targeted the center 
of individual ice layers; however, in exposures 
A, B, and C, a suite of samples spanning a sin-
gle layer was also taken to check for intralayer 
trends in stable isotope values. All ice samples 
were extruded from the screw into 50 mL tubes 
and capped for transport to the surface. After 
melting overnight, each sample was transferred 
to a 15 mL tube, filled to the top with no head-
space, and capped tightly.

In total, 26 samples of organic matter were 
radiocarbon dated at the University of Califor-
nia–Irvine. Samples were subjected to standard 
preparatory steps, including an acid-base-acid 
wash, graphitized, and analyzed by Accelera-
tor Mass Spectrometry (AMS) (https://www 

2014-15
Snow

2013-14
Firn

2012-13
Firn Ice

1

Summer 20 5 OM

u me 0 4 OM
S m r 2 1

Summer 2013 OM

Figure 2. (Left) Photograph of the snow cone at the base of the entrance shaft into Strickler 
Cavern. Note the figure on top of the cone for scale. (Right) Vertical face of the excavation 
into the upper part of the snow cone. The concentration of organic matter (OM) marking 
summer 2015 is clearly visible overlying clean snow from the 2014–2015 winter. The organic 
matter concentration from the previous summer (2014) is also seen overlying a layer of firn 
representing snow that accumulated during the 2013–2014 winter. A third layer of organic 
matter denotes summer 2013 and overlies denser firn that fell as snow during the 2012–2013 
winter. Locations of five samples are denoted by the circles. The trowel for scale is 20 cm long.

.ess.uci.edu/group/ams/protocols). Resulting 
radiocarbon ages were calibrated in Oxcal 4.2 
(Ramsey, 2009) using the IntCal13 calibration 
curve (Reimer et al., 2013). Bayesian statistics 
within Oxcal were utilized to refine the age es-
timates for sequences of samples with known 
stratigraphic context.

Measurements of d18O and d2H were per-
formed at the Stable Isotope Laboratory of 
Stefan cel Mare University, Suceava, Romania, 
using a Picarro L2130i cavity ring-down spec-
troscopy (CRDS) analyzer coupled to a high-
precision vaporizer. Melted ice samples were 
stored at 4 °C and passed through a 0.22 µm  
filter to remove particulates before analysis. 
Each sample was manually injected at least nine 
times, and the average of the last four injections 
was used, once the standard deviation was be-
low 0.03 for d18O and 0.3 for d2H. The results 
were normalized to the Vienna standard mean 
ocean water–standard light Antarctic precipita-
tion (VSMOW-SLAP) scale and reported in per 
mil against VSMOW, with precision better than 
±0.03‰ for d18O and ±0.3‰ for d2H.

Elemental abundances in ice samples were 
measured with a Thermo Fisher iCAP Qc in-
ductively coupled plasma–mass spectrometer 
(ICP-MS) at Middlebury College, Middlebury, 
Vermont. Each sample was run in triplicate, 
with blanks and standards between every five 
analyses. Standards included NIST SRM 1643f 
(trace elements in water) at regular concentra-
tion and as a 1:10 dilution, along with in-house 
multi-element standards for major and most 
trace elements. Results were drift corrected, the 
root mean square (RMS) error was calculated 
for repeat analyses to confirm consistency, and 
triplicates were averaged. Further analysis fo-
cused on elements with abundances above de-
tection limits of 1.0 ppb. Detection limits were 
determined through analysis of diluted stan-
dards and cross-checked by duplicate ICP-MS 
analyses at the Vermont Department of Environ-
mental Conservation.

Stable isotope and glaciochemical results 
were compared between ice types using a 
Mann-Whitney test (two independent samples) 
and Kruskal-Wallis test (>2 independent sam-
ples). Nonparametric tests were utilized given 
the unequal number of samples representing 
the different ice types, the relatively small size 
of the data set, and the nonnormal distributions 
of some results. Principal component analysis 
(PCA) was employed to simplify the glacio-
chemistry data set. The PCA was conducted 
using a direct oblimin rotation with Kaiser nor-
malization, and coefficients <0.3 were disre-
garded. Nearly identical results were obtained 
using a varimax rotation. All statistical analy-
ses were conducted in IBM SPSS v24.0.
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RESULTS AND DISCUSSION

Exposures

Five exposures within Strickler Cav-
ern were studied and sampled intensively 
(Fig. 1), exposures A–E: they are described 
separately next.

Exposure A
This vertical, 4-m-tall exposure is located 

in the deepest part of the cave (Figs. 1 and 3). 
Three samples were collected for 14C dating, 
along with ~1 L of bulk organic matter. Three 
separate layers near the base of the exposure 
were sampled with an ice screw. In addition, a 
single relatively thick layer near the center of 
the exposure was sampled from bottom to top 
with a set of six ice-screw samples.

Exposure B
This vertical, 3-m-tall exposure is located at 

the base of a tall (>20 m) wall of ice and or-
ganic matter (Figs. 1 and 4). Individual layers 
of ice and intercalated organics slope from the 
upper-right to lower-left, and the overall abun-
dance of organic matter decreases from right to 
left. These layers are in angularity unconformity 
with a unit of ice devoid of organic matter at the 
base of the exposure. Samples for radiocarbon 
dating were collected at the bottom and top of 

the exposure, with a third ~1 L sample of bulk 
organic matter collected from an open dilation 
crack. Sixteen ice samples were collected from 
individual layers, and five more were collected 
from a single layer near the top of the exposure. 
Finally, three ice samples were collected from 
organic-free ice to the right of the exposure, ad-
jacent to the wall of the cave.

Exposure C
The samples representing exposure C were 

collected along a vertical transect through 
Strickler’s Throat (Fig. 1). Three organic sam-
ples for radiocarbon dating were collected from 
the bottom, middle, and top of the exposure 
over a vertical span of ~10 m. Seven ice samples 
were drilled from a single, 15-cm-thick layer of 
organic-free ice near the location of the middle 
organic sample.

Exposure D
Exposure D consists of two separate expo-

sures that collectively provide a window into 
the internal stratigraphy of the large ice stalag-
mite on the floor of the Big Room (Figs. 1 and 
5). The lower exposure on the north side of the 
stalagmite measured ~1.5 × 1 m and revealed 
several distinct layers of ice and clastic mineral 
debris in angular unconformity with one another 
(Fig. 5). Sixteen ice samples were drilled from 
these layers, and four samples of organic matter 
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were collected. The upper exposure, on the west 
side of the stalagmite, covered ~1 × 1 m and re-
vealed the internal stratigraphy of the upper part 
of the stalagmite. Eleven ice samples were col-
lected from this exposure, and eight stratigraph-
ically higher samples were collected by drilling 
directly into the stalagmite surface. Finally, four 
samples of organic matter were collected from 
the upper exposure.

Exposure E
This exposure was excavated with a shovel 

into the snow cone beneath the cave entrance 
(Figs. 1 and 2). The surface of the snow featured 
a concentration of organic debris overlying 
~60 cm of clean snow. Beneath this snow, there 
was a second concentration of organic matter, 
with a denser layer of firn ~30 cm thick beneath 
it. A third layer of organic matter marked the 
transition to an ice-rich layer that was difficult 
to excavate by hand. Two samples were taken 
from the uppermost snow layer, two from the 
firn layer, and a fifth from the top of the deepest, 
most ice-rich layer. Finally, a single sample of 
organic matter for radiocarbon dating was col-
lected from the ice forming the floor of the Up-
per Room near the wall where a small fissure 
provided access to deeper stratigraphy.

Origins of the Ice

In an attempt to standardize ice cave nomen-
clature, Luetscher and Jeannin (2004) noted 
that at least seven different types of ice have 
been reported from caves. The two most com-
mon origins are (1) recrystallization of snow, 
and (2) freezing of infiltrating water (Luetscher 
and Jeannin, 2004). Both of these processes are 
operating in Strickler Cavern, where snow fall-
ing into the entrance constitutes the major ice 
input. Exposure E clearly reveals that recently 
fallen snow at the top of the cone in the entrance 
shaft transitions progressively downward into 
firn and solid ice (Fig. 2). Given the surrounding 
climate, snow accumulates in the cave entrance 
during the winter. Conversely, organic matter 
primarily accumulates on top of the snow dur-
ing the summer. As each winter’s residual snow 
is buried the following year, the snow is com-
pressed to firn and eventually ice with interca-
lated concentrations of organic matter (e.g., Lu-
etscher, 2013). This “firn ice” comprises a large, 
but unknown, fraction of the central ice deposit 
in the cave. Disturbance events in the forest sur-
rounding the cave entrance could deliver pulses 
of organic matter during the winter, compli-
cating this stratigraphy. Yet to a first order, the 
individual couplets of ice and organic matter 
represent seasonal components of annual ac-
cumulation, analogous to varves in a  lacustrine 

Figure 3. (Left) Tracing of exposure A showing major types of ice, prominent layers, and loca-
tions of samples. Circles denote samples from individual layers, whereas the square identifies 
the location where a single layer was sampled with a series of contiguous samples. Three radio-
carbon ages are also shown (yr B.P.), along with their corresponding calibrated ages derived 
from a Bayesian analysis. (Right) Photograph of exposure A. The vertical line is a rope.
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system. Stresses operating on this ice upon 
deeper burial lead to plastic deformation, yield-
ing folding patterns visible in deeper exposures 
(Figs. 3 and 4).

The central ice mass also contains a distinct 
type of translucent ice in relatively thick layers 
that is commonly devoid of organic matter. This 
ice is present, for example, on the lower right 
side of exposure A (Fig. 3), at the base of expo-
sure B (Fig. 4), along the cave wall to the right 
of exposure B, and in Strickler’s Throat. This 
ice is interpreted as “melt ice” produced through 
the refreezing of meltwater, for instance, in the 
pond that forms seasonally where sunlight hits 
the floor of the Upper Room. Meltwater from 
this pond may also drain laterally, freezing as it 
descends into the Big Room (Fig. 1), and cre-
ating melt ice overlying a core of firn ice. The 
general lack of organic matter in melt ice is at-
tributable to its formation away from the snow 
cone where the organic matter enters the cave. 
The close proximity of the snow cone and the 
adjacent meltwater pond may explain how the 
organic matter content of ice layers can change 
horizontally, as noted at exposure B (Fig. 4).

A third type of ice forms from the freezing 
of dripwater that infiltrates the cave ceiling. 
This “congelation ice,” which forms the stalag-
mite sampled at exposure D (Figs. 1 and 5), is 
transparent, is generally devoid of organic mat-
ter, and is associated with thin coatings of white 
cryogenic precipitates (Žák et al., 2008). Un-
conformities visible within the stalagmite un-
der transmitted light (Fig. 5) reflect episodes of 
melting possibly triggered by changes in air cur-
rents or the position of the drip point on the cave 
ceiling. The relatively infrequent occurrences of 
organic matter in congelation ice are generally 
restricted to these unconformities, likely reflect-
ing the improbability of organic fragments accu-
mulating on the convex stalagmite surface.

The mechanisms of ice genesis inferred for 
Strickler Cavern are consistent with those pro-
posed for other well-studied ice caves in the lit-
erature. Firn ice has been reported from caves in 
the Canadian Rocky Mountains (MacDonald, 
1994), and the Alps (Stoffel et al., 2009; Spötl 
et al., 2014), but it has not previously been iden-
tified in the United States. Ice formed through 
in situ freezing of small volumes of liquid water 
is common in caves from a wide variety of loca-
tions. Some of this ice is derived from thin films 
of seepage water, analogous to the congelation 
ice forming the stalagmite in this study. For 
instance, bodies of layered ice in Candelaria 
Cave, New Mexico (Dickfoss et al., 1997), in 
various caves of the Canadian Rockies (Mar-
shall and Brown, 1974; Yonge and MacDon-
ald, 1999; Yonge, 2014), in the Monlesi Cave, 
Switzerland (Luetscher et al., 2007), and in the   
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Figure 4. (Top) Tracing of exposure B showing major types of ice, prominent layers, and loca-
tions of samples. Circles denote samples from individual layers, whereas the square identifies 
the location where a single layer was sampled with a series of contiguous samples. Three radio-
carbon ages are also shown (yr B.P.), along with their corresponding calibrated ages derived 
from a Bayesian analysis. (Bottom) Photograph of exposure B. Note the contorted layers, the 
angular unconformity with the underlying melt ice body, and the overall decrease in organic 
matter content from right to left. Not all sample locations are visible in the photograph.
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Eisriesenwelt Cave (May et al., 2011) and 
Mammuthöhle, Austria (Kern et al., 2011a), 
are composed of congelation ice. Refreezing of 
thicker water layers to form melt ice has also 
been presented in the literature; for instance, 
ice forming from ponded water was noted in 
Merrill Cave, California (Fuhrmann, 2007), 
and in Scărişoara Cave, Romania (Perşoiu et 
al., 2011). Similarly, ice formed when melt-
water produced near the warmer entrance of 
a cave migrates deeper into the colder parts of 
a cave system has been noted in many studies, 

including Vukušic Cave in Croatia (Kern et al., 
2011b). Many studies have also noted more 
than one type of ice in a given cave (e.g., Lu-
etscher and Jeannin, 2004; Spötl et al., 2014), 
and so the co-occurrence of three different 
types of ice in Strickler Cavern is not unusual.

Age of the Ice

Radiocarbon Results
The age of the ice in Strickler Cavern was 

assessed by radiocarbon dating of 26 samples 
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Figure 5. Schematic of the lower and upper exposures (gray shading) into the stalagmite com-
prising exposure D. In the upper part of the transparent stalagmite, layers and unconformities 
were visible in transmitted light; however, the exact spatial relationship between these two ex-
posures is unknown. Roman numbers identify individual packages of concordant layers (see 
Fig. 9). Dark-gray shapes denote prominent rocks. Stars mark the locations of radiocarbon 
samples, which are presented as calibrated ages in years A.D. The dotted white line marks the 
inferred continuation of a prominent melt unconformity in the upper part of the stalagmite. 
The black arrow designates the active drip location where a finger of ice rises from the overall 
stalagmite mound.

of organic matter collected from the three ex-
posures of layered ice, the snow cone, and the 
stalagmite (Table 1). Dated material included 
sticks, conifer cone scales, charcoal, packrat 
scat, and deciduous leaves. All samples from 
the layered ice deposit have radiocarbon ages 
between 85 ± 15 and 240 ± 15 yr B.P. When 
calibrated, these results yield multiple possible 
age ranges (as many as five separate ranges 
for some samples), generally corresponding to 
death dates from the late seventeenth century 
through to the mid-twentieth century (Table 1). 
Organic matter from the deeper parts of the sta-
lagmite yielded older ages, as discussed below.

Interpretation of Radiocarbon Results from 
the Layered Ice

Interpretation of these ages requires consider-
ation of factors that could induce offsets between 
the measured radiocarbon age of organic frag-
ments and the true age of the enclosing ice. Be-
cause the organic matter was produced outside 
of the cave environment, there is the possibility 
of a lag time between the death of the organic 
matter and the time at which it was deposited in 
the cave (e.g., Spötl et al., 2014). For instance, 
a conifer cone could detach from a tree and be 
stored on the forest floor before transport into 
the cave. This situation would result in a radio-
carbon age that is older than the actual age of the 
enclosing ice. This possibility cannot be ruled 
out for these samples; however, it is unlikely 
that the magnitude of this offset would be more 
than a decade. Organic debris would decompose 
fairly rapidly in the litter layer on the forest floor 
surrounding the cave. Yet, the generally small, 
delicate organic fragments selected for dating 
showed little evidence of decomposition, sug-
gesting that they were transported into the cave 
soon after they detached from their source. Fur-
thermore, the steep slope above the cave makes 
it unlikely that small, mobile organic fragments 
would linger on the forest floor for long before 
rolling into the cave entrance. Short-term stor-
age of organic matter as standing dead wood 
or on the forest floor before deposition could 
explain the scatter observed in the radiocar-
bon ages (Table 1) determined for subsamples 
from the bulk material collected at exposure A 
(SIC-18, SIC-19, and SIC-20) and exposure B 
(SIC-21, SIC-22, and SIC-23). Nonetheless, the 
calibration ranges for these radiocarbon ages 
overlap, meaning that possible differences in the 
duration of storage before deposition are small 
relative to their overall radiocarbon ages.

At the other extreme, vertically oriented open-
ings within the layered ice deposit could allow 
organic matter to fall down inside the ice body, 
yielding radiocarbon ages that are younger than 
the true age of the enclosing ice. This process 
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may be happening in Strickler’s Throat, where 
the ice has locally melted back from the cave 
wall. If so, this could explain the varied ages 
obtained for individual sticks removed from the 
bulk organic sample at exposure C (SIC-24, SIC-
25, and SIC-26) that was collected from loose 
material (Table 1). In this case, the true age of the 
ice at the base of exposure C is likely represented 
by sample SIC-7 (170 ± 15 yr B.P.), because the 
organic fragments dated from the loose bulk 
sample at this depth are all slightly younger than 
the ages for the stratigraphically higher middle 
(SIC-8, 160 ± 15 yr B.P.) and upper (SIC-9,  
130 ± 15 yr B.P.) samples from this exposure 
(Table 1). Nonetheless, given that vertically 
oriented openings penetrating the layered ice 
deposit were not observed beyond this one loca-
tion, and that it would be difficult for voids to 
remain open in the face of infiltrating meltwater 
and ductile flow of the ice, it is unlikely that the 

transport of younger organic matter into the in-
terior of the ice deposit is a widespread process.

Bayesian Analysis of Layered Ice Results
Because the samples collected from the lay-

ered ice deposit are relatively close in age and 
have death dates that fall in a complicated sec-
tion of the radiocarbon calibration curve, fur-
ther analysis was necessary to refine their most 
probable age estimates. Given that the strati-
graphic relationships between many samples 
are known, a Bayesian approach was employed 
to narrow the most probable calibration ranges 
for the samples considered to provide the tight-
est constraint on the actual ages of the ice lay-
ers enclosing them. Samples selected for this 
Bayesian analysis are identified in Table 1, 
and the results of this analysis are presented in 
Table 2 and Figure 6. Samples were selected 
from the bottom, middle, and top of exposures 

A, B, and C, as well as from the floor of the 
Upper Room. Where multiple samples existed 
for a given position, the sample exhibiting the 
least evidence for decomposition or reworking 
was used. Samples with radiocarbon ages strati-
graphically inconsistent with the ages of over-
lying/underlying samples were discarded (for 
instance, those from the loose bulk sample col-
lected from the base of exposure C in Strickler’s 
Throat). Finally, a sample (“Mitch”) collected 
by a previous study (Cecil et al., 2004) from 
an unspecified location below exposure A was 
also included in the Bayesian analysis. For the 
purpose of plotting, model ages were assigned 
to each sample after consideration of the Bayes-
ian results (Table 2). Most model ages are the 
midpoint of the most probable calibration range. 
However, in a few cases, these midpoints were 
shifted slightly to better align with peak of cali-
bration probability.

TABLE 1. RADIOCARBON RESULTS FROM STRICKLER CAVERN

UCIAMS
no .

Sample
ID

Exposure Material Fraction
modern

± δ14C
(‰)

±
(‰)

14C age
(yr B.P.)

±
(yr)

Median
(yr A.D.)

2σ range (probability)
(yr A.D.)

Midpoint*
(yr A.D.)

Considered
in Bayesian

model
168135 SIC-1 E Stick 0.9894 0.0014 –10.6 1.4 85 15 1850 1695–1728 (26.3%), 1812–1854 (23.3%),

1867–1919 (45.8%)
1890 X

168136 SIC-2 A Cone scales 0.9821 0.0014 –17.9 1.4 145 15 1780 1672–1698 (15.3%), 1725–1778 (33.9%),
1797–1815 (11.6%), 1834–1878 (14.3%),

1916–1943 (20.3%)

1750 X

168137 SIC-3 A Stick 0.9887 0.0018 –11.3 1.8 90 15 1840 1694–1728 (27.7%), 1812–1854 (26.0%),
1866–1919 (41.7%)

1890 X

168138 SIC-4 A Cone scales 0.9868 0.0016 –13.2 1.6 105 15 1840 1690–1730 (27.4%), 1810–1895 (56.5%),
1902–1924 (11.6%)

1850 X

168139 SIC-5 B Stick 0.9819 0.0015 –18.1 1.5 145 15 1780 1672–1698 (15.3%), 1725–1778 (33.9%),
1797–1815 (11.6%), 1834–1878 (14.3%),

1916–1943 (20.3%)

1750 X

168140 SIC-6 B Cone scales 0.9903 0.0014 –9.7 1.4 80 15 1880 1696–1726 (24.5%), 1813–1836 (17.5%),
1844–1852 (2.1%), 1876–1918 (51.3%)

1900 X

168141 SIC-7 C Stick 0.9792 0.0013 –20.8 1.3 170 15 1760 1666–1685 (16.8%), 1731–1784 (50.8%),
1796–1808 (9.7%), 1926–... (18.1%)

1760 X

168142 SIC-8 C Stick 0.9803 0.0013 –19.7 1.3 160 15 1760 1667–1691 (15.6%), 1728–1782 (50.9%),
1796–1811 (11.3), 1922–1946 (17.6%)

1760 X

168143 SIC-9 C Salix leaf 0.9844 0.0068 –15.6 6.8 130 60 1810 1666–1784 (40.1%), 1796–… (55.3%) 1890 X
168144 SIC-10 D Stick 0.7968 0.0011 –203.2 1.1 1825 15 180 134–234 (95.4) 180
168145 SIC-11 D Stick 0.8368 0.0013 –163.2 1.3 1430 15 630 600–650 (95.4%) 630
168146 SIC-12 D Stick 0.9225 0.0013 –77.5 1.3 650 15 1360 1285–1316 (40.0%), 1355–1390 (55.4%) 1370
168147 SIC-13 D Stick 0.9573 0.0014 –42.7 1.4 350 15 1560 1470–1525 (43.6%), 1556–1632 (51.8%) 1590
168148 SIC-14 D Stick 0.9879 0.0014 –12.1 1.4 100 15 1840 1692–1729 (27.8%), 1810–1920 (67.6%) 1870
168149 SIC-15 D Stick 0.8601 0.0012 –139.9 1.2 1210 15 820 768–882 (95.4%) 830
168150 SIC-16 D Scat 0.9892 0.0019 –10.8 1.9 85 20 1850 1694–1728 (25.5%), 1812–1919 (69.9%) 1870
168151 SIC-17 D Charcoal 0.8983 0.0014 –101.7 1.4 860 15 1190 1160–1218 (95.4%) 1190
168152 SIC-18 A Stick 0.9880 0.0014 –12.0 1.4 95 15 1850 1694–1728 (27.6%), 1812–1919 (67.7%) 1870
168153 SIC-19 A Stick 0.9703 0.0014 –29.7 1.4 240 15 1790 1646–1667 (73.5%), 1783–1796 (21.9%) 1660
168154 SIC-20 A Stick 0.9814 0.0015 –18.6 1.5 150 15 1760 1668–1696 (15.2%), 1726–1780 (40.6%),

1796–1814 (11.8%), 1836–1877 (7.7%),
1916–1944 (20.0%)

1760

168155 SIC-21 B Stick 0.9807 0.0015 –19.3 1.5 155 15 1760 1668–1694 (15.7%), 1726–1782 (48.0%),
1796–1814 (12.2%), 1918–1945 (19.6%)

1760

168156 SIC-22 B Stick 0.9782 0.0015 –21.8 1.5 175 15 1770 1666–1684 (18.1%), 1734–1784 (49.4%),
1796–1807 (8.8%), 1928–… (19.1%)

1760

168157 SIC-23 B Stick 0.9839 0.0015 –16.1 1.5 130 15 1840 1680–1710 (16.1%), 1716–1739 (11.2%),
1745–1764 (3.5%), 1802–1890 (48.7%),

1909–1938 (15.9%)

1850 X

168158 SIC-24 C Stick 0.9818 0.0016 –18.2 1.6 150 15 1760 1668–1696 (15.2%), 1726–1780 (40.6%),
1796–1814 (11.8%), 1836–1877 (7.7%),

1916–1944 (20.0%)

1750

168159 SIC-25 C Stick 0.9889 0.0015 –11.1 1.5 90 15 1840 1694–1728 (27.7%), 1812–1854 (26.0%),
1866–1919 (41.7%)

1890

168160 SIC-26 C Stick 0.9855 0.0015 –14.5 1.5 115 15 1840 1686–1730 (26.3%), 1808–1892 (58.4%),
1908–1927 (10.7%)

1850

Note: UCIAMS—University of California Irvine Accelerator Mass Spectrometry Laboratory.
*Midpoint of calibration range with maximum probability, rounded to nearest 10 yr.
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This approach greatly narrowed the probable 
calibration ranges of the 10 selected radiocar-
bon dates (Table 2) and suggests that the layered 
ice deposit accumulated between ca. A.D. 1560 
and A.D. 1900 (Fig. 6). Given these results, 
exposure A accumulated in the late 1600s, ex-
posure B over ~30 yr in the early 1700s, expo-
sure C between A.D. 1750 and A.D. 1850, and 
the ice forming the floor of the Upper Room 
around A.D. 1900. Because a vertical distance 
of ~30 m separates the uppermost (SIC-1) and 
lowermost (Mitch) samples (Table 2), the 340 yr 
difference between their model ages suggests an 
overall ice accumulation rate of ~9 cm/yr. This 
estimate is consistent with the observed thick-
ness of firn ice layers between the organic mat-
ter concentrations thought to represent summer 
ablation seasons. It is important to note that 
unrecognized folding or overturning within the 
ice could render this Bayesian approach invalid, 
along with the mechanisms discussed earlier 
that could yield offsets between radiocarbon 
ages and true ice ages. Nonetheless, with these 
caveats in mind, the most salient point of this 
analysis is that the layered ice deposit within 
Strickler Cavern appears to have accumulated 
over the last four centuries. This ice, therefore, 
may contain a high-resolution, perhaps annually 
resolved, record of snowfall and climate over 
the last several hundred years in this part of the 
Rocky Mountains.

Ages from the Stalagmite
Seven samples were radiocarbon dated from 

the stalagmite (exposure D) composed of con-
gelation ice that is separate from the main lay-
ered ice body (Fig. 5; Table 1). These samples 
yielded many older ages, including 1825 ±  
15 yr B.P. for the stratigraphically lowest sam-
ple (SIC-10) and 1430 ± 15 yr B.P. for the next 
higher sample (SIC-11). When calibrated, these 
ages indicate that the ice forming the base of the 
stalagmite began accumulating 1500–2000 yr 
ago (Table 1). The two youngest ages are from 
the upper exposure (Fig. 5). Sample SIC-14 
yielded an age of 100 ± 15 yr B.P., and SIC-16 

returned 85 ± 15 yr B.P. The maximum prob-
ability calibrated age range for both these sam-
ples is between A.D. 1810 and 1920. Notably, 
sample SIC-16 was a collection of packrat scat 
from the same layer as charcoal fragments (SIC-
17) that returned a much older age of 860 ±  
15 yr B.P. The scat and charcoal were incorpo-
rated in a clastic-rich layer ~4 cm thick. Previ-
ous studies have interpreted assemblages of 
organics with divergent ages in the same layer 
as evidence of a melting episode that elimi-
nated an unknown thickness of ice, concentrat-
ing organic matter and rubble as a lag marking 
an unconformity (e.g., Spötl et al., 2014). Ap-
plying this logic here leads to the conclusion 
that a significant melting event sometime after 
A.D. 1850 eliminated much of the ice that ac-
cumulated between ca. A.D. 1200 and 1850. 
The dates of A.D. 1360 and A.D. 1560 from 
the rubbly layer at the top of the lower exposure 
(Fig. 5) might also reflect this melting event, 
although the direct stratigraphic relationship 
between the two exposures is unclear. Melting 
after A.D. 1850 could be attributable to the end 
of the Little Ice Age (Grove, 2004), although it 
is not clear how that climatic transition would 
have resulted in an increase in cave temperature. 
One possibility is that increased snowfall and/
or cooler summer temperatures during the peak 
of the Little Ice Age allowed the snow cone to 
grow upward until it sealed the base of the en-
trance doline (Fig. 1). Sealing this opening, or at 
least constricting it dramatically, would exclude 
cold winter air from the cave, resulting in rising 
cave temperatures due to geothermal heating. 
This theory cannot be tested with the available 
evidence, but it is an intriguing possibility for 
explaining how sections of the stalagmite could 
have been lost to ablation. Parts of the firn ice 
deposit may also have melted at this time, pos-
sibly resulting in the carapace of melt ice that 
covers the slopes leading from the Upper Level 
to the Big Room.

Whatever the explanation for the melt uncon-
formity in the upper part of the stalagmite, ac-
cumulation of congelation ice clearly resumed 

after the end of the Little Ice Age. Approxi-
mately 1 m of ice overlies the unconformity 
that yielded the youngest radiocarbon age, and 
a delicate, upward-pointing “finger” of ice atop 
the stalagmite mound represents the location of 
actively freezing drips (Fig. 5). Angular uncon-
formities separating packages of concordant 
layers visible within the upper part of the sta-
lagmite (Fig. 5) suggest that the specific loca-
tions where drips emerge from the cave ceiling 
have changed repeatedly in the <150 yr since 
ice accumulation resumed.

Radiocarbon Summary and Significance
Radiocarbon dating reveals that the firn ice in 

Strickler Cavern accumulated over the past four 
centuries, whereas the stalagmite composed of 
congelation ice contains a discontinuous record 
extending back nearly 2000 yr. The 26 radiocar-
bon ages supporting these conclusions represent 
a major increase in the number of numerical age 
estimates available for subterranean ice deposits 
in North America. Before this work, the most 
thoroughly dated ice cave in the United States 
was Candelaria Cave in New Mexico (Dickfoss 
et al., 1997). The ice in this cave accumulates 
through the freezing of seepage water (Dickfoss 
et al., 1997), forming congelation ice analogous 
to the stalagmite in Strickler Cavern. Four AMS 
ages were reported on organic fragments from 
Candelaria Cave, and four additional ages were 
measured on CO

2
 extracted from the ice itself. 

The gas ages were dismissed by Dickfoss et al. 
(1997) because their d13C values were too low 
(<–17‰); however, two “unidentified twig” 
samples from near the base of the ~4-m-thick ice  
deposit yielded ages of 3116 ± 77 and 1819 ±  
100 yr B.P. When calibrated, these ages cor-
respond to 1540–1190 B.C. (median of 1370 
B.C.) and 40 B.C. to A.D. 420 (median of A.D. 
200). Two samples from higher in the layered 
ice deposit yielded younger ages of 243 ± 55 yr 
B.P. (calibrated median of A.D. 1660) and 27 ±  
73 yr B.P. (calibrated median of A.D. 1840), 
suggesting a hiatus between deposition of the 
lower and upper sections of the ice body.

 TABLE 2. BAYESIAN MODEL AGES

Sample no. Sample ID Exposure 14C age
(yr B.P.)

±
(yr)

Modelled 2σ range
(probability)

(yr A.D.)

Model age
(yr A.D.)

168135 SIC-1 E 85 15 1810–1920 (95.4%) 1900
168143 SIC-9 C 130 60 1760–1910 (95.4%) 1850
168142 SIC-8 C 160 15 1730–1820 (72.8%), 1840–1880 (22.6%) 1800
168141 SIC-7 C 170 15 1720–1780 (72.2%), 1830–1870 (23.2%) 1750
168140 SIC-6 B 80 15 1700–1740 (73.6%), 1810–1850 (21.9%) 1730
168157 SIC-23 B 130 15 1690–1740 (75.1%), 1750–1770 (2.2%), 1800–1850 (18.1%) 1720
168139 SIC-5 B 145 15 1680–1770 (92.5%), 1800–1820 (2.9%) 1700
168138 SIC-4 A 105 15 1680–1730 (95.4%) 1695
168137 SIC-3 A 90 15 1680–1720 (95.4%) 1690
168136 SIC-2 A 145 15 1670–1700 (95.4%) 1680
Beta-173904 Mitch * 280 70 1450–1670 (95.4%) 1560

*From the deepest accessible part of the cave, below exposure A.
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Beyond Candelaria Cave, a single radiocar-
bon age is available for Serendipity Cave at an 
elevation of 2175 m in the Rocky Mountains 
of Alberta, Canada (Yonge and MacDonald, 
1999). Here, a 15-m-thick deposit of stratified 
ice is interpreted to result from freezing of seep-
age water and water vapor (MacDonald, 1994). 
A collection of packrat pellets from 70 cm above 
the base of this ice deposit yielded an age of  
970 ± 80 yr B.P. (Yonge and MacDonald, 1999), 

which calibrates to A.D. 890–1230 (median of 
A.D. 1080). Dating of cryogenic cave calcite in 
two caves in Arctic Canada also resulted in age 
estimates older than ca. 1000 yr B.P. (Lauriol 
and Clark, 1993). Other than these examples, 
we are not aware of other published ages for 
subterranean ice in North America.

Radiocarbon dating has been more exten-
sively employed in studies of ice caves in Eu-
rope. For example, radiocarbon dating was used 
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Figure 6. Results of the Bayesian analysis of 11 radiocarbon dates in strati-
graphic order through the firn ice body. Full calibration ranges are shown 
in light gray, whereas the Bayesian refined calibration ranges are shown in 
dark gray. White diamonds mark the inferred model ages used to assign 
overall ages to the ice sampled in exposures A, B, C, and in the Upper Level. 
The basal sample “Mitch” was reported by a previous reconnaissance study 
(Cecil et al., 2004).

in evaluating the mass balance of ice in Hund-
salm Cave, Austria, over the past 1500 yr (Spötl 
et al., 2014). Similarly, radiocarbon dating 
combined with dendrochronology were used in 
evaluating climatic controls on the accumula-
tion of ice over the past 1200 yr in St. Livres 
Cave, Switzerland (Stoffel et al., 2009).

This review emphasizes the relatively small 
number of studies in which numerical age con-
straints have been developed for cave ice de-
posits. The relatively old ages determined for 
the base of the stalagmite in Strickler Cavern 
are consistent with maximum ice ages reported 
by other published studies. However, the total 
number of radiocarbon ages produced in this 
study arguably makes Strickler Cavern one of 
the most thoroughly dated cave ice deposits in 
the world.

Stable Isotope Results

Stable Isotopes in the Ice
In total, 80 samples for analysis of stable iso-

topes of O and H were collected from Strick-
ler Cavern. Nine samples were collected from 
exposure A, 24 from exposure B, 7 from expo-
sure C, 5 from the snow cone, and 35 from the 
stalagmite (exposure D). One sample (SIC-15-
47 from near the base of Exposure D) was lost 
in the laboratory, leaving 79 pairs of d18O and 
d2H results. Values of d18O range from –18.4‰ 
to –12.1‰, with a mean of –15.9‰ (median 
of –16.0‰) and a standard deviation of 1.3‰ 
(Table 3). Values of d2H range from –146‰ to 
–94.9‰, with a mean of 128.2‰ (median of 
–129.9‰) and a standard deviation of 9.7‰. 
Values of d18O and d2H are strongly correlated, 
with a coefficient of determination (r2) of 0.969. 
Plotting all 79 samples as d18O versus d2H yields 
a slope of 7.48 and an intercept of 9.09.

Stable Isotopes in Single Ice Layers
Three subsets of samples were collected to 

span individual layers of ice in exposures A, B, 
and C (Fig. 1). Results from these samples were 
plotted as d18O versus d2H to identify intralayer 
fractionation, indicating that the ice formed 
through freezing of a layer of liquid water. Six 
samples collected from a single layer in expo-
sure A yielded a slope of 7.7 and an intercept of 
–3.4‰. This slope is very similar to the global 
meteoric water line (Craig, 1961), indicating 
that no melting or refreezing was involved in the 
formation of this layer. In contrast, five samples 
from a single layer in exposure B yielded a slope 
of 6.5 with an intercept of –26.5‰, and seven 
samples from a layer in exposure C yielded a 
slope of 6.6 and an intercept of –22.8‰. These 
notably lower slopes reveal that kinetic fraction-
ation occurred during formation of these layers, 
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strongly suggesting that the ice formed through 
freezing of liquid water rather than through den-
sification of snow (Jouzel and Souchez, 1982; 
Perşoiu et al., 2011; Souchez and Jouzel, 1984).

These intralayer results are consistent with 
interpretations of the types of ice present in 
each exposure. The ice comprising exposure A 
was interpreted as firn ice with intercalated or-
ganic matter, and a slope paralleling the global 
meteoric water line supports this interpretation. 
In contrast, samples from exposure C were 
collected from clear ice with very low organic 
content interpreted as melt ice. This ice likely 
formed as meltwater descended between the 
layered ice deposit and the cave wall, or through 
the refreezing of a seasonal meltwater pond 
such as the one observed on the Upper Level, 
producing a slope lower than the global mete-
oric water line. Exposure B is a hybrid: most of 
the exposure reveals firn ice with high organic 
content, yet the single-layer samples were col-
lected from the left side of the exposure where 
the abundance of organic matter is markedly 
less (Fig. 4). This decrease from right to left 
suggests a lateral transition from firn ice to melt 
ice. The modern meltwater pond on the floor of 
the Upper Level is directly adjacent to the snow 
cone. Refreezing of this pond will result in a 
horizontal gradation from organic-rich firn ice 
to organic-poor melt ice, and the ice compris-
ing exposure B likely formed in an analogous 
setting. Collectively, the results from sequential 
sampling through individual ice layers support 
the interpretation that exposure A is composed 
of firn ice, exposure B features a lateral grada-
tion from firn ice to melt ice, and exposure C is 
dominated by melt ice.

Stable Isotopes Grouped by Ice Type
Grouping the samples according to the type of 

ice from which they were collected reveals nota-
ble similarities and differences (Table 3; Fig. 7). 
The five samples collected from the snow and 
firn at the top of the snow cone generally had the 

highest d18O values (mean of –13.1‰). In con-
trast, mean values for the firn and congelation 
ice were the lowest (means of –16.3‰), with the 
overall lowest values recorded in the congela-
tion ice (–18.3‰). Patterns were similar for d2H 
(Table 3). Differences between mean values of 
d18O are significant for snow and the three ice 
types. There is no significant difference between 
values of d2H in firn ice and congelation ice, but 
melt ice and snow are significantly different.

Further insight is provided by investigating 
the relationship between d18O and d2H in the 
different types of ice. Plotting the five samples 
from the snow cone in d18O and d2H space yields 
a slope of 8.3 and an intercept of 4.6‰. This 
result is similar to the local meteoric water line 
(slope 8.0 and intercept of 8.1‰) developed 
from 68 snowpack and precipitation samples 
collected in the surrounding region between 
1999 and 2001 (Benjamin et al., 2005). Further-
more, plotting the five snow cone samples along 
with the 29 samples of firn ice from exposures 
A and B yields a slope of 8.0 and an intercept 
of –1.4‰ (Fig. 8), which is nearly identical to 
the slope of 7.4 and intercept of −2‰ for a win-
ter local meteoric water line derived from 46 
snow samples in that same study (Benjamin et 
al., 2005), supporting the interpretation that the 
firn ice is formed directly through densification 
of snow. In contrast, the 11 samples of melt ice 
collected from the base of exposure B, and from 
a single layer in Strickler’s Throat (exposure C), 
yield a slope of 6.1 with a very low intercept 
of –30.4‰ (Fig. 8). Slopes of that magnitude 
are evidence of melting and refreezing of ice 
in subglacial settings, and a similar mechanism 
is likely responsible here (Jouzel and Souchez, 
1982). Between these two extremes, the 34 
samples of congelation ice collected from ex-
posure D yield a slope of 7.0 and an intercept 
of –17.3‰ (Fig. 8). This low intercept indicates 
that these samples were impacted by kinetic 
effects during refreezing, but this slope is still 
close to the local meteoric water line, suggest-

TABLE 3. BASIC STATISTICS FOR THE PRIMARY (δ18O AND δ2H) AND SECONDARY (D-EXCESS) 
ISOTOPIC PARAMETERS OF ICE FROM STRICKLER CAVERN

All
n = 79

Snow
n = 5

Firn ice
n = 29

Flow ice
n = 11

Congelation ice
n = 34

δ18O (‰) Mean –15.9 –13.1 –16.3 –15.4 –16.2
Median –16.0 –12.9 –16.1 –15.2 –16.1
St dev 1.3 1.1 0.9 1.1 1.1
Range –12.1 to –18.3 –12.1 to –14.9 –14.6 to –17.8 –14.0 to –17.6 –13.3 to –18.3

δ2H (‰) Mean –128.2 –103.9 –131.1 –124.7 –130.4
Median –129.9 –102.0 –130.2 –122.4 –130.6
St dev 9.7 9.3 5.9 7.0 7.8
Range –94.9 to –146.1 –94.9 to –119.1 –118.3 to –141.3 –116.6 to –139.7 –107.9 to –146.1

d-excess 
(‰)

Mean –0.9 1.0 –0.8 –1.1 –1.2
Median –0.9 0.7 –1.0 –0.6 –1.2
St dev 1.8 0.5 1.7 2.6 1.6
Range 2.22 to –6.30 1.6 to 0.5 2.1 to –3.8 1.8 to –6.3 2.1 to –5.8

ing that these effects have not completely over-
printed the original isotopic signal.

When plotted in d18O and d2H space, all sam-
ples are shifted down and to the right from the 
local meteoric water line (Fig. 8). This shift in-
dicates enrichment in heavier isotopes (Lechler 
and Niemi, 2011), which is signaled by the no-
tably low intercepts for lines fit to the Strickler 
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Cavern data (Fig. 8). The standard global mete-
oric water line has an intercept of 10‰ (Craig, 
1961). In contrast, lines fit to the samples repre-
senting different types of ice in Strickler Cavern 
have intercepts ranging from 5‰ (snow) to as 
low as –30‰ (melt ice). This situation is further 
highlighted by calculation of deuterium excess 
(d-excess), a metric used to quantify departure 
from the global meteoric water line, which has 
a d-excess of 10‰ (Dansgaard, 1964; Froehlich 
et al., 2001). All the samples from Strickler Cav-
ern have d-excess values <10‰, including some 
negative values (Table 3; Fig. 7). Low intercepts 
and d-excess values <10‰ can reflect aspects of 
the local precipitation (Froehlich et al., 2001), 
and this explanation appears valid for Strickler 
Cavern. As noted previously, the winter local 
meteoric water line for the region surrounding 
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Figure 8. Stable isotope results for three 
types of ice presented in d18O and d2H space. 
Solid sloping line is the local winter meteoric 
water line (y = 7.41x – 2.41) from Benjamin 
et al. (2005).

the cave has an intercept of –2‰ (Benjamin et 
al., 2005), similar to the –1.4‰ for the snow and 
firn ice samples (n = 34) in this study (Fig. 8). 
Similarly, a regression fit to monthly values 
of d18O and d2H estimated for the cave loca-
tion through spatial interpolation (Bowen and 
Revenaugh, 2003; Bowen and Wilkinson, 2002) 
also has a low intercept (–4.3‰). Furthermore, 
values of d-excess generally <5‰ have been 
reported for cave ice in the Canadian Rockies, 
and interpreted as a consequence of a drier, 
more evaporative climate inland from the coast 
(Yonge, 2014; Yonge and MacDonald, 1999). 
Thus, low intercept and d-excess values are 
characteristic of snow in the interior parts of the 
northern Rocky Mountains, and this property 
carries over to the snow and firn ice in the cave.

As shown in Table 3, mean d-excess is even 
lower for the congelation ice (–1.2‰) compared 
with the firn ice (–0.8‰). Although this differ-
ence is not statistically significant (P = 0.166), 
the lower mean and minimum values suggest 
that some process is depressing d-excess in the 
congelation ice beyond the already low values 
characteristic of winter precipitation in this 
area. Previous studies have documented enrich-
ment of heavy isotopes in snow by sublimation 
(Lechler and Niemi, 2011). Although there has 
been debate over whether this process impacts 
the entire snowpack or just the surface layers 
(Moser and Stichler, 1974; Stichler et al., 2001), 
Lechler and Niemi (2011) concluded that subli-
mation during the winter can have a significant 
impact on snowpack stable isotope composi-
tion. This impact is particularly pronounced in 
the orographic precipitation shadow along the 
eastern side of the Sierra Nevada, where snow 
persists for many months under dry climatic 
conditions (Lechler and Niemi, 2011). Simi-
lar conditions prevail in the Lost River Range, 
making it likely that snowpack in the vicinity 
of Strickler Cavern is progressively affected by 
sublimation over the course of the winter, en-
riching heavy isotopes and decreasing d-excess 
values. When the snowpack melts, this subli-
mation-influenced water soaks into the ground, 
descends to the cave, and freezes as in addition 
to the stalagmite. The signature of this sublima-
tion influence is retained in the congelation ice 
in the form of low intercept and d-excess values. 
In contrast, snow that falls into the cave entrance 
would be less influenced by sublimation due to 
humid conditions in the cave and lack of expo-
sure to the sun, explaining the generally higher 
d-excess values in the firn ice (Table 3).

Stable Isotopes Summary
Measurement of stable isotopes supports the 

interpretation that three main types of ice are 
present in Strickler Cavern. Firn ice and con-

gelation ice samples exhibit slopes in d18O and 
d2H space that are similar to the winter local 
meteoric water line. In contrast, samples of 
melt ice have a much lower slope, indicative 
of fractionation during melting and refreez-
ing. Values of intercept and d-excess in snow 
and firn samples are low, but they are similar 
to those reported from previous studies of snow 
and cave ice in the northern Rocky Mountains. 
Even lower values in congelation ice likely 
reflect the impact of snowpack sublimation at 
the surface during the winter, an effect that is 
inconsequential in the humid, dark conditions 
of the cave. Fractionation during melting and 
refreezing complicates interpretation of the 
melt ice samples. However, samples of firn and 
congelation ice likely retain an interpretable 
isotope signal of winter precipitation.

Paleoenvironmental Implications
Previous studies have concluded that static 

ice caves, like Strickler Cavern, are sensitive 
recorders of winter precipitation and are rela-
tively unaffected by summer conditions (Lu-
etscher et al., 2005). Because large volumes 
of air are only able to enter the cave through 
density settling, mixing is dramatically re-
duced when the outside air temperature rises 
above the ambient cave temperature (Luetscher 
and Jeannin, 2004). As a result, the cave atmo-
sphere preferentially samples the colder part of 
the year, promoting maintenance of freezing 
conditions year-round. Shifts toward warmer 
or cooler summer conditions at the surface 
would do little, if anything, to alter this situa-
tion. Furthermore, given the strong seasonality 
of precipitation in this area, with 64% of the 
annual moisture arriving during months with 
average temperature <0 °C (November–April), 
precipitation arriving as snow is likely to domi-
nate the signal recorded in the cave. As a result, 
it is reasonable to consider the ice in Strickler 
Cavern to be a record of past winter precipita-
tion (Stoffel et al., 2009).

In this interpretive framework, it is notable 
that firn ice samples from exposures A and B 
have considerably lower mean isotope val-
ues (mean d18O of –16.3‰) than those from 
the near-modern samples from the snow cone 
and the top of the stalagmite (mean d18O of 
–14.3‰). Because stable isotopes in precipita-
tion are strongly influenced by air temperature 
(Dansgaard, 1964), this difference, which is 
highly significant (P = 0.000), indicates that 
the older samples were deposited during colder 
winters. The Bayesian analysis suggests that 
the ice comprising exposures A and B accumu-
lated during the early part of the Little Ice Age, 
between the late 1600s and mid-1700s. Using 
the linear relationship (r2 = 0.820) between   
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average air temperature for months with sub-
zero mean temperatures and mean d18O esti-
mated for the Mill Creek Summit SNOTEL site 
with the Online Isotopes in Precipitation Cal-
culator (http://wateriso.utah.edu/waterisotopes/
index.html), an ~2‰ difference in d18O equates 
to a temperature change of ~2.4 °C, providing 
a rough estimate for winter temperature depres-
sion at Strickler Cavern during the Little Ice 
Age. For comparison, d18O values measured in 
an ice core from Upper Fremont Glacier in the 
Wind River Range, ~400 km to the southeast of 
Strickler Cavern, combined with site-specific 
transfer functions for d18O and air tempera-
ture, suggest that conditions during the latter 
part of Little Ice Age (ca. A.D. 1740–1860) 
were ~5 °C cooler than modern (Naftz et al., 
2002). Greater cooling at Upper Fremont Gla-
cier may be a function of the higher elevation 
of the glacier coring site (4000 m vs. 2500 m) 
if climatic changes during the Little Ice Age 
impacted higher elevations disproportionately. 
Alternatively, the difference may reflect a sea-
sonal bias, given that Strickler Cavern primarily 
samples the winter months, whereas the precip-
itation data used to derive the transfer functions 
linking temperature and d18O for the Upper Fre-
mont Glacier were annual (Naftz et al., 2002). 
It is also possible, due to limited accessibility, 
that the sampling strategy in Strickler Cavern 
simply failed to collect ice that accumulated as 
snow during the coldest part of the Little Ice 
Age, leaving the true d18O minimum in the 
Strickler Cavern ice unknown.

Notable trends are also apparent in the d18O 
values measured for contiguous samples. For 
instance, the longest series of samples (n = 15) 
from conformable layers of firn ice was col-
lected from exposure B (Fig. 3). Values of d18O 
start out relatively high (~–15.0‰) at the base 
of this exposure and drop steadily, reaching 
a minimum of –16.8‰ near the top (Fig. 9). 
Results of the Bayesian analysis, corrobo-
rated by visual layer counting, reveal that this 
sequence accumulated over ~30 yr (ca. A.D. 
1700–1730). Thus, the accessible ice within 
exposure B may record part of the cooling to-
ward peak Little Ice Age conditions in the early 
eighteenth century.

Plotting all of the congelation ice, firn ice, 
and modern snow samples in chronological or-
der further highlights the uniqueness of the most 
recent precipitation (Fig. 9). This approach also 
reveals that the decreasing values of d18O lead-
ing into the Little Ice Age maximum are super-
imposed on an overall trend of rising d18O. It is 
important to note that the available age control 
precludes quantification of the absolute ages 
of these samples; particularly in the case of 
the stalagmite, numerous unconformities mark 
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places where unknown amounts of ice and time 
are missing from the record. As noted earlier, 
kinetic effects during refreezing may also have 
impacted the congelation ice samples. Nonethe-
less, the rising trend in d18O is clear, but its sig-
nificance is difficult to determine. Many of the 
samples comprising this trend were collected 
from the stalagmite. The oldest samples, with 
the most negative d18O values, generally have 
the highest d-excess values, and d-excess de-
creases upward through the stalagmite. Because 
lower d-excess values correspond to greater 
degrees of sublimation, this trend may reflect 
a shift toward a more sublimation-influenced 
snowpack over time.

Overall, given the available age control, it is 
clear that ice in Strickler Cavern records winter 
precipitation that accumulated during the Little 
Ice Age. Further analysis of stable isotopes in 
this ice could yield more refined quantitative 
estimates of Little Ice Age climatic conditions 
in the northern Rocky Mountains, particularly 
when combined with tree-ring records (e.g. 
Naftz and Smith, 1993) and high-resolution 
lacustrine records (e.g. Munroe et al., 2012, 
2013). Furthermore, on the basis of results from 
the Upper Fremont Glacier core, the Little Ice 
Age in the Wind River Range apparently ended 
abruptly in ~10 yr around A.D. 1845 (Schuster 
et al., 2000). The radiocarbon ages in this study 
span this interval; therefore, it is reasonable 
to assume that the ice within Strickler Cavern 
also contains a record of how the Little Ice Age 
ended, possibly permitting the duration of this 
transition to be quantified and its abruptness and 
synchronicity to be assessed.

Glaciochemistry

Detectable Elements
Analysis of 78 melted ice samples with 

ICP-MS identified 14 elements that were con-
sistently above detection limits in all samples 
(Table 4). By far the most abundant element was 
Ca, with an average concentration of ~18,000 
ppb (Fig. 10). Abundances of Na, Mg, and K 
were similar, around 4000 ppb. Other major ele-
ments, including Fe (89 ppb), Al (48 ppb), and 
Mn (10 ppb), were also detectable. The most 
abundant trace elements were Ba (56 ppb) and 
Sr (45 ppb). Abundances of Ni, Ti, Zn, As, and 
Rb averaged <40 ppb. Many elements exhibited 
strong correlations; for instance, Ca was signifi-
cantly (positively) correlated with Mg, K, Ti, Fe, 
As, Rb, Sr, and Ba. Calcium also had a signifi-
cant negative correlation with Zn. Similarly, Na, 
the second most abundant element, was signifi-
cantly (positively) correlated with Mg, K, Ni, 
and Rb. The strongest positive correlations were 
between Ca and Ti (0.998), Fe and Ti (0.945), 
Ca and Sr (0.941), Ti and Sr (0.936), and be-
tween K and Rb (0.917).

Grouping the glaciochemistry results by ice 
type reveals some notable similarities and dif-
ferences. For instance, abundances of Ca and Fe 
were highest in the firn and congelation ice and 
were much lower in snow and melt ice (Fig. 11). 
In contrast, Al and K followed the opposite 
trend, with highest values in the melt ice and the 
lowest values in the congelation ice. Sodium, 
Ni, Zn, and Rb reached maximum values in the 
snow; Zn was particularly enriched, with aver-
age values ~8× higher than in other ice types. 
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Ca, Fe, Al, Ti, and Mn were most abundant, 
on average, in the firn ice, whereas K and Mg 
were most abundant in the melt ice. Only Ba, 
Sr, and As were most abundant in the congela-
tion ice; Ba was particularly abundant in this ice 
type. Differences in the average values of each 
of the 14 detectable elements were significant  
(P < 0.050) using a Kruskal-Wallis test. Differ-
ences for Zn, Rb, and Ba were most significant 
(P = 0.000), whereas differences for Ca and Ti 
were marginal (P = 0.045).

Principal Component Analysis
Principal component analysis (PCA) was em-

ployed to simplify the overall glaciochemistry 

data set, revealing major trends and correla-
tions. Results of a Kaiser-Meyer-Olkin measure 
of sampling adequacy (0.747) and Bartlett’s 
test of sphericity (P = 0.000) demonstrate the 
suitability of the data set for PCA. The rotation 
converged in six iterations, and the resulting 
first three principal components (PC) had eigen-
values >1.0 and collectively explain 72% of the 
variance (Fig. 12). Maximum communalities 
(>0.800) were obtained for Ca, Ti, Sr, Na, K, 
Fe, and Rb. The lowest communalities were for 
Mn (0.305), Ni (0.326), and Ba (0.375). Consid-
eration of the pattern matrix resulting from the 
PCA reveals that Ti (0.964), Ca, Sr, Fe, Mg, As, 
K, and Ba (0.527) load onto PC-1, with scores in 

TABLE 4. BASIC STATISTICS SUMMARIZING GLACIOCHEMISTRY RESULTS FOR ICE SAMPLES FROM STRICKLER CAVERN

Ice type Statistic Ca
(ppb)

K
(ppb)

Na
(ppb)

Mg
(ppb)

Fe
(ppb)

Ba
(ppb)

Al
(ppb)

Sr
(ppb)

Ni
(ppb)

Ti
(ppb)

Zn
(ppb)

Mn
(ppb)

As
(ppb)

Rb
(ppb)

PC-1 PC-2 PC-3

All
n = 79

Mean 18,374 4401 4179 3966 88.8 56.2 48.1 44.7 38.6 27.9 12.6 9.9 6.0 1.6 0.00 0.00 0.00
Median 15,398 1688 2963 1895 75.8 45.5 36.2 35.8 27.3 23.3 4.8 3.2 2.6 0.8 –0.20 –0.28 0.09
St dev 11,308 6766 3274 4480 55.4 39.5 35.8 33.1 54.5 17.0 34.4 17.4 8.4 2.3 1.00 1.00 1.00
Max 49,468 39,634 24,440 23,645 264.7 183.3 218.2 176.1 461.2 74.3 294.5 107.7 47.5 15.7 3.10 6.70 4.08
Min 1094 129 1245 326 8.2 1.9 2.3 2.3 0.6 1.8 1.3 0.1 0.3 0.2 –1.34 –0.82 –3.54

Snow
n = 5

Mean 8735 4520 8067 822 48.6 44.9 39.2 14.6 119.2 13.4 84.3 11.5 1.1 5.2 –0.95 1.63 0.96
Median 6426 2442 5184 617 34.6 22.1 27.9 8.8 3.8 9.5 22.7 3.6 1.0 2.4 –1.17 0.46 0.25
St dev 6117 5706 9249 689 31.7 38.6 28.6 12.0 198.8 9.6 119.9 19.2 0.8 6.0 0.50 2.84 1.78
Max 18,933 14,637 24,440 1995 102.0 101.9 79.7 35.0 461.2 29.4 294.5 45.7 2.2 15.7 –0.09 6.70 4.08
Min 4209 1054 2138 326 22.8 12.3 14.3 5.5 0.6 6.4 10.5 0.3 0.3 1.4 –1.34 0.10 –0.25

Firn ice
n = 28

Mean 20,694 4547 4294 4943 108.6 39.7 58.2 45.1 37.9 31.3 10.5 16.5 5.1 1.2 0.11 0.00 –0.34
Median 16,585 2359 4140 3803 97.4 32.0 49.7 34.2 33.5 26.0 6.8 7.6 2.9 0.9 –0.13 –0.05 –0.15
St dev 12,814 4871 2210 4238 68.3 32.6 39.3 30.3 17.3 19.2 10.6 24.6 5.4 0.7 1.04 0.43 1.00
Max 49,468 19,340 10,213 13,402 264.7 134.5 218.2 113.5 89.6 74.3 43.2 107.7 22.1 3.1 2.69 1.06 1.55
Min 3757 594 1529 566 23.6 6.2 24.5 8.2 16.8 5.8 1.5 0.3 0.5 0.4 –1.17 –0.60 –3.54

Melt ice
n = 10

Mean 14,828 6731 4792 5781 68.9 35.1 57.8 33.9 45.0 22.3 10.2 7.7 3.2 1.8 –0.24 0.20 –0.34
Median 7602 3887 4430 4666 45.6 27.7 48.6 17.6 36.5 11.6 7.0 2.5 2.2 1.4 –0.67 0.07 –0.39
St dev 13,738 6399 2289 4441 61.8 35.6 28.6 33.6 41.9 20.6 13.6 11.2 4.4 1.4 1.07 0.62 0.82
Max 43,746 18,844 9081 12,544 215.7 122.2 117.4 99.9 159.8 66.0 46.7 36.6 15.4 4.8 2.17 1.19 1.20
Min 1094 333 1711 1112 8.2 1.9 8.4 2.3 11.3 1.8 1.3 1.0 0.5 0.4 –1.31 –0.82 –1.83

Congelation ice
n = 35

Mean 18,907 3602 3357 3116 84.3 77.1 38.6 51.8 25.8 28.8 4.7 5.1 8.3 1.3 0.12 –0.29 0.23
Median 15,477 800 2473 1443 74.4 67.1 30.5 41.1 20.7 23.6 3.7 1.6 3.2 0.5 –0.15 –0.53 0.30
St dev 9096 8240 2431 4686 37.8 36.8 33.9 35.0 15.5 13.7 4.9 8.2 10.9 2.2 0.95 0.76 0.77
Max 43,278 39,634 13,681 23,645 195.0 183.3 160.0 176.1 76.5 66.2 31.8 43.3 47.5 11.2 3.10 2.91 2.08
Min 8876 129 1245 336 44.3 22.7 2.3 13.3 7.3 13.8 2.0 0.1 1.2 0.2 –0.66 –0.71 –2.30

Note: Max—maximum; Min—minimum; St dev—standard deviation; PC-1, -2, -3—principal component 1, 2, and 3, respectively.
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Figure 10. Median concentrations of detectable elements in ice from Strickler 
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descending order (Fig. 12). PC-2 is dominated 
by Rb (0.891), Na, Zn, K, and Mn (0.448), in 
descending order. Only Ni (0.552) loads posi-
tively onto PC-3, although Al exhibits a strong 
negative relationship (−0.810) with PC-3.

Consideration of these principal components 
by ice type reveals that scores for PC-1 are low-
est in the snow samples and highest in the firn 
ice (Fig. 11; Table 4). In contrast, PC-2 is high-
est in the snow and lowest in the congelation ice. 
The overall maximum value (6.7) was obtained 
for a sample from the 2013–2014 layer in the 
snow cone that had unusually high abundances 
of Na, Rb, Mn, and Zn. Snow samples also had 
the highest average values for PC-3, driven in 
part by a Ni content of 461 ppb in the deepest 
sample from the snow cone. Differences be-
tween mean values of the three principal com-
ponents were significant (P < 0.050) using a 
Kruskal-Wallis test.

Glaciochemistry Interpretation
Little work has been published on the glacio-

chemistry of cave ice. The most comprehensive 
study focused on Vukušic Cave in Croatia (Kern 
et al., 2011b), which contains an accumulation 
of firn and congelation ice up to 15 m thick and 
lacks dynamic ventilation, making it similar 
to Strickler Cavern. Two cores were collected 
from this ice, and abundances of 45 different 
elements were measured with ICP-MS. In total, 
36 samples was analyzed, and 23 elements were 
above the detection limit at least one sample; 
12 elements were detected in all 36 samples 
(Kern et al., 2011b). As in Strickler Cavern, Ca 
was the most abundant element, with a median 
abundance of 3660 ppb and a maximum of  
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47,500 ppb. Na and Mg were present at me-
dian abundances >60 ppb. Al, Zn, Fe, Mn, and 
Sr were considered minor components, with 
median concentrations between 3 and 50 ppb. 
Trace components, including Cr, As, Rb, Pb, 
K, Co, Cu, Ce, and U, were detectable in most 
samples, but in some cases, they were below the 
limit of detection.

Ten of the 12 elements above the detection 
limit in all samples from Vukušic Cave were 
also detectable in Strickler Cavern; the excep-
tions were Cr and Pb. In contrast, Ba, Ni, and Ti 
were present at median abundances from 20 to 
45 ppb in Strickler Cavern but were below the 
detection limit in Vukušic Cave. Seven elements 
were more abundant in Strickler Cavern. Enrich-
ment was greatest for Mg (30×), As (13×), Sr 
(12×), and Na (12×). Three elements were more 
abundant in Vukušic: Zn (7×), Mn (2×), and Al 
(1.4×). K was 8× more abundant in Strickler 
Cavern (median of 1688 ppb vs. 210 ppb), but 
because it was below the detection limit in some 
of the Vukušic samples, it was excluded from 
further analysis (Kern et al., 2011b).

Elevated abundances of Ca and Mg are rea-
sonable for both caves, given that they formed 
in carbonate bedrock, and the greater abun-
dance of Mg in the Strickler Cavern ice likely 
reflects hosting of the cave in dolomite. Calcium 
is also the most abundant element measured in 
snow from two snowpack chemistry monitor-
ing sites (Galena Summit and Banner Summit) 
at similar elevations <100 km west of Strickler 
Cavern (https://co.water.usgs.gov/projects/RM 
_ snowpack/). Abundances of Ca and Mg were 
positively correlated in these snow samples, as 
they were in the samples from the snow cone 
(r2 = 0.993). Abundances of K and Na are also 

routinely measured at the snowpack monitoring 
sites. Na tends to be more abundant than K, and 
the same relationship is seen in the ice and snow 
from Strickler Cavern (Table 4). Thus, there 
is general consistency between the four most 
abundant elements in the ice of Strickler Cavern 
and measurements made at nearby snowpack 
monitoring sites.

Kern et al. (2011b) conducted a PCA of the 
glaciochemistry results from Vukušic Cave, 
identifying three principal components with 
eigenvalues in excess of 1.0. The first principal 
component was dominated by Ca, Mg, Mn, As, 
Rb, and Sr. Na, Cr, and Pb loaded onto the sec-
ond principal component. Because K covaries 
with many of these elements, it was thought to 
fit here as well. Finally, PC-3 was controlled by 
Al and Fe. In a comparison with the results from 
Strickler Cavern, Ca, Mg, As, and Sr are found 
on PC-1 in both data sets, whereas Na is com-
mon to PC-2. Fe, which was found on PC-3 in 
Vukušic Cave was grouped with PC-1 in Strick-
ler Cavern. Al was also part of PC-3 in Vukušic 
Cave, but it exhibited a strong inverse relation-
ship with PC-3 in the Strickler Cavern data set. 
Finally, Ni dominated PC-3 in Strickler Cavern 
but was not detected in Vukušic Cave.

Kern et al. (2011b) interpreted PC-1 as a sign 
of local bedrock influence, given the presence 
of these elements in the rocks surrounding the 
cave. The same logic is reasonable for Strick-
ler Cavern; however, because much of the ice 
in Strickler is derived from snow rather than 
seepage water, these elements must be deliv-
ered as regional dust that becomes entrained in 
the precipitation. Alternatively, these elements 
could become incorporated as fine particles de-
tach from the walls of the cave, are buried in the 
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Figure 12. Results of principal component analysis of ice from Strickler Cavern. The first 
three components have eigenvalues >1.0 and collectively explain 72% of the variance. Ti, Ca, 
Sr, Fe, Mg, As, K, and Ba load on PC-1. Ru, Na, Zn, Mn, and Al load on PC-2. PC-3 is gov-
erned by Ni.

snow, and slowly dissolved. The presence of Fe 
and Ti on PC-1 in Strickler Cavern may reflect 
the presence of mafic volcanic rocks in the vi-
cinity that could act as local sources of iron. Ba, 
which was most abundant in the congelation ice, 
is also strongly correlated with PC-1 in Strickler 
Cavern. Thus, a source of Ba in the soil or epi-
karst must be dissolved by water that penetrates 
the ground in transit to the cave.

The elements comprising the second principal 
component in Vukušic Cave were interpreted as 
a signal of atmospheric transport. Metals such 
as Cr and Cu were considered to reflect mining 
activity, Pb from the combustion of leaded gaso-
line, and Na and K as aerosols transported from 
the Mediterranean Sea (Kern et al., 2011b). 
Atmospheric transport as mineral dust is also 
a reasonable interpretation for the elements on 
PC-2 in Strickler Cavern. Atmospheric deposi-
tion of dust containing feldspars could explain 
the Na, K, and Rb, whereas Zn could reflect 
the presence of sulfide mining operations in the 
Rocky Mountain region.

The third principal component in Vukušic 
Cave (Al and Fe) was considered a signal of 
mineral dust deposition. In the Strickler Cav-
ern data set, Fe was associated with PC-1, and 
Al exhibited a very strong negative relation-
ship with PC-3. Only Ni had a strong positive 
correlation with PC-3, suggesting atmospheric 
transport from another regional mining source. 
It is notable, however, that the two most obvi-
ous mining-related elements (Zn and Ni) load 
strongly onto separate components, implying 
that they are coming from different sources, 
perhaps transported by divergent wind direc-
tions. The fact that both Ni and Zn are greatly 
elevated in the samples from the snow cone 
is supports the theory that they signify recent, 
anthropogenic components of the mineral dust 
flux in this region. As corroboration, it is notable 
that work ~500 km to the southeast of Strickler 
Cavern has documented enrichment of Ni, Zn, 
and other mining-related metals in modern dust 
(Reynolds et al., 2013; Munroe, 2014; Munroe 
et al., 2015).

It is also illuminating to consider trends in 
elemental abundances through selections of 
samples with known stratigraphic relation-
ships. Several elements exhibited dramatically 
elevated abundances in samples from sections 
II and IV in the stalagmite (Fig. 5), which was 
not directly dated but accumulated sometime 
after A.D. 630 and before A.D. 1190. These in-
clude Na, Mg, K, Ca, Ti, Mn, Fe, Ni, As, Rb, 
and Sr. In contrast, Al and Zn were not elevated 
appreciably in these layers; Zn, notably, was 
fairly consistent in abundance until the top of 
the stalagmite. The significance of this pattern 
is unclear, but it suggests that the chemistry of 
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water reaching the stalagmite changed. Ele-
ments associated with all three of the principal 
components rise in units II and IV, and both 
PC-1 and PC-2 are high in this interval as well. 
However, ratios of elements sharing an affinity 
to a specific principal component, for instance, 
Ca/Ti and Fe/Ti, remained essentially constant 
through the interval of elevated abundances, 
whereas ratios that combined components, for 
instance, Ca/Rb, Sr/Rb, and Na/K, dropped 
considerably. This divergence suggests an in-
crease in the abundance of elements arriving as 
dust (primarily PC-2) in relation to those reach-
ing the cave through snowfall (primarily PC-1). 
Collection and analysis of larger ice samples 
could permit detection of additional trace ele-
ments that could be useful as fingerprints of 
eolian dust deposition.

DIRECTIONS FOR FUTURE WORK

The results of this study provide a solid 
foundation upon which additional investiga-
tions of the ice in Strickler Cavern could be 
based. One of the most obvious directions is 
to extract a continuous core through the firn 
ice deposit (e.g. Kern et al., 2011a; May et al., 
2011). Because the internal stratigraphy of the 
ice is unknown, and its total thickness is not 
constrained by the available exposures, ground 
penetrating radar (Behm and Hausmann, 2007; 
Hausmann and Behm, 2010) or another geo-
physical technique could be employed to 
identify the optimum site in which to drill. 
Analysis of samples collected from individual 
layers in the snow cone over consecutive years 
could reveal changes in stable isotope ratios 
during snow densification. Repeat monitor-
ing of the dimensions of the ice deposit could 
also be useful for documenting effects of cli-
mate change (Luetscher et al., 2005; Kern and 
Perşoiu, 2013; Colucci et al., 2016). Further 
study could also focus on the organic matter 
contained within the ice. For instance, analy-
sis of macrofossils could reveal changes in the 
composition of the forest surrounding the cave 
entrance over time (Reasoner and Jodry, 2000). 
Similarly, study of pollen, which is likely pre-
served within the ice (e.g., Feurdean et al., 
2011), could reveal information about vegeta-
tion changes in the broader region surrounding 
the cave. Analysis of microcharcoal could pro-
vide information about changes in forest fire 
regimes over time (Power et al., 2008). Filter-
ing and analysis of insoluble particulates from 
the ice could shed light on changes in eolian 
dust deposition in this part of the Rocky Moun-
tains (Vandenberghe, 2013; Munroe et al., 
2015). Particulate analysis, perhaps combined 
with electrical conductivity measurements on 

an ice core, could also provide a useful crypto-
tephra record (Abbott and Davies, 2012) that 
would refine age estimates for the ice, as was 
done for the core from the Upper Fremont 
Glacier in Wyoming (Schuster et al., 2000). 
Study of sulfate, nitrate, and Hg abundance in 
the ice could clarify preindustrial values for 
these anthropogenically influenced pollutants. 
Analysis of short-lived radionuclides such as 
tritium and cesium could help assign ages to 
the youngest part of the ice deposit (Kern et al., 
2009; Kern et al., 2011a). This approach could 
also be valuable in developing an age model 
for parts of the stalagmite that are devoid of 
organic matter. Finally, the uranium content 
of the congelation ice may be elevated enough 
to permit U-series dating (Cheng et al., 2013) 
of the ice itself. This approach, if successful, 
would provide a new avenue for assigning ab-
solute ages to cave ice that could have broad 
applicability beyond Strickler Cavern.

CONCLUSION

This project involved a comprehensive inves-
tigation of the chronology, stable isotopes, and 
glaciochemistry of a significant and previously 
unstudied cave ice deposit in Idaho, United 
States. Strickler Cavern, in the Lost River Range 
of Idaho, contains an accumulation of stratified 
ice nearly 30 m thick that formed through den-
sification of snow that accumulates within the 
vertical entrance shaft each winter. Cold air en-
ters the cave in winter through density settling, 
but buoyant warmer air is unable to penetrate 
the cave in summer. As a result, cave tempera-
tures remain below freezing year-round, and 
perennial ice is preserved. Water dripping from 
the ceiling also freezes in the cave, forming sta-
lagmites of congelation ice. Local melting of the 
ice in the cave entrance produces a shallow pond 
of water that forms melt ice when it refreezes. 
Melt ice is also produced when meltwater from 
higher parts of the cave descends to lower, 
colder levels.

In total, 26 radiocarbon dates on organic 
matter incorporated within the ice provided 
age control. On the basis of these results, the 
congelation ice forming the stalagmite accu-
mulated over the past 2000 yr, with numer-
ous unconformities representing episodes of 
melting. A major melting event near the end 
of the Little Ice Age resulted in the loss of 
much ice that accumulated between A.D. 
1200 and 1850. Melting may have been driven 
by changes in the thermal balance of the cave 
system induced by plugging of the entrance 
shaft with snow. Ice accumulation resumed 
after this melting episode and remains an on-
going process.

The stratified ice deposit is younger, having 
accumulated over the past four centuries. Given 
the stratigraphic relationships between the or-
ganic samples from this deposit, a Bayesian 
statistical analysis was applied to refine the cali-
brated radiocarbon age estimates. This approach 
suggests an overall ice accumulation rate of 
~9 cm/yr, which is consistent with the observed 
thickness of ice layers between concentrations 
of organic matter.

Stable isotopes within the ice may have been 
modified by postdepositional effects, but strati-
graphic trends in stable isotopes likely still con-
tain an interpretable paleoclimate signal. Stable 
isotopes are heaviest in samples from the snow 
cone and the top of the stalagmite. In contrast, 
samples from the deepest part of the cave are 
~2‰ more depleted. Given local relationships 
between stable isotopic composition and air 
temperature, this difference corresponds to a 
change of ~2 °C. Given that the older samples 
were deposited ca. A.D. 1700 according to the 
Bayesian age model, these values provide a 
minimum estimate of the magnitude of cooling 
associated with the Little Ice Age in this region. 
Furthermore, a set of contiguous samples that 
accumulated over several decades in the early 
1700s demonstrates a steady decrease in d18O 
over time, consistent with cooling toward the 
Little Ice Age maximum.

Glaciochemistry provides information about 
precipitation chemistry and possibly dust de-
position over time. Ca is the most abundant 
element in the ice, followed by Na, Mg, and K. 
These same four elements are also present in 
snow samples collected at nearby monitoring 
sites. Most of the elements abundant in Strick-
ler Cavern ice were also detectable in a simi-
lar glaciochemistry study of a cave in Croatia. 
On the other hand, Ba, Ni, and Ti were only 
detected in Strickler Cavern. PCA revealed a 
group of elements likely related to the local 
bedrock, a second group reflecting regional 
transport of mineral dust, and a third group 
suggestive of eolian transport from an anthro-
pogenic (mining) dust source. Most detectable 
elements increased in abundance in layers of 
the stalagmite deposited between A.D. 630 and 
A.D. 1190 at the same time as ratios of ele-
ments representing different principal compo-
nents changed, suggesting a shift in the balance 
between snow and dust deposition.

Given the paucity of detailed studies of cave 
ice from North America, these results constitute 
a notable step forward in our understanding of 
these potentially significant paleoenvironmen-
tal archives. Future work should build upon the 
foundation provided by this study to further ex-
ploit the significant paleoenvironmental infor-
mation archived in Strickler Cavern.
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