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A horizontal core through a large, standing, stalagmite in Carlsbad Caverns National Park, New Mexico, USA, pro-
vides a radiometrically dated record of wetter glacial stages and drier interglacial stages over the last 560 kyr. The
stalagmite, the Texas Toothpick, is about 7 m tall and about 3 m wide at its base. Two cores through the stalagmite
reveal five distinct matching layers, and the best estimates from twenty U-Th ages indicate that those layers were
deposited during MIS 6, 8, 10, 12, and 14, the five glacial periods ending with the Penultimate Glacial Maximum
(PGM). Stable isotope data, measurements of remanent magnetism, and petrographic observations combine to

gfﬁ;ﬁe suggest that conditions during glacials, the periods in which deposition took place, were significantly wetter

Carlsbad than today. On the other hand, the stalagmite's hiatuses seemingly represent conditions during interglacials sim-

Quaternary ilar to or drier than today. These results combine with modern climatological observations to suggest 100-kyr-

Pleistocene scale alternation between wetter conditions with an increased proportion of winter rainfall from a Pacific source

E&I‘la'?oldimi‘te during glacials to drier conditions with largely summer rainfall derived from the Gulf of Mexico during intergla-
aclals

cials. The length and continuity of the results confirm that the pattern of wetter glacials and drier interglacials,
known previously from studies isolated in time, existed across all of at least the last six glacial cycles. Simple
monotonic extrapolation of these findings from cooler wetter glacials of the past and warmer drier interglacials
like the present to a warmer climate expected in the coming century suggests that groundwater in the already
dry southwestern United States may become even more scarce.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Records of climate history, like most historical records, collectively
provide us with more information about the more recent past than
about the more distant past. Thus, within the context of the Quaternary,
records from intervals before MIS 5 are scarce, and publications about
them constitute only about 6% of the palaeoclimatological literature
(Railsback, 2015). Continental records with evidence of a long sequence
of glacial and interglacial periods, such as the Tenaghi Philippon record
(Tzedakis et al., 2006), Sabana de Bogota pollen record (Duefias-].,
1979), and Chinese loess records (e.g., Sun et al., 2006), are even more
scarce. Among those, there are very few radiometrically-dated records.
With that in mind, this paper reports on a large and ancient stalagmite
named the Texas Toothpick from Carlsbad Caverns National Park, New
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Mexico, located in the southwestern United States. Twenty U-Th dates
from the Texas Toothpick provide a chronology for a record that extends
from Marine Isotope Stage (MIS) 6 to MIS 14 and, combined with a pre-
viously published record from the Georgia Giant Stalagmite at Carlsbad
(Brook et al., 2006), provides a record extending back through the last
six glacial cycles, to about 560 ka BP. The Texas Toothpick record is
thus exceptionally ancient and lengthy, and it demonstrates that pat-
terns of climate change from wetter glacials to drier interglacials
known either from the last glacial cycle (e.g., Rich, 2013) or from single
earlier cycles (e.g., Fawcett et al,, 2011) are in fact part of a continuous
pattern over at least the last six glacial cycles. This record has implica-
tions not only for our understanding of past climate but also for possible
climate change in the future.

2. Carlsbad cavern and the Texas Toothpick

Carlsbad Cavern is located in southeastern New Mexico, USA, at
32° 11’ N, 104° 27" W, roughly 1000 km from the Gulf of Mexico
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Fig. 1. Map of the southwestern United States and northern Mexico showing the location of Carlsbad Cavern (filled circle) and other locations discussed in Section 5.2.2. Circles (both open
and filled) indicate locations at which wetter glacials and/or drier interglacials have been inferred; arrows indicate locations at which influence of westerly winds of the Polar Jet Stream
during glacials has been inferred. The boundaries of the four deserts shown are from Figs. 5.1 and 5.2 of MacMahon and Wagner (1985).

and 1300 km from the Pacific Ocean (Fig. 1). The cave lies in the
northern Chihuahuan Desert, which extends from San Luis Potosi in
Mexico to central New Mexico in the United States. Data from the
U.S. National Weather Service indicate that average annual precipi-
tation is 342 mmy/year, more than half of which falls in the summer
months from June through September. This rainfall occurs as part
of the Mexican Monsoon (Douglas et al., 1993) or North American
Monsoon (Adams and Comrie, 1997), although it is beyond the
northern limit of the North American monsoon in the global-scale
context shown in Fig. 1 of Wang (2009). The summer rainfall accom-
panies winds dominantly from the southeast that bring moisture
from the Gulf of Mexico (Feng et al., 2014, their Fig. 1).

Carlsbad Cavern is the focal point of Carlsbad Caverns National Park,
a World Heritage Site that hosts both Carlsbad Cavern and Lechuguilla
Cave. The Park is located in the Guadalupe Mountains, and Carlsbad Cav-
ern is developed in reefal facies of the Capitan Limestone of Permian
age. Carlsbad Cavern alone has about 48 km of passage and a total ver-
tical extent of 317 m (Burger, 2009). Much of the cave is more than
200 m below the land surface and cave entrance, resulting in a travel
time for water from the surface to the cave that is on the order of de-
cades (Chapman et al.,, 1992).

Carlsbad Cavern contains speleothems of diverse form and mineral-
ogy (e.g., Table 1 of Thrailkill, 1977), including some that are exception-
ally large. The cave has for decades been the site of research about the
origin and nature of speleothems (e.g., Black, 1953; Thrailkill, 1968,
1977; Hill, 1973; Folk and Assereto, 1976; Gonzalez and Lohmann,
1988). More recently, stalagmites in the cave have been studied as re-
cords of climate change from the Last Glacial Maximum to the Holocene

(Polyak and Asmerom 2001; Polyak et al., 2004; 2012; Brook et al.,
2006; Asmerom et al., 2013).

Carlsbad Cavern has at least two speleothems named “Texas Tooth-
pick”. One is a long stalactite, and the other, which is the focus of this
paper, is a stalagmite about 7 m tall and about 3 m wide near its base
(Fig. 2). The flanks of the lower half of the stalagmite slope at 55° to
70°, whereas the flanks of the upper half slope at 75° to 90° and have
a lower drapery-like fringe half way up the stalagmite. That fringe at
the midpoint of the stalagmite (Fig. 2A) suggests that the latest phase
of deposition, which is hypothesized to have occurred during the last
(Late Pleistocene) glacial cycle (Fig. 2B), did not extend to the
stalagmite's base.

3. Methods
3.1. Coring of the stalagmite

In summer 1983, two parallel side-by-side horizontal cores desig-
nated “CA” and “CC” were drilled from the Texas Toothpick stalagmite
(Fig. 2). The drill rig was powered by two 12 V marine batteries hooked
in series. The drill was mounted on a collapsible aluminum frame with
four telescoping legs and three adjustable front pads to position the
frame against the stalagmite. Drilling was accomplished using a series
of short, threaded 5 cm-internal-diameter steel pipes; the edge of one
had rectangular plates, impregnated with industrial diamonds, welded
to the pipe, with spaces between the plates, to form a drill bit. A padded
cable was wrapped around the stalagmite and tightened to hold the
drilling frame in position during coring, and pressure, using bungee



Table 1
239Th dating results from Core CA of the Texas Toothpick stalagmite. The error is 20 error.
Sample ID Distance Calcite Mass 238y 232Th 823U [23°Th/?%8U] [23°Th/?32Th] Age (ka) Age (ka) 8 Uinitial Status'
in core color® (g) (ppb) (ppt) measured” activity® ppm uncorrected corrected? corrected®
(cm)
TXT 92-95-1 0.6 B 0.145 2218 £0.7 169 + 5 1000.8 + 6.6 1.60469 4 0.00883 34674 4+ 1004 1449 + 1.7 1449 + 1.7 15064 + 123 A
TXT 92-95-2 34 B 0.160 2189 £ 0.5 414+ 4 9935+ 54 1.62706 + 0.00579 143023 + 15167 149.7 £ 1.3 1498 + 1.3 1515.9 + 10.0 A
TXT 89-92-1 10.3 B 0.176 290.2 £ 0.8 31+4 9893 £ 5.6 1.63781 4 0.00632 252451 4+ 32180 15224+ 14 15224+ 14 1502.2 £+ 10.5 A
TXT 85-88-1 17.5 B 0.183 3159+ 0.9 85+ 4 986.6 + 6.2 1.65041 4 0.00649 101562 + 4581 1549 £ 1.5 1549 + 1.5 15274 £ 11.6 A
TXT 82-85-1 234 B 0.193 3508 £ 1.3 32+ 4 971.7 £ 6.7 1.64822 4 0.00885 301352 + 34406 157.0 + 2.0 1569 4+ 2.0 1513.1 £ 135 A
TXT 79-82-1 314 B 0.191 3318 £ 1.2 73 +£4 9412 £ 6.7 1.62481 4 0.00930 122575 £ 6215 1578 £ 2.1 157.8 &£ 2.1 1469.0 + 13.7 A
TXT 79-82-2 31.8 W 0.183 232.0+ 0.6 16+ 4 946.9 + 6.1 1.54353 4 0.00684 361321 + 84142 1425+ 14 1425+ 14 1415.6 + 10.7 R
TXT 79-82-3 323 W 0.169 85.0 £ 0.2 524+ 4 865.6 + 7.0 1.76959 4 0.00671 47407 4 3736 2084 +29 2084 £ 29 1558.7 +£ 18.0 R
TXT 79-82-4 335 A 0.173 249.1 £ 0.6 34+ 4 708.8 £ 5.5 1.71140 4+ 0.00632 205669 + 24255 249.1 £39 249.1 £ 3.9 14315 £ 19.7 A
TXT 79-82-5 37.2 A 0.181 288.7 £ 0.8 29+4 707.7 £ 54 1.72540 4 0.00626 287308 4 38674 256.0 £ 4.1 256.0 + 4.1 1457.4 + 20.6 A
TXT 79-82-6 384 W 0.145 96.1 + 0.2 48 £ 5 5583 +£53 1.74500 4 0.00689 58059 + 5858 4524 4 23.1 452.3 £+ 23.1 2001.0 4 1449 R
TXT 76-79-1 40.5 A 0.170 260.7 £ 0.7 414+ 4 5504 £+ 5.1 1.65402 + 0.00669 173683 + 17396 3351 +£9.1 335.1 +£9.1 1417.0 + 403 A
TXT 73-76-1 48.2 A 0.175 4054 4+ 1.2 52+4 547.0 £5.1 1.65926 4- 0.00688 215329 4 16660 344.8 £ 10.0 344.8 + 10.0 1447.2 £+ 449 A
TXT 70-73-1 56.9 A 0.174 3583 £ 1.0 46 + 4 540.6 + 5.0 1.64296 4+ 0.00740 210543 + 18307 3364 + 9.7 336.4 £ 9.7 1397.1 £ 420 A
TXT 67-70-1 66.6 A 0.162 389.6 £ 1.6 90+ 4 531.8 £5.8 1.65271 4+ 0.01195 118286 + 5760 3593 £ 17.0 3593 £ 16.9 1466.1 £ 77.2 A
TXT 64-67-2 77.6 A 0.148 4926 + 1.7 56 £5 5372 £53 1.65035 4 0.00781 239775 4+ 20211 3488 + 114 3488 + 114 1437.4 £ 50.7 A
TXT 64-67-1 79.4 A 0.146 2451 £ 0.7 285 +5 4163 + 5.0 1.55122 4 0.00642 21973 £ 379 451.5 4+ 25.9 451.5 £+ 25.9 1488.5 + 122.5 A
TXT 61-64-1 87.0 A 0.206 4584 4+ 19 90+ 3 4033 +£ 5.6 1.54494 4 0.01065 129325 4+ 4950 488.4 4+ 50.0 488.4 £+ 50.0 1600.0 + 279.2 A
TXT 55-58-4 103.1 A 0.167 4320+ 13 89+4 410.6 + 4.8 1.54521 4 0.00707 124364 + 5890 456.5 + 28.0 456.5 + 28.0 1488.8 £ 133.6 A
TXT 55-58-3 103.8 W 0.184 165.1 £ 04 544+ 4 3994 + 4.6 1.54553 4 0.00690 77861 + 5467 512.6 +42.3 512.6 £ 423 1696.5 + 242.0 R
TXT 55-58-2 104.0 W 0.185 1254 +£03 102 + 4 3349 £ 5.2 1.47864 4 0.00622 30107 £ 1123 749.2 4+ 6651.9 749.2 + 6651.0 - R
TXT 55-58-1 104.7 A 0.155 213.7 £ 0.8 91+£5 3144 £ 6.9 1.43445 4 0.00744 55673 £ 2766 553.5 + 93.1 553.5 + 93.1 1499.4 + 584.5 A
TXT 40-43-1 160.0 A 0.207 3477 £ 14 48 4+ 3 3135+ 54 1.43132 4 0.00852 171171 £ 12065 5412 + 765 541.2 £ 76.5 1444.1 + 4289 A
TXT 15-18-4% 208.1 A 0.162 243.7 £ 0.9 294+ 4 549.7 + 8.4 1.65809 4 0.00880 228738 + 33768 340.0 £+ 14.1 340.0 £ 141 1434.8 + 64.5 A
TXT 15-18-3 209.1 W 0.252 201.6 £ 0.6 40+ 3 5532+ 6.5 1.72350 &+ 0.00862 141974 + 9756 4222 4229 4222 £ 229 821.0 £ 1313 R
TXT 15-18-2 209.8 W 0.219 163 £1 57+3 669.4 + 8.9 1.72806 4 0.00962 81389 £ 4574 280.7 £ 8.3 280.7 £ 8.3 1478.2 £+ 40.9 R
TXT 15-18-18 210.9 A 0.158 910.9 + 4.1 240 £5 694.7 £+ 6.0 1.71160 4+ 0.01173 106928 + 2123 256.6 + 6.4 256.6 + 6.4 1433.1 £ 295 A

Decay constants are 9.1705 x 10~ yr~! for 22°Th, 2.8221 x 10~ ¢ yr~! for 23U, and 1.55125 x 10~ 1% yr~! for 238U.

2 A = amber; B = beige; W = white.
b §2%4U = ([**U/*8U]activiy — 1) x 1000.
€ [Z°Th/*Ulctivity = 1 — €T + (6°*'Uneasured / 1000)[Na30 / (Nazo — Na3a)](1 — e~ 230 =239 T) where Tis the age.

d

e

T A = accepted; R = rejected for reasons discussed in Section 4.2.
& These two ages are not used in Fig. 6 because they are from the right side of the stalagmite, but they confirm that the visible symmetry of the Texas Toothpick's layers is a symmetry of chronology.

Corrected 2*°Th ages assume the initial **Th/2*’Th atomic ratio of 4.4 + 2.2 x 10~°, Those are the values for a material at secular equilibrium, with the bulk earth 2*Th/?*®U value of 3.8. The errors are arbitrarily assumed to be 50%.
624 Uiniia Was calculated based on 23°Th age (T), i.e., 62*Uinitial = 6> *Unmeasured X €24 * T and T is corrected age.

8¢

997-957 (S10Z) 8€k A30]0220aD[Dd ‘AZ0j03DWII202D]D] ‘AYdD.150aZ0aDIDJ / ‘D 32 YoDqS|IDY *q"T
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Fig. 2. The Texas Toothpick. A. Photograph of the Texas Toothpick and the drilling operation to recover the core that is the subject of this paper. Brooks B. Ellwood and UGA graduate student
Mark Earley are shown. B. Sketch of the Texas Toothpick core (gray bar with white stripes) and inferred internal structure of the entire stalagmite shown in cross-section. C. Sketches show-
ing how the original core (1) was cut transversely (2), cored for paleomagnetic analysis (3), and then cut lengthwise vertically into two pieces (4-5).

straps, was applied during the drilling process. Water was pumped
along the drill for lubrication and to flush out fine material produced
by the drilling process.

Cores CA and CC were 46 mm in diameter as drilled. A secondary
core 24 mm in diameter was drilled from the center of each of the orig-
inal cores for paleomagnetic analysis. The remaining hollow cylinders
were sectioned lengthwise vertically (Fig. 2C). Core CA was the focus
of this study.

3.2. Analytical methods

Our sampling strategy for age-dating focused on two objectives: dat-
ing of the white layer-bounding zones and dating of the sequence as a
whole, with samples from throughout the core. The results discussed
in Section 4.2 reveal that the first objective was unattainable, but the
ages from the second one provide a chronology for the stalagmite. U-
Th ages were determined in the Minnesota Isotope Laboratory of the
University of Minnesota using inductively coupled plasma mass spec-
trometry (ICP-MS, Thermo-Finnigan Element) according to the method
described in Edwards et al. (1987) and Shen et al. (2002). The dating re-
sults were calculated using half-lives determined by Cheng et al. (2000)
and reported with analytical errors of 20 of the mean.

Our sampling strategy for stable isotope analysis focused on two ob-
jectives. One was generation of a series of samples throughout the core,
with a spacing of 1.0-1.5 cm. The second was more detailed sampling in
white zones, where faster-paced change was expected; the spacing
there was 0.1-0.6 cm. Samples for stable isotope analysis were collected
using a dental drill and analyzed at the University of Alabama Stable [so-
tope Laboratory using a GasBench-IRMS system by implementing
methods similar to those described by Debajyoti and Skrzpek (2007).
Uncertainties were about 0.1%. for both §'®0 and §!3C. Results are re-
ported relative to the VPDB (Vienna Peedee Belemnite) standard.

Remanent magnetism was measured on 181 samples from Cores CA
and CC, using the cryogenic magnetometer in the laboratory of Prof. Vic-
tor Schmidt at the University of Pittsburgh. Stepwise a.f. demagnetiza-
tion was performed at 5 mT and at 10 mT steps to 50 mT on all

samples with a natural RM greater than 4 x 10~> A/m. Mineralogy
was determined by petrographic examination of thin sections.

4. Results
4.1. General characteristics

Core CA consists entirely of calcite with a fabric of elongate calcite
crystals that are as much as 0.8 mm wide and tens of mm long. Much
of the calcite in the interior of the stalagmite is amber in reflected
light, but within the amber calcite are distinct bands of white that are
4 to 12 mm thick and are perpendicular or nearly perpendicular to the
calcite crystals. Four bands slope away from the center of the stalagmite,
less steeply in the center and more steeply at the flanks, and four more
bands are positioned symmetrically on the opposite side of the stalag-
mite (Fig. 3). These eight white bands in the core thus appear to be
four distinct layers marking the pattern of growth of the stalagmite
(Fig. 2B). Beyond the outermost and thus latest white band is an interval
of amber calcite only 4 mm thick and then an outermost interval of
beige calcite that is 31 cm thick. Within this outermost beige calcite is
one more, but thinner (2 mm), white band. Core CC shows the same dis-
tribution of amber, white, and beige calcite.

The white bands of the Texas Toothpick cores are distinct in their
color, physical strength, petrography, translucence, and remanent mag-
netization (RM). During drilling, the core often parted along the white
bands, suggesting lesser strength there. Petrographically, the white
bands consist of the same elongate calcite crystals as the amber and
beige calcite, but in the white bands those crystals are pitted with
small (typically 0.02-0.05 mm) vacuities and contain even smaller par-
ticles that are effectively opaque (Fig. 4). The white zones are less trans-
lucent than the amber calcite, a pattern similar to that observed in a
brown-and-white stalagmite from China previously described by
Railsback et al. (2014). Of the 181 samples from Cores CA and CC on
which RM was measured, only 30 samples had RM greater than
4 x 10> A/m, and almost all of these were from white bands. These
characteristics combine to suggest that the white bands are zones of
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Fig. 3. Core CA recovered from the Texas Toothpick using the drilling system shown in Fig. 2. This image shows the two halves of the core laid flat and thus shows both sides of the core, as
the result of the longitudinal sectioning of the core sketched in Part 5 of Fig. 2C. The top of the original core is the horizontal line separating the two halves. The dark vertical lines crossing
the core are the cuts made perpendicular to the core, as shown in Part 2 of Fig. 2C. The lower half of the image shows the core from the side, with its top up, whereas the upper half of the
image shows the core inverted vertically, as suggested by Part 5 of Fig. 2C. Coring passed from one side of the Texas Toothpick to the other, so that the oldest section of the core is in the
middle (MIS 14), and MIS 12, 10, 8 and 6 are represented in both the proximal and distal halves of the core. Note that coring in this manner allows both sides of the stalagmite to be sampled

for redundancy.

non-deposition that were corroded by condensation and on which dust
settled to deposit the magnetic particles causing the RM observed in
those white bands. Type E layers showing evidence of dissolutional ero-
sion (Railsback et al., 2013) are not present in the white bands or else-
where in the Texas Toothpick cores.

4.2. Radiometric ages and chronology

Radiometric U/Th ages from amber and beige calcite in Core CA
range from 144.9 to 553.5 ka, in a sequence in which there are no rever-
sals if analytical uncertainty is taken into account (Fig. 5; Table 1). The
ages cluster at 149-158 ka, 249-257 ka, 336-359 ka, 451-488 ka, and
541-553 ka, where each cluster is in brown or beige calcite that is be-
tween or beyond the four large bands of white calcite. The best esti-
mates for these ages correspond with MIS 6, 8, 10, 12, and 14, which
are the Penultimate Glacial Maximum and the four glacial maxima be-
fore that (Fig. 6). However, the uncertainties for the ages in the 541-
553 Kka cluster are so large they could be anywhere from MIS 12 to
MIS 16. Growth rates generally decrease from the center of the stalag-
mite to its edge, and most markedly within MIS 6, its outermost interval.

Results from dating of white calcite include ages as great as 749 ka,
and they include ages older than those of underlying brown calcite, pro-
ducing age reversals. Concentrations of 233U in six of the seven samples
from white calcite are less than 210 ppb, whereas 233U concentrations in
all of the samples from beige and amber calcite exceed that value. These
results suggest loss of U from the white calcite bands, consistent with
the hypothesis above of corrosion of that calcite during periods of
non-deposition. Therefore, we have not incorporated ages from white
calcite in the chronology shown in Fig. 5 nor in the compilation of
ages shown in Fig. 6.

The reliable ages that we have obtained from beige and amber cal-
cite, combined with our understanding that the four white calcite
bands represent periods of non-deposition, lead to the conclusion that

the cores record five periods of growth during glacial Marine Isotope
Stages 6, 8, 10, 12, and 14, with four major hiatuses lasting for 75 to
105 kyr during the intervening interglacial stages. Extension of this pat-
tern to the thin white zone in the interval of beige calcite in the outer-
most part of the stalagmite suggests an additional brief hiatus early in
MIS 6.

4.3. Stable isotope data

Measured values of §'>C from Core CA of the Texas Toothpick range
from — 8.1 to + 1.9%. relative to the VPDB standard, yielding a range of
10.0%. that is large compared to ranges reported from other stalagmites
(Table 2). Measured values of '80 range from — 9.1 to —4.5%. relative
to VPDB. In data from MIS 8 to MIS 14, values of §'3C and 580 are com-
monly highest in samples at the beginnings and ends of marine isotope
stages and thus in samples adjacent hiatal surfaces, whereas they are
lowest in samples nearer the middles of the glacial intervals (Fig. 7).

Data from MIS 6, from the outermost part of the core, are distinct
from data from MIS 8 to 14, from the inner part of the core, in several
respects. Values of 6'3C from MIS 6 are all higher, values of 8'80 are
mostly higher, ranges of both 6'>C and 6'20 are greater, correlation of
5'3C and 680 has a greater value of r?, and the linear relationship of
513C to 6'80 has a greater slope (Fig. 8). Similarly but less strikingly,
among the data from MIS 8 to MIS 14, values of §'3C and 6'0 from
MIS 8 are generally higher than the average values of §'3C and 6'%0
from MIS 10 to 14. The origin of this pattern is discussed in Section 5.1.

5. Discussion
5.1. Increasing kinetic fractionation with growth of the Texas Toothpick

Three considerations lead to the conclusion that increased kinetic
fractionation accounts for the increase in 6'>C and §'80 that is slight

Fig. 4. Mosaic of photomicrographs of one white band in the Texas Toothpick shown in transmitted cross-polarized light. Small arrows point to one crystal that, like many crystals, extends
from one amber interval through the white band into the succeeding amber zone. Thin section TTA16.
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but evident in data from MIS 8 and large in data from MIS 6. First, the in-
creasing height of the stalagmite would necessitate that the distance
traveled by dripwater from the apex of the stalagmite to the stalagmite's
flanks increased, and thus the time for degassing and evaporation in-
creased. Secondly, the decreasing growth rate shown in Fig. 5, both
from the center of the stalagmite to its margin and more strikingly in
its outermost zone from MIS 6, suggests that the flow of dripwater to
any one point on the flanks of the stalagmite decreased through time,
consistent with slower flow and greater time for degassing and evapo-
ration from a thinner film of water spread over a larger stalagmite.
Thirdly, the absence from Core CA and CC of CaCO5 deposited in MIS 2,
the most recent glacial period, suggests that the stalagmite's height ul-
timately reached a level at which flow to the lower flanks was no longer

significant, consistent with a longer-term trend of less flow through
time. Thus the markedly higher values of !>C and 6'80 from MIS 6
and slightly higher values within MIS 8 than those of previous intervals
probably resulted from increasing kinetic fractionation from water trav-
eling farther from the apex and spreading over a larger area of the sta-
lagmite. Such values presumably do not represent long-term changes
in climatic conditions from one glacial to the next.

5.2. Wetter glacial stages and drier interglacial stages for 550 ka
5.2.1. Basic interpretation

The clustering of ages from the Texas Toothpick in MIS 6, 8, 10, 12,
and 14 suggests sufficient atmospheric precipitation during glacial
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Table 2
Range of 5'3C in stalagmites that have a large range of 5'>C.

Stalagmite Location Reference Range of 6'3C (%.)
T8 South Africa Holmgren et al. (2003) 5.5
- Belgium Verheyden et al. (2000) 6.2
GUP Orissa, India Yadava and Ramesh (2006) 6.5
Wudu North-central China Railsback et al. (2014) 6.8
MCO1 Belize Webster et al. (2007) 73
DP1 Namibia Sletten et al. (2013) 7.4
D4 Southern China Dykoski et al. (2005) 7.7
CAN Northern Spain Moreno et al., (2010) 8.3
SPA121 Austria Spotl et al. (2008) 8.9
ESPO5 Northwestern Sellers et al. (2013) 9.8
Spain
TT New Mexico, USA  This paper 10.0°

¢ Note that this result comes from a horizontal core through a stalagmite, whereas the
values above it in the table are all from data collected along the growth axis of stalagmites.

stages to allow water to drip onto the stalagmite and to deposit calcite,
whereas the absence of ages from interglacial stages suggests drier pe-
riods in which the absence of dripwater prohibited growth of the stalag-
mite. This interpretation is supported by values of 5'C and 8'80 that are
commonly greatest in samples at the beginnings and ends of glacial
stages. Increased values of 5'3C suggest less vegetation and thus less
input of '>C-depleted CO, into soil water (e.g., Hesterberg and
Siegenthaler, 1991; Baldini et al., 2005) and/or more extensive prior
carbonate precipitation in a drier cave (Fairchild and McMillan, 2007)
and/or more extensive kinetic effects on a drier stalagmite surface.
Increased values of 680 suggest atmospheric warming, a lessened
amount effect, and/or more evaporation (McDermott, 2004; Lachniet,
2009). The data thus combine to suggest drier conditions as deposition
began and ended, at the transitions from and to interglacial stages,
compared to wetter conditions during the hearts of glacial stages.

One might alternately hypothesize that non-deposition during inter-
glacial periods was the result of conditions too wet to allow supersatu-
ration of dripwater moving across the stalagmite. However, the greater
RM of the white bands marking times of non-deposition is best ex-
plained by the presence of magnetic particles that settled as dust onto
the stalagmite and that would have been washed away if water had
moved across the surface (dust commonly moves through the atmo-
sphere of caves and settles on speleothems, as documented in a modern
system by Salmon et al. (1995) and inferred in an ancient one by
Webster et al. (2007)). Furthermore, the absence of Type E layers,
which result from dissolutional erosion (Railsback et al., 2013), argues
against flow of dripwater not saturated with respect to calcite. Instead,
the relatively diffuse, rather than sharp, nature of the white zones sug-
gests corrosion by condensation from the humid atmosphere of the
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the stalagmite. Dashed lines are results of linear regressions for which regression equa-
tions and values of r? are shown. The origin of the patterns seen here is discussed in
Section 5.1.

deep Lower Cave of Carlsbad Cavern during long periods in which no
liquid water moved across the stalagmite, and thus during periods of lit-
tle atmospheric precipitation.

The record from the Texas Toothpick combines with that of another
large stalagmite in Carlsbad Cavern, the Georgia Giant, to present an
even longer pattern of wetter glacials and drier interglacials. Brook
et al. (2006) showed that the Georgia Giant grew during the glacials
of MIS 6 and 2, with its lowest values of 6'80 during MIS 6, whereas
there was no deposition during the interglacials of MIS 5e and the Holo-
cene, although there was evidence of deposition during other dry inter-
vals (5c and 5a) of MIS 5. The distribution of ages for the Georgia Giant,
with gaps in the Holocene and MIS 5e, but with deposition during MIS 2,
MIS 3, and MIS 4, suggests a more drought-tolerant stalagmite than the
Texas Toothpick, which is in keeping with the Georgia Giant's location in
the Green Lake Room, significantly higher in the cave and much closer
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to the entrance. Thus, if one takes into account the Texas Toothpick's
sensitivity to drought and the Georgia Giant's tolerance of drought,
they combine to provide a record of wetter glacials and drier intergla-
cials from the Holocene to MIS 14.

5.2.2. Regional climatic relationships in the Quaternary

The wetter glacial stages and drier interglacial stages suggested by
the Texas Toothpick and Georgia Giant stalagmites are consistent with
other paleoclimate records in the southwestern United States. To the
northeast in western Texas, Rich (2013) found no evidence of dune for-
mation in the Last Glacial Maximum but determined that lunette dunes
representing drier conditions formed during the Holocene and
Sangamonian interglacials. In north-central New Mexico, Polyak and
Asmerom (2005) concluded from lacustrine and spelean evidence that
the penultimate and last glacials of MIS 6 and 2 were comparatively
wet, whereas the interglacials were drier. Farther north and further
back in time, Fawcett et al. (2011) concluded from evidence from Valles
Caldera in northern New Mexico that comparatively wetter conditions
prevailed in the glacials of MIS 10, 12, and 14, whereas “megadroughts”
took place in the interglacials of MIS 11 and 13. Farther west in the Great
Basin of western Utah and Nevada, Reheis et al. (2014) compiled evi-
dence from ancient shorelines showing that lake levels were higher in
many lakes during the Last Glacial Maximum than they are today. Still
farther to the west, in southeastern California, Bischoff et al. (1997)
found evidence that Owens Lake filled to overflowing during the glacials
of MIS 2, 6, 8, 10, and 12 but had no outflow in the interglacials of MIS 5,
7,9, and 11. Thus records scattered through time and space collectively
suggest wetter glacials and drier interglacials across the southwestern
United States to complement the Texas Toothpick record (this paper)
and Georgia Giant record (Brook et al., 2006) from Carlsbad Cavern ex-
tending from MIS 2 back to MIS 14.

The origin of these wetter glacials and drier interglacials in the
southwestern United States is commonly attributed to shifts of wind
belts equatorward and poleward, respectively, and thus of shifting cli-
matic zones. For example, Metcalfe et al. (2002), Polyak and Asmerom
(2005), Brook et al. (2006), and Rich (2013) concluded that southward
movement of the westerlies of the polar jet stream, in response to
growth of the Laurentide ice sheet, likely accounts for the wetter climate
of glacial periods, and Benson et al. (1995) used wetness of Lake
Lahontan in western Nevada to map the southern extent of the polar
jet stream at the Last Glacial Maximum. Conversely, Fawcett et al.
(2011) hypothesized that the intense and prolonged droughts of
interglacials resulted from northward expansion of subtropical dry con-
ditions. Carlsbad Cavern is geographically significant to these consider-
ations because it may be near the southern and eastern margins of the
influence of the westerlies of the glacial-stage polar jet stream, south
of most other sites where influence of the westerlies during glacial
stages has been inferred (Fig. 1). Carlsbad's comparatively southern lo-
cation may be why deposition of the Texas Toothpick was restricted to
the coldest parts of glacial stages (i.e., restricted to MIS 6a to 6¢ but
not the warmer Substages 6d and 6e, and restricted to MIS 8a and late
8b but not the warmer substage 8c). However, Metcalfe et al. (2002)
did infer the influence of westerlies during the LGM slightly farther
south, in the Babicora Basin of northern Chihuahua.

Delivery of more rainfall by westerlies during glacial maxima sug-
gests multiple changes in the climate dynamics of the southwestern
United States. Water vapor transported by westerlies during glacials
presumably had a source in the northeastern Pacific, rather than an in-
terglacial source in the Gulf of Mexico (as suggested by Feng et al. 2014).
Because precipitation from the westerlies typically falls in winter
(National Weather Service, 2014; MacMahon and Wagner, 1985,
Fig. 5.6), seasonality of rainfall presumably alternated from mostly win-
ter precipitation in glacials to mostly summer precipitation in intergla-
cials like the pattern observed at Carlsbad today. Thus the cycles
represented by the Texas Toothpick and Georgia Giant for the most re-
cent 560 kyr suggest alternation between wetter conditions with largely

winter rainfall from a Pacific source during glacials to drier conditions
with largely summer rainfall derived from the Gulf of Mexico during
interglacials.

A westerly source of water vapor delivering mostly winter precipita-
tion during glacials also has implications for the seasonality of recharge,
and ultimately for the amount of atmospheric precipitation at Carlsbad.
In the Great Basin, where precipitation is more evenly distributed across
the year than it is at Carlsbad, groundwater recharge is mostly in the
winter months (Harrill and Prudic, 1998; Paul et al., 2014). If the same
pattern prevailed at Carlsbad during glacial stages, the greater wetness
recorded in the Texas Toothpick stalagmite during those glacial stages
could reflect greater recharge during winter months, when evaporation
is less than in summer. If so, total annual atmospheric precipitation dur-
ing “wetter” glacials may not have been significantly greater than in
“drier” interglacials, when summer-dominated rainfall underwent
more evaporation and thus led to less recharge. In the past decade, pa-
leoclimatologists studying stalagmites have come to recognize that,
rather than records of past temperature, stalagmites are more common-
ly records of “wet and dry periods” (Fairchild and McMillan, 2007), but
the scenario of seasonal variation considered here would illustrate the
importance of further remembering that stalagmites are more directly
records of groundwater recharge than they are records of the amount
of atmospheric precipitation.

5.2.3. Further implications of Texas Toothpick 6'80 data

The notion of a westerly source of water vapor during glacials is
compatible with the oxygen isotope data from the Texas Toothpick.
Lower values of 6'80 in northeastern Pacific seawater compared to
those in Gulf of Mexico seawater (LeGrande and Schmidt, 2006) may
have contributed to the lower values of 5'80 in Texas Toothpick calcite
deposited in the heart of glacial intervals (Fig. 7). However, colder atmo-
spheric temperatures and less extensive evaporation also probably in-
fluenced the Texas Toothpick's low values of 5'20.

With regard to the wet glacial periods during which the Texas
Toothpick was deposited, it is interesting to note that the thinnest
white-bounded amber interval in the Texas Toothpick, and correspond-
ingly the briefest interval of deposition, is that dating to MIS 8. Among
the five most recent glacial periods, MIS 8 is the one in which 6'%0
values of marine benthic foraminifera in the LRO4 record were smallest
and thus least strikingly “glacial”, and the one in which sea level was
highest (Fig. 6). This suggests that the response of atmospheric precip-
itation in southeastern New Mexico to changing ice volume, and pre-
sumably to changing extent of the Laurentide Ice Sheet, was
proportional rather than binary, with a lesser shift southward of the
polar jet in MIS 8.

5.3. Asynchronicity of signatures of glacial stages, and the extent and
volume of ice sheets

Fig. 6 clearly demonstrates that deposition of the Texas Toothpick
took place during glacial rather than interglacial stages, but the intervals
of Texas Toothpick deposition typically began after the start of glacial
stages as shown in the LR04 record and ended before the conclusion
of glacial stages as shown in the LR04 record (Table 3). Fig. 5 shows
that meaningful ages were recovered near the white hiatal zones of
the Texas Toothpick, and thus at the beginnings and ends of intervals

Table 3
Ages of glacial stages as suggested by LR04 and the Texas Toothpick.

Glacial ~ LR04 Texas Toothpick ~ Time missing Time missing
stage ages ages at start atend

MIS 6 191-123ka  158-145ka 33 kyr 22 kyr

MIS 8 300-243 ka  257-249 ka 43 kyr 6 kyr

MIS10  374-337ka  359-336 ka 15 kyr 0 kyr (—1 kyr)
MIS12  478-424ka  488-451ka Okyr (—10kyr) 27 kyr

MIS14  563-533ka  553-541ka 10 kyr 8 kyr
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of deposition, so that the age distribution from the Texas Toothpick is a
not an artifact of the sampling interval of Texas Toothpick U-Th age
dates. Instead, the discrepancy between ages of glacial stages as seen
in the Texas Toothpick in the LR04 record appears to be real. At least
two explanations of this discrepancy are possible. One is that the LR04
age model was generated by orbital tuning, specifically by application
of a model for volume of glacial ice derived from insolation on 21 June
at 65°N (Lisiecki and Raymo, 2005), whereas the Texas Toothpick chro-
nology is based on U-Th ages that might be more representative of ac-
tual rather than model global-scale conditions. However, the general
concordance of LRO4 with other records casts doubt on this explanation.
A second explanation is that the two records are records of different
things, one a record largely of global volume of glacial ice as indicated
by the remains of benthic foraminifera and the other a record of local
to regional climate as indicated by calcite deposited from spelean
dripwater. This more likely explanation, recognizing that stage and sub-
stage boundaries in different records around the world are unlikely to
be synchrononous, was discussed in more general terms in Section 5.2
and Fig. 5 of Railsback et al. (2015).

In the specific case of the Texas Toothpick, the discrepancies docu-
mented by Table 3 suggest that rainfall sufficient to cause stalagmite de-
position took place only in the maxima of glacials, a point supported by
comparison of U-Th ages and the LR04 record in Fig. 6, especially with
regard to MIS 6, 8, and 10, for which the uncertainties of the U-Th
ages are relatively small. The discrepancies in Table 3 do not appear to
be the result of a time lag imparted by cave plumbing, because non-
deposition is documented at both the beginnings and ends of glacial
stages. One possible paleoclimatological inference is that atmospheric
precipitation and groundwater recharge sufficient for deposition of the
Texas Toothpick required that the extent and elevation of the Laurentide
Ice Sheet be not only the minimum that is characteristic of a glacial
stage, but instead even greater—more like that of a glacial maximum.
A second but not contradictory inference might be that the polar jet
“squeezed and steered across the continent by high-pressure systems”
that prevailed over the North Pacific and over the ice sheet (Oster
et al., 2015) may have only supplied rainfall sufficient for deposition
of the Texas Toothpick during core intervals of the glacial stages. This
would not necessarily mean that there was no rainfall at Carlsbad dur-
ing the glacial times before and after Texas Toothpick deposition (e.g.
300-257 and 249-243 ka in MIS 8), but only that atmospheric precipi-
tation and groundwater recharge sufficient for deposition of the Texas
Toothpick were confined to the core interval of the glacial stage
(e.g., 257-249 ka in MIS 8).

5.4. Implications for the future

Warming of Earth's climate is now considered “unequivocal” and
“unprecedented” compared to past decades to millennia (IPCC, 2013).

Within the United States, southeastern New Mexico and most of the
U.S. Southwest are in the region of greatest temperature increase in re-
cent decades, and temperatures have increased across all of the western
United States (Melillo et al., 2014, Fig. 2.7). If one makes a monotonic ex-
trapolation from the Texas Toothpick's wetter, cooler glacial periods and
drier warmer interglacial periods of the past to even warmer conditions
expected in the coming century (Melillo et al., 2014, Fig. 20.1), that ex-
trapolation suggests dramatically dry conditions to come (Case A of
Fig. 9). This supports others' predictions of lessened water supplies for
urban use and agriculture in the U.S. southwest in the 21st century
(Melillo et al.,, 2014, p. 463).

Alternately, one might hypothesize that the broad relationship be-
tween temperature and rainfall outlined above is not monotonic and
cannot be extrapolated to warm conditions, and that instead the rela-
tionship has a reversal involving greater rainfall at temperatures higher
than those of the present and past interglacials (Case B of Fig. 9). There
is, however, is no evidence to support that hypothesis of a higher-
temperature reversal of the general trend. Instead, if one assumes that
global-scale warming will lead to northward migration of the Intertrop-
ical Convergence Zone and its surrounding climatic zones (as suggested
by the last paragraph of Schneider et al. (2014)), then the present rain-
fall to south (e.g., that of central Chihuahua, where rainfall is about half
that at Carlsbad) would support the conclusion that warming would
lead to drier conditions in southeastern New Mexico.

6. Conclusions

Radiometric dating of a horizontal core through the lowest part of
the massive standing Texas Toothpick stalagmite in Carlsbad Cavern re-
veals an exceptionally long record of deposition in five successive glacial
stages of the Pleistocene, namely MIS 14, 12, 10, 8, and 6. Stable isotope
data, measurements of remanent magnetism, and the petrography of
the core combine to suggest that the glacial stages were comparatively
wetter, whereas the intervening hiatuses represent drier interglacial
stages. These results combine with observation of modern climate to
suggest alternation between wetter conditions with largely winter rain-
fall from a Pacific source during glacials to drier conditions with largely
summer rainfall derived from the Gulf of Mexico during interglacials.
The trend from wetter conditions during colder periods to drier condi-
tions in warmer conditions suggests that atmospheric precipitation
and/or groundwater recharge may diminish even more if climate
warms in the coming century.
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