Evidence for increased cool season moisture during the middle Holocene
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ABSTRACT so largely during the warmer months (Simpkins,
Isotopic analyses of three stalagmites from Cold Water Cave, northeast lowa, United 1995): Gulf moisture is characterized by high
States, reveal nearly identicab'3C trends from ca. 7 to 2 ka. Howeve®!80 patterns differ by as 880 values. Pacific air is typically cooler and
much as 3%o from 5.7 to 3.2 ka. These disparab®0 values reflect evaporativé®0 enrichment  much drier than Gulf of Mexico air masses and its
in meteoric water prior to infiltration, suggesting that previously calculated temperatures based precipitation is isotopically more negative than
on a single Cold Water Cave stalagmite overestimated middle Holocene warming. The coincigulf moisture (e.g., typically by >1%o). Arctic air
dence of elevated middle Holocene growth rates in the stalagmites with the lowest oxygen isés dry and cold, and it normally enters the area
topic compositions indicates that the middle Holocene was marked by a predominance of coolduring late winter—early spring. The eastward

weather precipitation during a period of increased overall aridity. advance of prairie across the upper midwestern
United States during the middle Holocene
INTRODUCTION are presently, but the advance of the prairie wappears to have been driven by eastward-advanc-

The oxygen isotopic compositions of mineraldime transgressive and thus more likely linked tong Pacific air masses that limited the contribution
derived from meteoric fluids (e.g., speleothenavailability of moisture rather than a synchronousf Gulf of Mexico—derived moisture, leading to
calcite, pedogenic carbonate) have been usedriggional temperature rise (Bartlein et al., 1984more arid conditions during the growing season
paleoclimatic reconstruction (Dorale et al., 1992Dean and Stuiver, 1993). Moisture availability(\Webb and Bryson, 1972; Bartlein et al., 1984)
Amundson et al., 1996). The use of singlehas in turn been linked to changing atmospheriand a shift td%0-depleted precipitation (Amund-
mineral paleothermometers requires tH&0 circulation patterns (Bryson, 1966; Webb andon et al., 1996; Yu et al., 1997).
values of precipitation be assumed. However, tHgryson, 1972; Bartlein et al., 1984). Studies of Here we report analyses of stalagmites from
isotopic composition of precipitation depends opedogenic carbonates in the state of Wyomin@old Water Cave that shed light on the complex-
a number of variables, including seasonalityAmundson et al., 1996) and marl sequences ities associated with constraining paleotempera-
moisture sources and history, and temperatur®ntario, Canada (Yu et al., 1997), suggest thatres from speleothem calc#&PO, the reliabil-
each of which may vary through time. Thus, usanexpectedly low Holocene carbonai0 ity of speleothem carbon as an environmental
of these paleoenvironmental records requireslues are most likely caused by shifts in sourcescord, and the nature of middle Holocene arid-
knowledge of meteorological variables which arer seasonality of precipitation. ity. Because both oxygen and carbon isotopes in
difficult to determine (Lawrence and White, The climate of the upper midwestern Unitedspeleothem calcite record paleoenvironmental
1991; Rozanski et al., 1993). States is determined largely by the interaction afonditions, each can be used to constrain the

Because many phreatic caves tap small catctine Gulf of Mexico, Pacific, and Arctic air massedmportance of primary controls (mean annual
ment areas and have short infiltration pathway$Bryson, 1966; Fig. 1). Gulf of Mexico air sup-temperature, seasonality of precipitation, precip-
the 8180 of speleothem calcite has been interplies the majority of annual precipitation and doeiation source) and secondary controls (evapora-
preted as reflecting the isotopic composition of
precipitation and mean annual temperatu
(Hendy and Wilson, 1968; Dorale et al., 1992 Arctic Air
Speleothend!3C has also been shown, in som
cases, to record the type of vegetation and/or ¢
organic matter overlying the cave. For exampl
research on a speleothem from Cold Water Ca
northeastern lowa, United States, linked co
comitant increases B0 andd'3C during the
middle Holocene to changes in mean annual te
perature (~3 °C increase at 5.9 ka and ~4 °
decrease at 3.5 ka) and the associated migra
of prairie into and out of the area (the prairi
period; Dorale et al., 1992).

The timing of middle Holocene vegetatiot
change is well constrained across the upper m
western United States (Webb et al., 1983; Bak
et al., 1992), but the relative importance of ten
perature and aridity is not so well understoo
Because the middle Holocene was a period
elevated solar insolation (Berger and Loutr
1991), temperatures likely were higher than th
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Figure 1. Map of northern midwestern
United States showing location of Cold

Water Cave relative to three air masses
dominating over region (after Bryson,

1966).
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tive enrichment of fluid®0) on the speleothem RESEARCH METHODS dark noise was about 0.12 counts per second. The
paleoclimatic record. We have conducted additional analyses on 18/BL-112 U standard was measured during the
the stalagmite utilized by Dorale et al. (1992)¢ourse of this study and was always in the range of
GEOLOGIC SETTING and detailed petrographic and isotopic study df%. of the accepte#f4U/238U ratio. Stalagmites
Cold Water Cave is an ~8-km-long, tunneltwo additional stalagmites, 2SS and 3L. EachS and 3L were dated at Los Alamos National
shaped cave that developed in the Dunleith Fostalagmite is composed of optically clear calcittaboratory using methods outlined in Dorale et al.
mation of the Galena Group Dolomite (Middlewith extremely fine fluorescent banding on th€1992) (Table 1). Carbon and oxygen isotopic
and Upper Ordovician) in Winnishiek County,scale of tens of microns. Stable isotopic samplesalyses were performed at the University of
northeast lowa (43°28, 91°58W; Levorson were extracted using a drill with a 0.5 mm bitMichigan Stable Isotope Laboratory using a MAT-
and Gerk, 1972; Fig. 1). The vertical distanc&ach sample incorporated ~10-100 fluoresce@b1 gas-source mass spectrometer. Samples were
between the land surface and the cave is ~30 bands. Larger samples, composed of 100-5@dnverted to COwith phosphoric acid at 72°C.
Cold Water Creek flows through Cold Waterfluorescent bands, were dated by U-Th therma@lll values are reported in per mil (%) with oxygen
Cave and discharges from the cave throughianization mass spectrometry (TIMS). relative to standard mean ocean water (SMOW)
series of sumps, blocking the only natural U-Th analysis of stalagmite 2SS was performednd carbon relative to Peedee belemnite (PDB);
entrance and isolating the cave from the outside the University of New Mexico Radiogenic Iso-analytical precision is better than 0.05%..
atmosphere. Partial pressures of,@Qhe cave tope Laboratory. The chemical separation was
remain constant throughout the year (Suzukmodified from Chen et al. (1986). U and Th weré?’REVIOUS RESEARCH ON
1998), and the creek maintains nearly 100%measured on a Micromass Sector 54 thermal iorfBTALAGMITE 1S
humidity in the cave, thus making Cold Waterzation mass spectrometer with a high-abundanceDorale et al. (1992) defined three climatic
Cave an ideal environment for equilibriumsensitivity filter. All isotopes of interest were stages based on the temporal variability of both
speleothem growth. The fluvial record in northmeasured on an ion-counting Daly multiplier withd'80 andd'3C in stalagmite 1S. Stage 1 refers to
east lowa suggests that ground-water levelbundance sensitivity in the range of 20 ppb at o inferred cool and/or moist period from 7.77
remained sufficiently high throughout the middlemass distance in the mass range of U and Tio, 5.90 ka that is characterized by speleothem
Holocene to keep the entrance submergadquiring very little background correction everd!3C and&'®0 values averaging —8.5%. and
(Baker et al., 1996). for samples with larg&2Th content. Multiplier 24.7%o, respectively. Stage 2 is characterized by

TABLE 1. URANIUM AND THORIUM ISOTOPIC RATIOS AND ?*°Th/?*'U AGES

513C values that increase steadily from —9%. at
5.90 ka to —-5%. at 3.60 ka and a concomitant
increase 80 values to ~25.8%o. These shifts
were interpreted to reflect rising middle Holo-

Sample Distance  **U  **Th Fhur BN HOThETh Age™! cene temperatures and the replacement of de-
fron(mr:;t)tom (hg/o)  (pg/g) (measured) (activity) (atomic) (yrB.P.) ciduous forests by prairie. During stag%C

159 1460 1074 208 978 (3) 00215(20) 122E-4(1) 1147 (7)  Valuesdecreased gradually to~8% by ca. 2.0ka,

18 118.5 994 6670 950 (9) 0.0602 (7) 1.46E-4(2) 3370 (50) and whiled O values dropped abruptly to an

1s§ 945 1412 189 908 (4) 0.0831 (4) 526E-4(2) 4742 (31)  average of 24.1%. These changes%O val-

125 ggg g?‘z* g;;g g;g Eg; 8-]??? Eg; ‘_}-g‘égj gi; gggg gg; ues are interpreted to have resulted from in-

189 375 1342 3667 948 (3) 01279 (6) 147E-2(1) 7243 (49) creased moisture and cooler temperatures re-

188 14.0 1774 3119 951 (3) 0.1373 (5) 1.93E-2(1) 7774 (42)  furning to the upper midwestern United States,

2SS 77.5 214 1720 891 (13) 0.0311 (7) 6.42E-5(1) 1740(150)  and the change i&C values reflects the sub-

28s 68.5 216 24990 870(15) 0.0829 (13) 1.28E-5(2) 3870(510)  sequent replacement of prairie by oak domi-

288 64.5 225 3867 873 (7) 0.0695 (1 6) 6.74E-5 (2) 3950 (120) nated forests and savannas.

2ss 59.0 310 2065 884 (12) 0.0876(49) 2.21E-4(5) 5100 (300)

288 37.0 286 7856  871(15) 0.1761(34) 6.37E-5(1) 5960 (180)

288 26.5 300 12812 855 (7) 0.1130(52) 4.32E-5(2) 6410(380) RESULTS _ _

288 21.5 288 49910 826 (10) 0.1447 (40) 1.43E-5(4) 7270 (830) Growth rates, calculated by interpolation be-

3L’ 305.0 176 1622 784 (4) 0.0351 (3) 6.22E-5(5) 2080 (80) tween radiometric dates, vary between and

gt# 2%%% ;gg 2;5; ;gg g; 8'88122 Eg; g-ggg-i gg 2?88 (1(283 within stalagmites (Table 2). Stalagmite 3L grew

3L 530 313 136 691 (2) 0.1075 (7) 405E-3(3) 7110 (60) the;as.teSt fl"era.'('j:j?tel’_'w:th maximum gro‘ﬁ”h

aL* 11.0 267 15020 695 (3) 0.1419 (15) 4.13E-5(4) 9040 (420) ~ rates during the middle Holocene (5.9-3.5 ka).

*52*Unmeasured = [(23“U/25“3U)measu,m,/(ZE“‘U/”*’ugeq - 1] x 10%, where (P**U/2%®U)eq is the secular
equilibrium atomic ratio: Azss/hess = 5.472 x 107, Analytical errors (2¢) associated with U and Th
concentrations are better than 1% for 1S and 3L and < 8%, for 28S. Unsupported

*Th/2®?Th ratio of 2.5 x 10°® determined by analyses of insoluble

subtracted by using an initial

residues from 1S and 3L. Precise constraints on the initial 2°Th/2%Th ratio in 1S and 3L were
not applied to 2SS (2.5 x 10° £ 1.25 x 10® was used for 2SS), thus resulting in larger age

uncertainties in this sample.
T Values in parentheses represent 2¢ errors in the last significant figure.

%Th was

$ Data reported in Dorale et al. (1992).

# These dates are problematic and actual uncertainties are likely larger than indicated. Two
additional 3L samples, 180.0 and 210.0 mm from the bottom (not tabulated), yielded anomalously
young dates that fell out of stratigraphic sequence. Furthermore, the insoluble residue from one
of these (180) had an anomalously high Z°Th/2%Th ratio (3.1 x 10®). The anomalous samples
and residue correction uncertainties therefore cast doubt on the accuracy of the ages for the low
20Th/2%2TH samples at 11.0, 239.0, and 305.0 mm. However, the reported ages for these three
samples are in sequence with the more reliable ages from 84.5 and 53.0 mm, and are consistent
with stratigraphic correlation with the 8'°C trends in 1S and 2SS.

1S grew at the second fastest rate, with the most
rapid growth prior to 5.9 ka and the slowest
growth rate during the late Holocene. Stalagmite
2SS had the slowest cumulative growth and, like
3L, grew at its fastest rate during the middle
Holocene. These slow speleothem growth rates
preclude testing for equilibrium calcite crystalli-

TABLE 2. SPELEOTHEM GROWTH RATES

Interval 18 2SS 3L
(mm/ka) (mm/ka) (mm/ka)
Post-Prairie Period 12 4 44
Prairie Period* 19 15 62
Pre-Prairie Period 30 12 25

*Prairie Period at Cold Water Cave lasted
from approximately 5.9 to 3.5 ka.
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zation by measuring'3C andd'®0 covariance DISCUSSION north-facing slopes. The effect of evaporation on
along time-equivalent growth horizons. Under the cool and extremely humid condiinfiltrating fluids would have been more pro-
Carbon isotopic trends in the two recently antions that prevail in Cold Water Cave, evaporanounced during the prairie period because of the
alyzed stalagmites, 2SS and 3L, are similar to theon is minimal, and CQoutgassing is predomi- absence of a protective tree canopy. THED
trend observed in 1S (Fig. 2). Beginning ahantly responsible for speleothem growttvalues in 1S increased so abruptly and that this
5.9 ka, thed'3C in each stalagmite increased bySuzuki, 1998). Thus, the carbon isotopic comshift postdates the arrival of prairie also indicate
2%o, then decreased at 3.2 ka, and finally stabposition of each stalagmite records the santhat evaporative enrichment 810 was modu-
lized 1% lower by 2.0 ka. Stalagmites 1S and 3kegetation-induced changes in soil organic malated by vegetation change. Other studies have
are nearly identical, with values within 0.05%.ter that occurred over the cave. This is supportetiggested that soil water in arid environments, as
between 5.9 and 2.2 ka. In addition, many detailsy the fact that the timing of the onset of theecorded by pedogenic carbonates, can be en-
are shared among trends of 1S and 3L, particlarge increase i8'3C values at 5.9 ka (which riched in'80 by as much as 6% relative to mean
larly between 7.8 and 4.0 ka (Fig. 2). defines the start of the prairie period at Coldnnual precipitation (Amundson et al., 1996;
Oxygen isotopic trends prior to and after th&Vater Cave) is nearly identical in all three staQuade et al., 1989). In addition, data from Mam-
prairie period (5900 to 3500 years BP) are simildagmites. In addition, each stalagmite exhibitsnoth Cave, Kentucky, show an ~2%o. increase in
(stage 2 of Dorale et al., 1992). However, duringarbon isotopic shifts of equal magnitude, and'80 values of speleothem calcite in stalagmites
the prairie period, th&€0 values of 1S were sub- 813C values are very similar among stalagmite®rming under south-facing slopes relative to
stantially higher than 2SS and 3L (Fig. 2) andluring the prairie-dominated middle Holocenethose forming under north-facing slopes
values for 2SS were lower than those in 3L or 18ecause the oxygen in speleothem calcite {§Eonzalez, 1989).
Quadrupling the sampling resolution of stalagmiteerived exclusively from meteoric water, the dis- It is not safe, however, to assume that because
1S preserved tHEO enrichment during the prairie tinct middle Holocene oxygen isotopic trends otlevateds'®0 values associated with the middle
period reported by Dorale et al. (1992); howevethese three stalagmites must have their origin lHolocene record of 1S are related to evaporative
it revealed (1) tha®'80 values shifted abruptly changes in the composition of the solutions pricenrichment of80, then the stalagmite with the
~200 yr after the onset of the increasé&ifC  to infiltration (i.e., prior to carbon being added tdowest3€0 value (2SS) should most accurately
values (ca. 5.7 ka); and (2) the presence of fotire solution). record mean annual temperature. Temperature,
pronounced negative spikes, ranging from 1%. to The differential enrichment 3fO prior to in-  moisture source, and seasonality each affect the
2%o in magnitude, between 4.8 and 3.5 ka. Thiditration can be easily explained by differences imsotopic composition of precipitation (Dans-
5180 values in 3L exhibits significant short-termslope aspect over the cave. Stalagmite 1S, the ayeard, 1964; Gat, 1980; Simpkins, 1995). If tem-
variability, but time-averaged values remairmost enriched iA%0, formed in a passage thatperature alone controlled the lowfO values
largely unchanged between 8.5 and 2.0 ka. Thumderlies primarily south-facing slopes, whereasf 2SS, mean annual temperatures would have
5180 of 3L averaged 24.5%o * 0.2%o prior to 5.92SS, the one least enriched$®, is overlain by begun decreasing at 4.9 ka with maximum cool-
ka, 24.5%o + 0.3%0 from 5.9 to 2.2 ka, and 24.6%#orth-facing hill sides (Fig. 3). The catchmening of ~2 °C at 4.2 ka. However, no other evi-
+ 0.2%o after 2.2 ka. In stalagmite 2850 val-  area for 3L, th&'%0 values of which are betweendence supports middle Holocene cooling here.
ues decreased gradually from 24.6%. at 7.6 ka i and 2SS, is relatively flat lying. South-facina
24.0%o0 at 4.8 ka. Oxygen isotopic compositionslopes have greater exposure to sunlight and 01°58'50"W 515723
then increased and stabilized at ~24.1%o. by 3.2 ksusceptible to greater evaporative effects th | |

43°28'06'N— |/
813¢ (ppB) 813¢ (ppB) 813C (pDB)
9 -8 7 6 -5 9 -8 -7 6 -5 9 -8 -7 -6 5
[} o 0
1000 ::"‘ . 4 1000
2000 F -1 2000
{ 43°27'30" —
Figure 2. Temporal trends 3000 - ; 3000
of carbon and oxygen ! :
isotopic compositions in g - ;
stalagmites 1S, 2SS, and & 4000 | - 4000
3L. Horizontal bars rep- g : ;
resent dated areas and g e : ]
vertical bars are 2.0 5 W[ . ) - 000
uncertainties. SMOW— g a
standard mean ocean 9
water. 3 6000 - = - 6000
- ' 0 0.5km
: L 1
7000 - o ; : 3 7000
Figure 3. Map of Cold Water Cave relative to
S s13¢ 61"80 topogrgphy of overlying ground surfa_ce.
s00 [ si3c sl A L ] sa0  APproximate catchment areas for stalagmites
1S (south-facing slope), 2SS (north-facing
slope), and 3L (flat-lying hill top) are located
o000 LENEMS i I LEWEAL, L] LEWEasSs ] oo Within open circles. SE is shaft entrance to
22 23 24 25 26 22 23 24 25 26 22 23 24 25 26 cave. Contour interval is ~6 m. Dashed lines
3180 (smow) 5180 (sMow) 3180 (sMow) are streams.
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An alternative scenario is that moisture wagprairie period at Cold Water Cave are artifacts gfonzalez, L. A., 1989, Inorganic calcium carbonate pre-
derived from a mor&0-depleted source during pre-infiltration evaporative effects. Therefore, gﬁget‘:f:é g&’;rgrllst;?’lg"r:]”pegg't?gg'[’;‘r?rlghtor:gg?’s']_
the middle Holoc_ene than_it is today. In Iowapreviously calculated spel_eothem-based temper-  ann Arbor, University of Michigan, 188'p.' '
3180 values of moisture derived from the Gulf ofature estimates for the middle Holocene are tagendy, C. H., and Wilson, A. T., 1968, Palaeoclimatic
Mexico are= 3%o higher than a mixed Gulf of high, although no new estimates can be made data from speleothems: Nature, v. 216, p. 48-51.

Mexico—Pacific source (Simpkins, 1995). If afrom these data. Increased speleothem growt§wrence, J. R., and White, J. W. C., 1991, The elusive

similar relationship existed during the middlerates during the prairie period suggest that cool

Holocene, then increases in relative amounts gskason precipitation/infiltration increased during
precipitation derived from Pacific moisturethe middle Holocene, while higher growing sea-
sources would also have resulted in lower precigon aridity offset additional winter moisture.

itation 8180 values without any major change in
mean annual temperature. Because Pacific ai

climate signal in the isotopic composition of pre-
cipitation,in Taylor, H. P., et al., eds., Stable iso-

tope geochemistry: A tribute to Samuel Epstein:
Geochemical Society Special Publication 3,
p. 169-185.

Levorson, C. O., and Gerk, A. J., 1972, A preliminary
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