SUPPLEMENTAL MATERIALS

Appendix A. Correction of the 18O time series for groundwater travel time

The ages of climatic events displayed by the Devils Hole time series are minimum ages because the measured 230Th ages reflect the time at which uranium co-precipitated with the calcite in Devils Hole cave, whereas the 18O of the calcite is controlled by groundwater recharge in the Spring Mountains, ~80 km up the hydraulic gradient from the cavern (Winograd et al., 1988, 1992). Recharge of a particular water mass necessarily occurs earlier than the time of calcite precipitation from that water mass in the discharge area (i.e., at Devils Hole). The difference between the time of recharge and that of calcite precipitation is the groundwater travel time from the Spring Mountains to Devils Hole. Four independent lines of evidence suggest that this travel time is at most several thousand years and could be less than a thousand years; we discuss these below.


First, hydrogeologic data (i.e., transmissivity, effective porosity, and hydraulic gradients) obtained from test holes tapping the regional carbonate-rock aquifer tributary to Devils Hole yield a travel time less than 1000 years (Thomas et al., 1996, Table 19). 


Second, the presence of abrupt shifts in the 18O time series (see Fig. 2) noted between 19,000-17,000, 74,000-72,000 and 65,000-63,000 yr ago can be explained in two interrelated ways. Groundwater flow in the aquifer tributary to Devils Hole occurs in highly permeable extensional fractures (Riggs et al., 1994), suggesting that dispersion might be minimal and permit abrupt isotopic changes in the recharge area to be transmitted intact to Devils Hole within a few thousand years. However, given the complex geologic structure of the south-central Great Basin, and the documented major hydraulic barriers within the aquifer (Winograd and Thordarson, 1975), it is difficult to envision open fractures extending uninterrupted over distances of kilometers to tens of kilometers. Thus, it is difficult to dismiss dispersion, the effects of which would be to “smear out” the abrupt shifts noted above. Yet, there is a very close resemblance of the Devils Hole 18O time series not only to the SST time series described herein, but, as well, to a paleotemperature time series derived from the Vostok, Antarctica, ice core, 114 degrees of latitude distant (Winograd et al., 1997, Fig.8). Even the 13C record of Devils Hole core DH-11 (for the period 568,000 to 60,000 yr ago) displays peaks and troughs as sharp as those in the 18O time series despite the fact that, unlike 18O, carbon-13 is a non-conservative tracer (Winograd et al., 1997, Fig. 6). So, how might we explain the illusory absence of dispersion along the 80 km-long flow path? If the groundwater travel time from the Spring Mountains to Devils Hole were a fraction of the duration of the variations in the isotopic input signal, we would expect to see the input signal arriving at Devils Hole unaffected by dispersion because, in this case, the entire aquifer would have been flushed one or more times with water of the same isotopic content; that is, the isotopic content at the discharge end of the aquifer (i.e. at Devils Hole) would be identical to the input in the Spring Mountains. Consequently, the observed step-like shifts in 18O noted between 19,000-17,000, 74,000-72,000, and 65,000-63,000 yr ago (Fig. 2) permit the inference that average groundwater travel time is < 2000 years. 


Third, a subaerial room within the Devils Hole cavern --Brown’s Room -- contains a 116,000 yr-long record of water table fluctuations that shows a high stand ~9 m above modern level between ~30,000 to ~20,000 yr ago (Szabo et al.,1994). Starting at ~20,000 yr ago , the water table began an uninterrupted sharp decline to modern level which coincides, within its error of measurement (±1400 yr), with the very sharp rise (i.e., increase to heavier values) seen in the 18O time series at 19,000 ± 300 yr ago (Fig. 2). This rise is interpreted to reflect rapid warming which we suggest was accompanied by reduced recharge in the Spring Mountains and, in turn by, the sharply falling water level in Brown’s Room. This coincidental response cannot be attributed to a pressure effect transmitted through an artesian aquifer extending from the Spring Mountains to Devils Hole because the Paleozoic carbonate-rock aquifer feeding Devils Hole is not a classical artesian aquifer, i.e., one confined by an extensive aquitard. Due to the complex geologic structure of southern Nevada, this aquifer is alternately confined (i.e., overlain by younger sediments) beneath valleys and unconfined (i.e., cropping out) beneath ridges and, moreover, is compartmentalized by a major hydraulic barrier along which the potentiometric surface is displaced as much as 150 m. (The reader is referred to Plates 1 and 2 and Figure 33 in Winograd and Thordarson (1975), Figures 20 and 21 in Dettinger et al. (1995) and Plate 2 in Laczniak et al. (1996), and the text that accompanies these illustrations.) In view of the major structural discontinuities in this aquifer, it is unlikely that the apparent synchronous rise in 18O and water level decline in Brown’s Room reflects a pressure pulse transmitted from the Spring Mountains to Devils Hole. We suggest instead that the apparent coincidence provides another indication of groundwater travel time on the order of a few thousand years. Because the regional aquifer has effective fracture porosity less than 2 % (Winograd and Thordarson, 1975), we would expect the effects of reduced recharge to be rapidly reflected in the discharge area.


Fourth, based on the 14C age of dissolved inorganic carbon (DIC), we originally suggested that the groundwater travel time from the Spring Mountains recharge area to Devils Hole and the adjacent Ash Meadows spring discharge area could range up to 20,000 yr. (Winograd et al., 1988). Thomas et al. (1996) subsequently showed that 14C dates of DIC may be thousands of years too old, due to water-rock reactions within the carbonate-rock aquifer tributary to Devils Hole. To avoid the water-rock reaction problem, Thomas (1996) 14C-dated dissolved organic compounds (DOC), presumably derived from soils in the recharge area and obtained an average age of ~3000 yr for water discharging from the major springs in Ash Meadows, Nevada . (The springs discharge from the same aquifer supplying water to Devils Hole and their water is chemically and isotopically similar to that in Devils Hole (Winograd and Pearson,1976). A subsequent DOC 14C study by Morse (2002) of spring and Devils Hole waters suggested travel times of 5000 to 7000 yr. DOC ages are likely to be maximum values because: a) aquifer kerogen -- with 0 percent modern carbon -- may influence the isotopic composition of the DOC (Morse, 2002); and b) the volume of water currently moving through the aquifer reflects arid Holocene conditions and is less than groundwater flow during glacial, stadial, and interstadial times.


In summary, four independent lines of evidence indicate travel times of a <1000 to <7000 yr; two of these suggest travel times <2000 yr. We consider 2000 yr to be a conservative estimate, one supported by the near synchroneity of the Devils Hole 18O and the SST time series for ODP Sites 1012 and 1014 (Figs. 3 and 4) for the period 120,000 to 4500 yr ago. Hence any feature of interest in the Devils Hole 18O time series (Fig.2) may be up to 2000 yr older than shown. 
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Appendix B.  Synchroneity of alkenone and formaniferal 18O data

Use of alkenones as indicators of paleo-SST in marine cores assumes that these fine-fraction biomarkers are the same age as the co-existing coarser-fraction foraminifera used to assign a chronology to the core. However, in areas in which older sediments are transported to the core site, either by strong lateral currents or by upwelling, the alkenones may be 1000 to 7000 yr older than the coarser (and presumably autochthonous) foraminifera (McCave,2002; Ohkouchi et al., 2002; Mollenhauer et al.2003; Sachs and Anderson, 2003). We consider the alkenones analyzed by Herbert et al. (2001) and Yamamoto et al. (2004) for the ODP Leg 167 cores to be the same age as the foraminifera used to obtain their benthic 18O data for the following reasons. 


First, a comparison by Herbert et al. (1998) of core top alkenone-derived SST with mean annual SST at 40 sites between 23o and 40o latitude off California and Baja California yielded a linear correlation (r) of 0.995, indicating no introduction of older alkenones via drifting or upwelling sediments. Second, cross-correlation of the six alkenone-derived SST time series from cores off California and Baja California range from 0.62 to 0.85 (Table 3) despite a 10-fold difference in sedimentation rate and a geographic separation of 18o latitude. It is improbable that such high and statistically significant correlations would attain between the SST series measured in these cores if drifting or upwelling sediment (carrying older alkenones) had corrupted the individual SST patterns. Third, high and statistically significant linear correlations (0.66-0.85) between the SST in these cores and the independently dated Devils Hole 18O time series (Table 3) provide additional support for the alkenone ages. Lastly, SST for core TR163-19 was derived by Lea et al. (2000) from the Mg/Ca ratios in foraminifera, not from the fine-grained fraction of the marine sediments containing alkenones. None-the-less, the cross-correlation of TR163-19 Mg/Ca SST time series with the six alkenone derived SSTs ranged from 0.72 to 0.88 (Table 3).
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Appendix C.  Discussion of the notion that early SST warming is an artifact of low resolution records.


Recently, Cannariato and Kennett (2005) have dismissed the early SST warming before the penultimate deglaciation as observed at ODP Sites 1020, 1018, 1017, 1014, 1012, 893A, EW03, and at Devils Hole 18O, to be artifacts of low resolution records, and in the case of Devils Hole possibly also due to dispersion in the aquifer. Noting that the high resolution foraminiferal 18O data from ODP 893A and 1017 cores exhibit millennial-scale fluctuations (i.e., interstadial events) near the end of MIS 6 and the beginning if MIS 5 (see their Figs. 1 and 2), they argued that the more sparsely sampled SST and Devils Hole series do not fully capture these millennial-scale variations, leading to a false appearance of early warming. However, it is improbable that multiple independently sampled records all exhibit consistent erroneous behavior. Further, for the period the period ~28,000 to ~15,000 yr ago, not discussed by Cannariato and Kennett (2005), this criticism clearly does not hold: the very high resolution ODP 893A core (sedimentation rate > 100 cm/kyr) is free of millennial-scale variations during this period, as recorded both by a bioturbation index (i.e., variation of oxic and anoxic sedimentation) and by the 18O of planktonic foraminifera (Hendy and Kennett, 2000, Fig. 3), yet both SST in this core and Devils Hole 18O display early warming during MIS 2. Thus, the millennial-scale variations invoked by Cannariato and Kennett (2005) are not a necessary condition for early warming.  Additionally, we showed earlier in this paper that the Devils Hole record does not exhibit the prominent millennial-scale variations displayed by core ODP 893A during MIS 4 and 3 when the resolution of the Devils Hole record was more than sufficient to do so, and there is no reason to expect it to exhibit variations of smaller amplitude and frequency during the penultimate deglaciation. 


Between ~159,000 and 148,000 yr ago, a minor SST warming did occur for ODP 1012 using the chronology of Herbert et al. (2001) (Fig. 3) which might conform with Cannariato and Kennett's (2005) observation of multiple varying interstadials near the end of MIS 6, but this minor warming is followed by a steady increase in SST that began ~146,000 yr ago, or~11,000 yr before the start of the penultimate deglaciation at ~135,000 ago. (On the herein amended ODP 1012chronology, the SST increase began at ~153,000 yr ago, or ~9000 yr prior to the start of deglaciation 144,000 yr ago.) Similarly for ODP 1014 using the Yamamoto et al. (2004) chronology, the minor warming seen between ~157,000 and 142,000 year ago is followed by a steady SST increase that began ~138,000 year ago and preceded the penultimate deglaciation by ~3000 yr (Fig. 4). (On the ODP 1014 chronology as amended herein, SST warming began at ~148,000 yr ago preceding the start of deglaciation by ~4000 yr.) Thus, the presence of multiple interstadials in these two SST records does not preclude the observation of early warming. 


Finally, Friddel et al. (2002) made use of proxies from core 893A that reflect near-surface conditions -- specifically planktonic 18O and pollen -- and concluded, “Thus our proxy indicators suggest that warming on the continent and in the surface of the Santa Barbara Basin was occurring synchronously at least several thousand years before benthic 18O signaled global deglaciation and sea level rise…” It should therefore not be surprising to find that SST should also precede benthic 18O in that core. For the above reasons we reject the dismissal by Cannariato and Kennett (2005) of the SST warming and increase in Devils Hole 18O before and during the penultimate deglaciation as just artifacts of low resolution and/or dispersion.


On a related matter, Cannariato and Kennett (2005) also dismiss various studies cited in the body of our paper that raised questions about the “orbital chronology” of Martinson et al. (1987) for termination 2. Indeed, with no justification to their locale, i.e., the California coast, they imported a chronology developed by Yuan et al. (2004) for a speleothem from Dongge Cave in China, which is thought to record South East Asia monsoonal cycles. Although Yuan et al. (2004) considered their record to be indicative of ”the inception of full interglacial conditions worldwide", they cited and did not question the validity of the earlier studies (Gallup et al., 2002; Henderson and Slowey, 2000) suggesting that termination 2 occurred ~135,000 ( 2,500 yr ago. Yuan et al. (2004) also cited the work of Spotl et al. (2002) who showed that by 135,000 ( 2,500 yr ago., the mean air temperature at a 2500 meter-high cave in the Austrian Alps was within 1.5oC of modern. These studies, accepted by Yuan et al. (2004), all indicate early warming and are consistent with the chronologic amendments we use in this work.
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