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INTRODUCTION

Among the many factors to be considered in planning a high—leQel nucléar waste
repository in northwestern Texas are: future»climat'i.c’ conditions and their role in effecting
environmental change. In future mille’nia the regionalkvclimate will almost certainly
undergo episodic variations comparable to’ those inferréd from the paleoclimatic record of
- the late Quaternary Period. In addition, local and perhaps global weather patterns m.ayv
change in ways nof previously sustained, as a consequence of inadvertent and ppssibly
deliberate human activities. If the scope and duration of these natural and iﬁduced
climatic chghges were significant‘ they would appreciably influence g‘evomorphic and

geohydrologic processes in the Texas Panhandle.

NEED FOR LONG;TERM CLIMATIC ASSESSMENTS

‘Plans for terminal diéposal_ of nuclear W'aste dependvon resolution of many comblex
~ problems ndt rdutinely encountered in other fields of technology. Strategies for isolating
~ these materfals are constpained by the large initial blqu‘antitie's, extretﬁe radioactivity, and
long hal_f—lives of the principal radionuclides and their decay products ("daughters").
Approximately ten half—liveé are required to reduce to one thousandth (10-3) the residﬁal
‘amount of a radiogenic species. Twenty half-lives reduce the ‘nuclides,to aboﬁf one
millidhth_ (10'6)>their'original‘levels. Of course, nuclear waste is a complex combination of
’radioacti\}e isotbpes, some of whicﬁ kare also daught‘efs of other i'adionuélides present in the
initial mixthre' of wastes. Therefore, the actual concentration of a given isotopé may not
decline through smooth geometric progression. In addition, the rates _at which various
radionﬁclides decay may differ by several orders of 'magnitude‘.

Most of the materials in a high-level waste repository have half-lives of several |



thousand (103) years (Board on. Radxoactwe Waste Management, 1983, tables 4- 4 and 4- 6) o

’ »Gwen these slow decay rates, estlmates of the composxtlon and quantlty of waste to be _

stored, and the hazardous nature of many of the daughter products, the mterlor of the |
repos1tory will be de31gned for waste contalnment for 10, 000 yr or more (Offlce of Nuclear‘
“ Waste Isolatlon, 1981, p 3). The tens or possrbly hundreds of mlllema (Bredehoeft and |
: others, 1978, p. 9) that the wastes must be sequestered from the blosphere are perlods over
whlch substantlal cllmatlc varlatlons can be expected if the geologlc record is a rellable
1nd1cator. Thus, in order to predlct the chmate 10 000 yr hence we must extrapolate the“j |
1nferred chmatlc cycles of the past. We must: also -consuder whether other factors, such as -
1ncxdental and purposeful mampulatlon of weather, will be 31gn1f1cant durlng thlS perxod and' ’
determine probable net effects. . |
| MaJor cllmat1c changes could affect the klnds, rates, and 1nteract10ns of geomorphlc :

»processes in a prospectwe dlsposal area. Over an extended perlod erosmn, deposmon, andv_'

ground-water movement could in turn affect the 1ntegr1ty of a dlsposal faclhty in almost‘ -

any geologlc medlum. How w1ll geomorphxc and geohydrologlc systems respond to cllmatlc

’ changes that may obtam m the t'uture" The purpose of thls dlSCLlSSlOl'l 1s to summarlze the .

most pertment results of prev1ous paleocllmatxc reconstructlons and studxes ot‘ weather
modlflcatlon, and present a reasonable pr01ectlon of chmatlc condxtlons durmg the next,

100 000 yr. Th1s period exceeds by one order of magnltude the reqmred mxnlmum tenure- |

'(104 yr) of wastes in storage (Offlce of Nuclear Waste Isolatlon, 1981, p. 3) Cllmatlc o

;prO]ectlons prov1de a partlal bas1s for estlmatmg the range of env1ronmenta.l condltlons o

, ‘durmg ‘that perlod. S

| ’PALEOCLIMAT’OLOGY OF THE TEXAS HIGH PLAINS

Reconstructlon of past cllmates is not a new sub]ect ‘ Leonardo da Vinci ‘noted’
R varlatlons 1n the w1dths of tree rmgs and from these mferred the "nature of past seasons" g
in Italy in the late Flfteenth Century (Hltch, 1982, p. 300) Wldespread acceptance‘ of the :
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principlés of Huttonian Unifdfmitarianism in the eai'ly and‘middle 1.800's>ihevitably led to
recognition of major climatic variations  of vthe geologic past. By 1840, Agassiz had
successfully demonstrated the existence of Quaternary subélpine gléciers in Europe ( see
excerpt in Mather and Mason, 1939, p. 329-335). With the advent of techhiques for
absolute dating, particqlbarly radiocarbon analysis (Libby, 1‘955), the primaby -basis for
systematic investigation of paleoclimate was complete.‘ Considerable attention has been»
devoted to this topie in the p&st‘30 years.,
Several paleoclimat\ic studies pertain spécifically to the Texas High Plains region.
But of those réports that have appeared some are flawed by erroneous interpretations of
the general Qua’ternary stratigraphy and by the absence of a detailed, well-established
chronostratigraphy. These problems contim‘Jerto hamper paleoclimatic investigations in fhe
area. The most useful local sources of information on past climates are recent studies of
vérteb'rate and molluscﬁn paleoecology, : geomorphie invéstigations, and deScriptions of
paleosols. A synthesis of many of the relevant works on these subjects was presented by ,
Caran‘ and McGookey (1983). Since that time further studies in the High Plains, notably
those of Holliday >(1983)‘, havé subplemented the r‘ecord of the very late Quéterﬁary. Work
in fhe contiguous Rolling Plains (Caran, 19814; Cara-n" and Ngck, 1984), ‘to the east has
furnished additicral details_. Modern investigations in the region are well-constrained by
radiocarbon dating (Holliday andbothers, 1983; Caran and‘ Baumgardvner, 1985). These and
other studies have sought to reconstruect thg Quaternary climate of the High Pla‘ins, based
on inferenées from'the.most reliable paieoclimatic indicators. Investigations curfently
underway' may provide‘furthér information and a _better overall summary of the regional

paleoclimate‘than is now attainable.
~ Long-Term Worldwide Climatie Cycles

In recent years several important studies of global climate in the geologic past have

been reported. Much of the significant literature appearing before 1978 was reviewed or at
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least cited by Frakes (1979) who has. reconstructed climatic condltlons throughout Earth
b'vf_hlstory. Pre—Quaternary contmental glaclatlon has been treated in detall by Hambrey and'~"
_ .Harland (1981). The mterpretatlon -of sea—level fluctuatlons throughout Phanerozmc tlme :
' ‘by Vail and 'others (1977) can be regarded as a. surrogate chmatlc hlstory in part although

other processes such as: contmental drlft, tectomc evolutlon of the contmental and oceamc

plates, and eustatlc ad]ustments of the crust have affected sea level, as well Basmal o

’marme sedlmentary dep081ts prov1de a very complete hlgh-resolutxon record of post-v
Jurass1c hlstory Thls stratlgraphlc sequence mcorporates a varlety of paleontologlc, o

geochemlcal, tephrachronologlc, and sedlmentologlc 1nd1cators of paleocllmate, many of o

'whlch have been descrxbed m detall (for example, see Clme and Hays, 1976) However,‘ » -

. if'these are really paleoceanographxc 1nd1cators. The clrculatxon (vertlcal and horlzontal) and, :
chemxstry of: ocean waters can affect the record in ways not solely or dxrectly related to

paleochmate (see dlscussmn by Rea and others, 1985,. p. 721) Several excellent::

paleoceanographlc reconstructlons (for example, that of Mclntyre and Klpp, 1976) have -

been derxved from global oceamc data. But although the marlne record 1s 1mportant it 1sv

o not the 1deal source of paleocllmatlc data, partlcularly for the contmental mterxor.

The cause of worldwide cllmatlc changes has been the sub]ect of cons1derable. =

d1scusswn and controversy. ﬁ However, Budyko (1977, p. 100) noted that two xmportant.'

S ‘_causal factors have been 1dent1f1ed very clearly. (1) changes in 1nsolat10n, or the amount of'g_' '

_ solar radlatlon reachmg Earth's atmosphere at a ngen latltude and season, owmg to secular
bvarxatlons of the planet's ax1s and Ol'blt relatlve to the sun, and (2) changes in the ’

transparency of the atmosphere w1th respect to 1nc1dent solar energy. Equally sxgmflcant"ﬂt B

: are: changes in the atmosphere's msulatxon value in terms of absorptlon of emltted and -

vreflected energy. The amount of atmospherlc dust, volcamc ash, and cloud cover controls »

- ,-the flux of mcomlng solar energy, whereas the concentratlon of water vapor and carbon

'- d10x1de, m partlcular, governs the retentlon of part of the outgomg heat and hght w1th1n "

'the atmosphere ("greenhouse effect") : Effects of cychcal changes in Earth's Ol‘blt are |



discuseed by Milankovitch (1941), Hays end others (1976), Dentoe and Hughes (1983), and
Kutzbach and ‘Guetter'(1984), although others including Moore and others (1982) have shown
“that this relation may be more complex and variable than many have supposed.

Properties of the atmosphere combine‘;with planetary orbital parameters ("forcing
functiohs") to regulate the distribu’t_ion of heat and moisture. This in turn influences
"secondary" climatic c'ontrole such as the ereal extent of ‘high-albedo ice cover, which is
inversely proportional to that of climate-mederating ocean waters. These and many other
factors interac‘t to influence a‘tmvospheric circulation,'seasohality, and the position of
climatic zones. There are several orbital cycles that have been shown to affect crlimate, of
which those of 0.4, 0.1, 0.04, and 0.02 million years have—been most significant during the
ia’te Cenozoic Era ,(Moere and’ others, 1982). Denton and Hughes (1983, p. 132, 133) have
explained the roughly 100,000-yr late Pleistocene fuli—gla'eial/interglacial cycle in _terms of
a_combinatien of erbital parametere ‘that periodically rei’riforce one another. If this
relation persists the next fﬁil-glaciel episode would be expected in 80,’000: yr, or
| approximately 100,000 yr after the Wisconsinan glacial maximium 18,000 ‘yr b.p. (Mclntyre
and Kipp, 1976). Several intermediate glacial a‘d,vances during relatively cool periode are

likely to occur within those 80,000 yr (Denton and Hughes, 1983).
Regional Paleoclimatiec Summary

The paleoclimate of the Southern High Plains and adjacent areas has undergone
marked changes since late Pleistocene t.irme (Caran and McGookey, 1983). Even withiﬁ the
past 100,000 yr, the period with which we are particularly concerried, there have been
several moderate and majof cIimatic fluctuations (fig. 1). Beginning epbfoximately 70‘,000‘
yr b.p (end of the San.gamonian interglacial stage), temperatures in the Northern
7 Hemisphere decreased rapidly va‘nd dramatically with the onset of the Wisconsinan glacial
stage (Bearq and others, 1982,,'fig. 1). Direct evidence‘of this change in northwestern

Texas is uncertain because the regional chronostratigraphic rec‘ord of this period has not
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been defined in sufficient detail. @ The so-called "Cover sands" and superimposed
"Saﬁg‘amon" soil of the Southern High Plains (Frye and Leonard, 1957, p. 38) _are‘
pedogenically modified eolian depoéits that Reeves (1976, p. 213) renamed the Blackwater
Draw Formétion. This thick, laterally extensive body of fine sediment is now known to
comprise a suite of sfacked buried soils, the oldest of which is perhaps 1.4 million years old
or 'slightlj older (Holliday, 1984; Machenberg énd others, 1985). The Blackwater Draw
Formation may be actively forming and if so spans most of the middle and late Quéternéry
Period. There is, however, surprisingly’little variation within the unit itself, and its
relation to paleoclimate has not yet been -interpreted.

Three or more" stratigréphically distinct lacustfine deposits >ar.ev at least partiy
contemporanéous with the Blackwater Draw. The lacustrine strata fill discrete
paleobasins._ The youngest of these units is being deposited today‘in numerous small,
ephemeral playa lakes distributed over most of the Southern High Plains. The oldest of the
Quaternafy lake deposits, the Tule Formation, rahges from 1.3 to 0.6 million years in age
| (Schultz, in prgss) and either underlies (predates) or interfingers with the Blackwater Draw |
-Formation (Hblliday, 1984). Cle‘arly, considerable moisture was availéble durihg most of
~the period when the Tule Formation was deposited. A number of large lakes had existed on
1 the High Plains of Texas during the Pliocene Epoch, as well. The Blanco and Rita Blanca
Formations embody the stratigraphic reéord of these lakes which were similar in umany
tespecfs to the laéustrine énvironment of the Tule Formation (Evans and Meade, 1945;
Anderson and Kirkland, 1969). |

Regional conditions near the end of the Pleistocene Epoch are not well understood..
Pierce (1975) has defihed a molluscan fauna that may date frorhvthe Sa.n;gamo‘nian‘inter.val
iﬁlmediately, prior to the Wisconsinan climatic shift. This fauna is indicativé of a warm,
: ‘dry ciimate, an interpretation that is consistent with the marine record of Beard and others
(1982) and data from many other parts of North America ('for example, Follmer, 1978)_.

The history of early Wisconsinan time in the Texas Panhandle is no better known than
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that of the previous, intefglacial period. The Blackwater Draw Formation and some of the
lacustrine units record part or all of this interval but again, there is inadequate dpta from
which to develop‘a detailed reliable paleoclimatic recohstruction. The age and strati-
graphic affinity Qf these deposits remain uncertain and the strata may lack su‘itable
diagnostic climatic indicators. Some authors (for example, Wendorf, 196‘1; and Reeves, »
1965, 1966, 1973) have px"oposed‘ environmental summaries covering early to late
Wisconsinan time. ‘But these attempts were fraught with diff‘iéulties owing to the problems
noted above. Data from contiguous areas, particularly the Desert Southwest, give an
indirect indication of conditions in’northwesternv Texas. Perhaps the most representétive
evidence is that from packrat middens at several‘sites in New Mexico, the Trans-Pecps
Region»of West Texas,vavnd adjacent areas (Van Devender and Spaulding, 1979; Lanner and
Van Devender, 1981), and vertebraté paleofaﬁn‘as from a few nearby loc‘alities ( see Kurten
and Anderson, 1980, map 4).> The early Wisconsinan record cannot be dated by radiocarbon
analyses, and materials suitable‘f‘or other forms of absolute dating' generally are not
available, so that this interval is known imperfectly. However, assessment of both marine
data (Beard and ofhers, 1982) and available terrestrial indicators sﬁggests a much cooler
and wetter élimate than had existéd previpusly_(fig. 1). |
The late Wisconsinan énd Holocene hisfories of the region are corpparativ_ely well
undersbtood. Evid'ence.from the Southern High Plains (Holliday and othefs, 1983) and the
Western Rolling Plains ‘(Carvan,. 1984; Caran and Neck, 1984) is in ‘reasdn‘ablyv close
a_greement‘ and is consistent with data Ffro'm many other areas (Lanner énd Van Devender,
1981). Limited evidence from vértebraté faunas, especially that of Dalquest (1964),
Johnson‘ and others (1982), and Hughes (1977), is compatible with inolluécan data (Piérce,
 1975; Neck, 1978; Caran, 1984). Cool, wet .con'divtions in the late Pleistocene gave way
rapidly to a warrh, dry climate in Holocene time. The transition fo a warm, dry climate
evidently Was accomplished in twp .stages. Thg areay had become almost as warm as it is

today by 5,000 yr b.p., culminating a trend that began about 10,000 to 12,000 yr b.p. By

7



about 3,000 yr b.p., the climate wes nearly as dry as atvpre’sent;' desiccatibn commenced at
about the same time as the rise in te;ﬁperature but intensified rﬁore gradually (Caran,
1984; Caran and Neck, 1984) (fig. 1). Holliday and others (1983, fig. 6) see much the same
trend overall but infer a wider range of variation throughout the Holocene and em)ision
conditions drier and Warmer than today during the Hypsithermal interval (fig. 1). Most
authors 'agree that the climate was at leaét as warm as in the post-Neoglacial Holocene
(fig; 1). .Whether conditions were even warmer and whether relatiirely wet or dry are af
issue; yet the fecor}struction shown ih fig. 1 seems to fit the preponderance of evidence,
when a close accounting of envifonmeﬁts of deposition, absolute chi'onology, and baleo-'
environmental indicators is taken. In the Texas Panhandle other variatibns in leocene

climate were relatively minor.

ANTHROPOGENIC CLIMATIC VARIATIONS
Incidental Effects

Numefous iﬁQestigators have discuesed ’i'ndividual examples of human impdct on
cliinate, Notable _among theée effects is the demonstvrated increase in at‘mospher_ic carbon .
dioxide that resuits from combustion of fossil fuels and certain industrial and 'ag'ricultural
processes (Liss and Crahe, 1983, p. 9). Carbon dioxide, along with water ‘vapor and ozone,
selectivelj absorbs infrared energy‘ emitted from the ground. This causes an increase in
atmospher‘ic heat, the "greenhouse effect.” Through a complex system of feedbacks these
gases and vapors are able to retain within the atmosphere an ever increasing percentage of
~ the solar energy absorbed by the ground, as well as vagrant heat from manufactufing aﬁd
other | activities. Whether this effect is :partly offset by the increase in reflective
atmospheric dust that too re‘sults‘ from these 6perations is unclear. For a_'thorough |
treatment of these relations and their possible consequences see Bach and others (1983).

Humans appear to have unintentionally affected climate in many diffei'ent ways, .



although there remeins' considerable controversy surrounding some of these issues. A
particularly spirited exchénge followed the announcement "of purported increases in
precipitation linked to massive iirigatrion projects in the Columbia Riven Basin (Stidd,
Fowler, and Helvey, 1975). In the final analysis there does appear to have been a merked
rise in lecal seasonal rainfall attributable to vthe heightened moisture from evaporation of
of irrigntion Waters. Intensified land use, especially ubrbanization, cultivation, deforesta-
tion, and overgrazing, changes the surfaee albedo oven vast epeas,and generally increeses
atmospheric dust.' These factors also- may affect atrnosphe’ric temneretures but in ways not
well understood. Other effects are now ‘clearly demonstrated. As early va_s 1852,
investigntbrs had defected increased air temperatures from combustion within the "urban
heat island" of London relative to the s_urrounding countryside (Griffifhs, A1976, p. 127).
Lyons (1974)‘ used satellite imagery to re‘)eal_intensified' cloud cover downwind from
Midwestern indnstrial areas contributing atrnosbpherivc»moisture and aerosols. Some urban
centers habitually receive 10 to 15 pefcent‘more 'pnecipitation than do otherwise
comparable rufal are_as '(Weather Modifieation Board, 197“8,‘ p.' 7) owing to similar

- occurrences. Additional effects are deseribed by Flohn and Fantechi (1984, p. 176-197).
Intentional Weather Modification

incidental effects of human aectivities have intentidnel counterparts in the growing
field of weather modification. For exnmple, snow and ice can be increased by 10 to 30
percent in selected areas by intensive cloud seeding with hygroscopic eerosole (Weather
Modification Board, 1‘978, p. 3).‘ ‘The literature pertaining to weatner m_od_ific_atien,-
particnlarly fo‘r-increased rainfall; is extensive. An annotated bibliography on this snbject
was assembled by the Water Resources Scientific Information ‘Center (1973), and inclndes‘
numerous references dealing with precipitation enhancement in many parts Of, the world.
One of the areas where such programs have been especially active is the Panhandle Region

of Texaé. Between 1971 and 1980, rainfall was increased 28 percent in an area just



so_uth‘east’ of the Southern High Plains (Girdzus, 198‘0,‘ p. 3,‘ 28). This and dther efforts"are
still largely experifnentgl and results to date have been mixed. vHowever, weather
rﬁodificétion is likely to assume an increasingly irﬁportant role in agriculture and other
activities in the future. Should natural and inducedv climatic changes eyentually pose a
- significant problem, new“tech‘niques of clirﬁatic manipulation may bé developed to combat
adve-rse conditions. Strategies for dealihg with even a‘single problem, increased concen-
tratidns of atmospheric carbon dioxide, could consume a substantiél percentage of an
~ industrial nation's gross national product (Laurmann, 1983). Yet the alternative could be
- gradual desiccation of much of the planet including more than half of North America as fgr

~ south as the Southern High Plains (Kellogg, 1983, fig. 10).

RANDOM FACTORS

Régional and even global climate may occasionally be affected by essentially random

' yet profound disturbanceé. Major volcanie eruptions (oi' a series of moderate eruptions) and
impa‘c‘ts of very large extraterrestrial objects may be sufficient to alter weather patterns

V'over a large area for extended periods. The role of increased high—altitﬁde atmospheric
aefésols from volecanoes ‘has been discussed by Pollack and others (1976), Bray (1977), and

Rampino>and Self ‘(1982). Clearly, volcanic ash can permeate the troposphere énd even the

Stratosphere and remain in suspension for years. Incident solar radiation is backscattered

by these particles. If the concentration of ash is sufficient radiation may be reduced

significantly over a large part of the planet. .Flohﬁ, and Fantechi (1984, p. 230) concluded

that during the' "Little Icé Age" (Neoglaéial climatic ihterval) of the~présent'millenium_

(1350-1850), intensé voleanic activiti;f was responvsible fbr much of the appreciable cooling

felt throughout the Northern Hemisphere. An even more extensive series of ,eru'ption.s 7

could have gréater effects, but .these presumably would be relatively temporary (from 102

to 103 yr). Voleanic eruptions are essentially random events in time. Their effect on

10



climate is to reduce radiative heating, causing parts of the élanet to cool. Impact of a
large meteorite or other‘body would have the same effecf if debris were thrown into the
atmosphere. Some re_cént discussfons of‘ this topic have llinked such rare events to xﬁajor
extinctions (for example see Silver and Schultz, 1982), but this relation is by no means free
of controversy (Kerr, 1985). Large eruptions and impacts must be considered random
oécurrences; Their effects are not differentiated from other natural climatic variations in

this discussion.

FUTURE CLIMATIC CONDITIONS

The previous discussion of paleocliméte and anthropogenic effects on the atmosphere
em'phasizéd the multivariate controls ‘o.n weather conditions, the long history and wide
range of climatic variations, and uncertaiﬁties regarding man's present and future roles.
The geologic record leaves little reason to doubt that climate will continue to vary in the
futui'e, but ih what ways and to what degree, and when might significant changes be felt?
Will the weather change rapidly or gradually? Will there be wide fluctuations prior to
establishment of a new equilibrium, or will the transition be smooth? Will effects be
global, with compfession or elimyination of some existing climatic zones? Or will changes
be confined to certain latitudes, leavinig other areaé largely unaffected?

In addition to natural variations there may be appreciable changes attributable to
xﬁan. 'These changes are not well understood. We can only guess that increasingly intensive
land use, combustion of fossil fuels, rédistributyion of surface water,vanc-l other actions may
have an unintended impact on climate. Apart from these endeavors there will likely be
deliberate efforts to manipulate weather conditions to a far greater extent than _hés been
attempted to date. Future interaction of natural and anthropogenicvfactors affecting
cliinaté may have unexpected results. 'vThe pattern of weathef”cbnditions'across the

Southern High Plains in the next several thousand years is extremely uncertain and must be -
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considered in terms of (1) trends perceived in the distant to recent past and projected into
the future, and (2) effects, both intentional and inadvertent, of man's wide-ranging

~ activities (to include many that are as yet unanticipated).
Net Effects on Climate and Environment

Cool and Wet

The Southern High Plains of Texas may be as warm and dry today as at ahy time in
the Quaternarj Period. Short-term drought like that of the 1930's in the Midcbntinent is
one extreme of the range of normal variation in the region’s‘modern climate (Warrick,
1975, fig. I-6) and probably that of the entire Holocene Epoch. It is possible that relatively
dry, warm conditions could become more perSistent but this probably would require unmiti-
gated anthropogenic effects such as a marked increase in atmospheric carbon dioxide.
- Predicted solely on the basis of the late Quaternary paleoclimatic record the regional
climate is likely to grow wetter and cooler in coming millenia, with substantial but
temporary reversals in this overall trend. Just .when this might occur has been widely
debated (Kukla  and others, 1972; Mitchell, 1972) but no firm conclusions have been
reached.

An absolute increase in precipitation, coupled with reduced eQaporation as a result of
~cooler temperatures, would increase 1) discharge through drainages and 2) impondment in
poorly drained areas on the High Plains themselves. At the same time, erosion-retarding
vegetative cover would increase in areas not otherwise disturbed. Finley (1979, p. 66) has
stated that erosion by running water at present may approach a maximum theoretical rate.
This determination is based on the mean precipitation and the inverse relation between
ground cover and runoff in terms of an area's susceptibility to erosion (Langbein and
Schumm, 1958; Schumm, 1965, fig. 2). If the regional climate were to become wetter and
cooler this relétion would be disturbed and erosion (including deflation) could decrease

from present high levels.
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However, most of the efosion in the Panhandie region occurs at the margins of the
Southern High Plains, along steep escarpments where recéssive-weathering vPermian
- gypsum and clastie deposifs are exposed. Soils are absent from most of the interfldves in
this terrain or are thih and saline because of_ the gypsum. The ‘runoff entering‘ somé
drainages may be only slightly saline but it combines with discharge from moderateiy to
extremely‘saline (NaCl and CaSOy) springs. 'Salts in the alluvium and upland soils inhibit or
reduce vegetative ground cover, particularly aiong the major streams and Steepest Permian
outcrops. These effects are confined to a narrow but important zone near the base of the
escarpment. There, Schummfs, (1965) relation ’may not apply because precipitation is not
the prineipal factoi' limiting vegefation. A Iong-term increase in ‘precipitation.might not
result in greater density of soil—étébilizing plants. As a result erosion in these areas might
increase steadily in response to increased precipitation.

Moreover, this ﬁdded Amo‘isture probably would enhance recharge and underground
dissolution of evaporiteé beneath the High Pi‘ains rﬁargfns. Additional saline water would
discharge and, even more bimportant, subsidencé likely would increase. Regional subsidence
pro’bablj promotes erosion along the esc,arpme}hts, by rapidly lowefihg local base levels.
. This would accelerate escarpment retreat and headward extension of draihages towafd the
High Plains interior. Flow between playas on the High Plains also would ihcregse which too
would enhance incision and extension of the drainage network. Increased precipitation
would 4redvuce dependence on ground-water withdrawals and directly supplefnent r’echarge of
the Ogallala Foi'mation on the High Plains. These effects would enhance spring flow and

sapping, further accelerating escarpment retreat (Gustavson, 1983).

Warm and Dry
An essentially permanent’ climatic shift to warm, dry conditions eould only occur if

anthropogenic effects, especially augmentation of atmospheric carbon di'oxide, were to
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éontinue unabated. Both natural processes and human _endeévors probably could prevent,
delay, or partly offset a permanent occurrence of this kind-if the change were gradual
(Laurmann, 1983; Liss and Crané, 1983). But should the regional climate in fact stabilize
with condifions as dry and warm as those of today, or even slightly drier and warmer,
geomorphic pfocesses probably would be little changed; Denudation, incision, and mass
wasting wrould continue to be imporfant, particularly during intermittent, if perhaps less
frequent vpe'riods of intense rainfall (Finley and Gustavson, 1980). Deflation would continue |
on disturbed (cultivatéd and overgrazed) uplahds at the fairly rapid modern rates
(Machénberg and Caran, 1984). 'Sprin‘g sapping along the Caprock Escarpment would
essentially terminate but the iymvp‘ortance of this process already has declined from historic
‘levels because of overpumping of the Ogallala aquivfer (Gustavson, 1983). Thus, modern
erosional rates probably represent effective mﬁxima for estimating future conditions. Such
estimat‘e‘s would remaih appropriate even if‘ the cvlimatic changes were pronounced,
producing weather conditions that were substantially drier and/or warmer yet... Changes of
this 'magnitudeb'might acoentﬁate deflation rbela:tive to erosioh by water under ordinary
circumstances but eXtrerﬁe events might‘not differ ffom those uhder existing conditions.
This assertion is based on inferpretation of' the findings of Finley and Gustavson (1986) and
Machenberg and Caran (1984). Recharge to deep aquifers probably wquld be reduced as

would dissolution of Permian evaporites in consequence.

SUMMARY AND CONCLUSIONS

Althoug'h"the exact course of climatic fluctuations in the geologfc future (104 to
,1‘05 yr) caﬁnot be‘chart‘ed with certainty we can vproject the two most likely conditions, ohe
based. on natural episodie vériations alone»,'the ofher based solely on anthropogenie effects
like those occurring af present. Tﬁe two projections are diametrically opposed and neither

can be accepted or rejected with confidence. The real answer may lie between these

14



extremes, or perhaps in another dlrectlon entlrely, but the ev1dence at hand favors the

) alternate conclus1ons stated here. If chmate follows the pattern of the late Plelstocene'

~ cool, wet condltlons w1ll develop, probably thhm 80 000 yr. Dlssolutlon-subs1dence, sprmg} o

' ”sappmg, and erosion by runmng water pos31bly would mcrease, therefore, d1rect effects on
| a g‘eologlc repos1tory for nuclear waste mlght be expected glven sufflclent time. ’

_ If, mstead, the cllmate were to stablllze at or near exxstmg temperature and :
mmsture levels geomorphlc processes would be largely unaffected. The reposxtory appears
less llkely to be dlsturbed under these c1rcumstances (warm, dry chmate) although this

appralsal too is uncertam. Anthropogemc effects probably would be needed to cause very :

long—term (104 yr or longer) warm, dry condltlons beyond the present mterglacxal stage.""

The adverse global consequences of 1nduced atmospherlc warmmg probably ‘would trlgger‘ ‘

dellberate efforts to control emlsswns of carbon d10x1de, or other remedlal measures-‘ ”

“ "(Lamb, 1971) The results of such efforts cannot be predlcted. Posmble socxetal

| ad]ustments to future global clxmatlc changes are dlscussed by Butzer (1983) Reactlons of

. various. societies (prehxstorlc and hlstorlc) to chmatlc varlatlons of the past have been; o

descrlbed by Malde (1964), megstone (1971), Warrtck (1975, p. 40 58), and Flohn and‘,

| Fantechi (1984, p- 269 312)

Sxtmg and de51gn of a hlgh—level nuclear waste repos1tory must account for condltlons,

over ten or more mlllenla. Because the mag'nltude, but not the dlrectlon of future chmatlc- :

: " changes can be estlmated from geologlc and anthropogemc effects, a reasonable, conserva- -

: tlve response is to plan for the "worst -case scenarlo" in the Iong term. , Erosxon, sub51dence,

i _ and deep mfxltratmn of unsaturated (w1th respect to. NaCl and CaSO4) g'round water could:.' |

.exceed condltlons now exlstmg in the Southern ngh Plams w1th1n the tlme frame necessary" :

for appreclable decay of the waste.

5



~ CAPTION
'Fi'gure':l, »Paleokclimatie ‘reconstruction :of'thé’ late Pleistocene and Holocene Epochs,
" northwestern Texas (mo,difie'd'_‘_from Caran and McGookey, 1983, fig. 90; ‘a‘nd"x C,arah
- and Baumgardner, 1984, fig. 3). Piéisto¢'éne climatie episbdeis"es_senti‘élly'correspond
~ to the "cbnceptual Pleistocene sta_ges" of Beard and others (19_‘82,4figf, 1). Note that

©the vertical scale is logarithmic overall but linear between orders of magnitude.
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Figure 1. Paleoclimatic reconstruction of the late Pleistocene and Holocene Epochs,

northwestern Texas (modified from Caran and McGookey, 1983, fig. 90; and Caran and
Pleistocene climatic episodes essentially correspond
to the "conceptual Pleistocene stages" of Beard and others (1982, fig. 1). Note

that the vertical scale is logarithmic overall but linear between orders of magni-

Baumgardner, 1984, fig. 3).
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