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THE INFLUENCE OF TOPOGRAPHY, STRATIGRAPHY, AND BAROMETRIC VENTING?
ON THE HYDROLOGY OF UNSATURATED BANDELIER TUFF ¢

P
DONALD A. NEEPER and ROBERT H. GILKESON ~
ERM-Conkder Lam Alumon Prosect Team, 207 Tty D, Bhig. 2, Los Alamwm, NM X744 -
w
Ahstrect=—This paper prevents a preliminany analysis of otwervations of vadine 20n¢ hvdrology helow two mewas :..

of the Pajanto Plateau near Lo Alamin, New Menico, ABormal quantine of monzure extend to depths as large as
90 ft henesth iphaltwovered areas on the mewas, Companiaonm with monure profi ke beneath unpeved ground with
and without vepetshon indiCaies that atmaphcnc VENTINE removes masture Trom e Jeep sibsurtace, AL weveral
locationt, the profiles of hydraulic head as a tuschon of depth alvo wigpest that the atmoaphere may be removung
mosture, The profiles reveal intervals where the gradienh? s sach that monture would flow upeand (reversed
grachem), A revened pradhent could be penerated if motsture were removed from a pamncular honron faser than i
arrived try conduction andior vapor dittusion. The wertical intervaly with revered gradient prewent bamers to
dorwirward squeous ramport of contaminants, At some JoCations, e harmers may e Associated with 2meomphes:
venung through nearty excavated dnpoval pats or open diposal shafis. However, the harmers alvo oocur i strad-
graphic homzons that are exprnead to the amenphere at the canyon walh, sugpesting that venting may oocur o the
wdes of the mesas. Although contimung investigatsons of sutmartace air flow and ek propernes e mot vet
revealad a model for naturx! wenting that coald remove the mossture far from ground wrtace of 2 Canvon wiill a
barner might he MMIAINGd try harOmEeIne pumpang via fractures or hagh-permeatlity Lavers.

INTRODUCTION

This paper reports a preliminary analwvsix of data obtaimed duning an
ongoing RCRA Facility Investigation at the Los Alamos Nanhonal Labo-
ratory (LANL). To detect migraton of contaminants, the investigation
includes samplimp of rock core and soil pas trom horeholes near and
beneath pits and shafts 1n which wales were buned. For companon,
some barcholes were placed in natural setungs away from the disposal
pits and shafts. In selected borehole sampling activities, the imvesugi

Vaniman (LANL internal report, 1994), vary among the different ¢ool-
g umts. The average jint spacing vanes from 3.2 to <2 1t The max-
mum joint opeTings are 2 1m., Mut most are less than 0.35 1n. Clay fillings
are penerally present to a depth of 10 1T, bot are rarely present more than
20 1t below ground surface. Powdered tuff oocurs in many joints and
may be present at al] depths. Air permeatilines measured 15 the labora-
tory and in situ ranped from 035 to 170 daroes. The larpest values. are
{rom sradd e packer measzements acrons jonnted intervals in open bores

tions include measurements of moisture, geohvdrologic properties of the holes.
matrix, and subsurtace air flow as dnven ather by naturl baromemc
vanation or forced vapor extraction. The vertical profiles of momture
appear to be influenced by topography, stratigraphy, atmospheric vent-
ing. and human intrusion, although it 1% sometimes difficult 1o separate
cffects of multiple causen. One objective of thewe studies is to develop
knowledpe that applies across the entire Pajanito Plateau, and which may
be useful in the design of new landfills or in the remedianon of other
waste disposal units,

TOPOGRAPHY AND STRATIGRAPHY OF THE STUDY SITES

Los Alamos Natonal Laboratory and the communinies of Los Alamos
and White Rock arc located in northern New Mexico on the Pajanto
Platcau, which extends castward from the Jemez Mountains, The plateau
1% 10 to 15 mi wide and 25 to 30 mi long, and slopes from an altitude of
about TR00 ft along its western margin to abount 6200 fr, Erovon has cur
the surface of the plateau into numerous finger-shaped mevus separated
by deep canyons that contun inlerminent streams. The platcau s sem-
arid; annual precipitation vanes from 13 in, in the east 1o 18 in. in the
west, The stratigraphic sections within the two mesas discussed here are
volcanic rocks of the Bandelier Tuff, an ignimbrnte erupted from the Jemez
voleanic center (Gniggs, 1964).

The physical properties of the Bandelier Tuff (Fig, 1) vary both vern-
cally and laterally. The Tshirege Member is underiun by the Otow Mem-
ber, a massive pumiceous ash-flow twff, and the Guaje Pumice Bed, a
bedded pumice-fall deposst. The Cerro Toledo interval, which Lies be-
! tween the Tshirege and Otowi Members, is not considered part of the
' Bandelier Tuff because of its umque properties and different source, The
Tshirege Member is a compound cooling unit divided into the basal
Tsankawi Pumice Bed and four ash-flow mff cooling umits, The coaling
units represent episodes of ash-flow depasition separated by partial cool-
ing breaks, Zones of distinet lithologic or hydrologic propertres occur
within the cooling units; these zones are specified as subunits. The Col-
onnade subunit is s0 named because it appedrs in canyon walls as a more
indurated, cliff-torming outcrop with vertical joints,

: Maost units of tiie Tshirepe Memher commonly contain nearly vertical
, Joints formed durnng the cooling process. The presence and propetties of
: these joints, studied by Purtymun and Kennedy (1971) and Reneau and
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FIGURE 2. Approvimately nofih-south Cros-scction, showing 1opographie seting in the vicinty of the 70011 drep borehole at TA=I9,

Qur study concerns the vadase zone hydrology within coohing umts of
the Tahirege Member at three LANL siten locared on two mesus where
wastes were buried in pits and shafts, The three wtes are known as TA-19
MDA AB. TA-54 MDA L, and TA-53 MDA G, and arc reterred 1o here
as TA19, MDA L, and MDA G, respectively.

TA-49 (Fig. 2) is located in the western half of the plateau, cloest of the
three sites to the volcanic source, The mesas are wider and both the ash
deposits and the canyons are deeper than at the cavern fegon of the pla-
teau, where MDA L and MDA G are located on Mesita del Boey, Under-
ground explosive tests were conducted i shafts at TAI9 (RF] work plan
for Operable Unit 1144, Los Alamos Nationa) Laboratory document LA«
UR-92.900, 19923, The 1ests were conducted in six shaft fields, each with
an area of approximately 10,000 11, The expenmental shafts were typ-
cally 6 f1 in duameter and vaned from 31 to 142 ft in depth,

MDA G and MDA L (Fig. 3) ure {ocated about 0.5 mi apart on Mesity
del Buey, 2 narrow mesa farther trom the volcansc source, Cooling umt 2
is the uppermont unit at MDA G and MDA L. MDA L1s a3 2.6 acte site
that was used for disposal of hazardous chemicals from the late 1950s
until 19%6. Aqueous and other chemical wasies were depasited in open,
unlined cvaporation pits that ranged frem 10 10 12 {t in depth, and in
unlined shafts that runged from 60 to 65 ft 1n depth. Disposal of solid
low-level radioactive wastes began at MDA G in 1957, and continues to
the present, Wastes are buried 1 unlined pits excavated to depths rang-
ing from 25 10 60 fi, Pit dimensions are commwonly 50 to 100 tt wide by
300 10 600 ft 1n length. Wastes are alvo buned in disposal shafts that are
either unlined or lined, with dimensions commonly 3 16 6 ft in diameter
and depths of 50 to 60 fr.

MOISTURE ASSQCIATED WITH ASPHALT PAVEMENT
TA49
An asphalt pad was imtalled gver one shatt field at TA-3% in 1961,
The paved area, approximately 100 by 100 ft, was intended to seal 1ill
atenal covering slightly contaminated ground. The asphalt pad has a
history of developing long cracks that extended over much of the paved
surface. A subsidence hole, approximately 20 ft¥ i area, developed
the pad dunag the autumn of 1974, In autumn 1976, the void was filled
and the entire pad was again paved with isphalt (Purtymun and Ahlquist,
1986, LANL internal memorandum HSE-8-86-1183.}) The asphalt pad
continuad to develop cracks, which have been scaled when discavered.
Two borcholes, each 150 ft deep, were drilled verncally through the
asphalt. One borehole, 700 fi deep, way anlled in undisturbed ground

approximately 150 1t from the pad (Fig. 2), Moisture profile dam (Fig. 4)
suggrest that the asphalt pad may be responsible for the accumulanon of
mosture in the 75 ft interval below ground level. The moisture beneath
the pad may be the result of infiltrauon through breaks in the asphaln
hecause the volume of moisture 1s equivalent to only a smail fraction of
the preaipitation incident since the pad was imstalled. The asphalt evi-
dently infibited normal evaporation and vegemative AMPIranon process,
with the result that the mosture accumulated rather than being returned
10 the atmosphere, The corresponding evidence at MDA L indicates that
EVApOration 1S an IMPOTTANL Process.

MDA L

MDA L has approximately two acres covered by well-maintunied i
phalt, Figure § displays the gravimetne monture at two boreholes, both
n the undisturbed pidon-juniper forcst approximateiy 150 ft from the
nearest comer of the MDA L asphalt, Regnons with less than 1% gravi-
metnc moisture are not unusual at depths between 20 and 100 ft beneath
an undisturbed surface. For companson, Figure 6 proswents pravimetne
maoisture at borehole 1008 (in bare, denuded ground within MDA L) and
at borehole 1009 (near the middle of the MDA L paved area).

Remeval of vepetabon from sites 1n and climates can result in accumu-
lation of subsurtace mossture (Gee, 1993), Seavonal effects or the abswence
of vepetaton m the vicinity of borehole 1008 may have contnbuied to the
accumulation of excess moisture 10 3 depth of about 30 fr. Below this
depth the mowsture profile is similar 1o the profiles of nearty borcholes
located in narural terrain settings (Fig. 5). In contrast, borehole 1009 clearly
indicates excess moisture heneath the asphalt to a depth of 90 ft. Ehmina-
tion of vepetation alone does not account for all of the excens morsure 1n
barehale 1009, Borchole 1009 is Jocated adjacent to a former unlined cvapo-
ration pit that was once used for disposal of liquxd waste. It i poxuble that
infiltration duning active disposal In the pit 1 resporuble for the excess
masture at borehole 1009, However, compansan of two sitew 3t MDA G
leads us to sugpest thar asphalt inhibits monture removal that would nor-
mally ocour due (o atmosphenic venting.

MDA G
Borehole 1102 (Fig. 7) is vlanted at an angle of 38° from the verncal
1o penetrate beneath a closed divposal pit 1 MDA G (wuchon data v
discussed bejow), Borehole 1102 begins 1 bare ground but provedes
beneath a 1/2-acre asphalt pad that covers the pit, Mofuure increases 102
depth of 40 11 (Fig. 7) when compared wath the morsture profile of buce-
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BANDELIER TUFF HYDROLOGY
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FIGURE 4, Profile of moisture in three borcholes a1 TA=<$9, The vertical scale of
the upper 200 f1 1 expanded. Stratigraphic Units are indicatad at nght margn,

hole 1106 (Fig, 8). Borchole 1106 was drilled at the same angle as bore.
hale 1102, but extends beneath a closed pit with a cover of sparve prass,
The major difference between these Two sites is that one is very Lightly
vegetated while the other is largely covered by asphait, This strongly
suggesty that the asphalt has inhibtted some moisture removal mecha-
nism other than vegetative transpimtion, It was recognized long ago that
barometric and wind pressure {luctustions remove moisture trom the
uppermost foot of ground (Sconer and Raats, 1968). The repeated assos
cintion of maisture with asphalt (Figs, 4, 6, 7), leads 10 the hypothesis
that atmosphenc ventilation may remaove moisture from much greater
depths in Bandelier Tuff. This suggests that waste dispesal units, or any
other submurface regions where motsture is unwanied, should not be cove.
ercd with airtight caps.

MOISTURE ASSOCIATED WITH TOPOGRAPHY
AND STRATIGRAPHY

The moisture profiles in borehales drillad into mesas exhibif relation-
ships 10 both topography and stratigraphy. displayed in the moisture pro-
file of the 700-foor borehole at TA-39 (Fig. 4), Gravimetnc moisture
increases from approximately 3% at depths above 330 ft 1o approximately
9% at depths below 360 ft. This interval where the moisture within the
mesn increascs occurs at the same elevation as the floor of Water Canwen
(Fig. 2). Although the canyon wall is 1400-1600 ft laterully from the
700+t borehole, the relatively low moisture content in the mesa above
the canyon floor ruises a possibility that atmospheric venting nto and
out of the mesa over long penods might be responsible for remeoval of
moisture. Investigations of moisture removal at TA-39 are continuing.

A pronounced moisture peak occurs near the bottom of the Colonnade
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FIGURES, Profile of gravimetnd maomstare s two boredoses in ieshisturbed ground.
Wide markers st night margin indicate range of hwdrologac umt contacts among
the horcholes.,

subunit in boreholes at widely separated sites (Figs. 4, 5, 6). At these
borchole locations, the Colonnade subunit 13 located near the floor of the
adjacent canyons (Figs, 2, 3), and the moisture peak that occurs in the
lower part of the Colonnade subunit is supenimposed on the mowture
increase thar occurs below canyon floors (Fig. 4). The moisture peak
within the Colonnade subunit alsa occurs in borcholes where that sub-
unit is Jocated abave the elevation of the adjacent canvon floor (Fig. 9).
The Colonnade moisture peak probably reflects a change in rock mamix
properties through this subunit, and may be due t intemse vapor phase
alteranon and its effects on rock properties, 1 which the maximum alter-
ation occurs at the base of the subunit. This interval corresponds 1o the
vapor phase noich at the base of Unit Iv (Fig. 1), The pronounced mots
ture peak at 561 ft and the moisture minimum at 395 ft (Fig. 4) occur at
or near other stratigraphic contacts, Like the moisture peak near the base
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FIGURE 6. Profile of gravimetnc monnuce at borehole 100X, in bare ground; and
a1 borehole 1009, beneath asphadr.
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BANDELIER TUFF HYDROLOGY

through the unsaturated wiff, An important finding at vome borcholes 1
the presence of hydraulic gradient reversals at discrete depth sntenals
where high values of matnc suction occut, The gradient reversals indi-
cate upward flow of water toward the high matnc suction. The ton of the
interval of upward water florw 1s teferred to here as a “hydraulic burmer™.
A hvdraulic barner forms an obstacle 10 downward migration of aque-
ous contaminants beneath disposal vites, The exastence of hyvdraulic bur-
ners was descnbed by Ropers and Gallaher (1995) and 1n a repont of
mcasurements on core trom boreholes located at MDA G ( Gallaher e
al., unpubl. report to LANL, Environmental Restoration Praject techni-
cal session, October 19, 1993), The dynamics of hydraulic bamer are
discuswed in the following sections,

Suction measurcments

The matric suction values shown in Figures 7-9 are approximate mes-
surements obtained in the field with a chilied murror paychrometer
(Aqualab Mode! CX-2, Decagon Devices Inc.), an instrument used by
the U.S. Geological Survey a1 the Yucca Mountain Project. Duta from
the chilled mirror psychrometer were compared with laboratory mea.
surcments on collocated samples from MDA G, At abwolute values of
suction greater than 65 ft (2000 ¢m), the chilied mirror prychrometer
systemnaucally indicated larger suction values than the lahoratory values.
Bandelier Tuff has a low spoaific surface arei, and it may be that the
process of measurement with the chilled mirror instrument erther removes
a significant fraction of the mosture content of the dnest samples, or
that the sample fuils to equilibrate with the murmor, Accordingly, the field
measurements of the chilled mirror psvchrometer were wealed 1o agree
with laboratory measurements, and are therefore labeled as approximate.
For Bandelicr Tuff, we regard the chilled mirror prychrometer as a reli-
able indicator of the trend of matnc suction, but not as 2 quantitative
device at high suctior; The matn< suction data 4t TA-39 and at MDA L.
dincussed below, were obtained by laboratory measurements on core
samples, and are therefore not labeled as approximate. The term “labora-
lory measurcments” means that the ongnal moisture content and the
initial druinage curve of cach sample were measured, and the ongnal
matnc suction was derived from imerpolation on the drainage curve of
that sample.

Evidence of hydraulic barriers
The boreholes represented in Figure ¢ are located more than 300 ft
from the canyon walls of MDA G, Both borcholes show a decrease in
moisture and a peak in mamc sucthion at a depth near 60 ft, which corre-
sponds 10 the bortoms of the nearby shafts. Figure 9 alvo shows the total

431

hydraulic head, which i the sum of matne suction and depkh below an
arhitrary zero at ground surface. The slope of a unit gradient is shown for
compari~n. In each barehole, the hvdrauhic gradient i reverved (cus-
ing upward flow of monture) heneath the peak of matne suction. We
regard the honzon at which the direction of mossture flow changes trom
downward to upward as a hydraulic bammier. It 1v an imapnary swrface
acroms, which the downward movement of iquid water s prevented by
the underlying reversed hvdraulic gradient.

Figure 10 presents maornsture, matric suction, and total head denved
from lsboratory measurements on samples trom the 700-foot borehole
al TA-19, Hvdraulie barners are apparent actoss two short intervals, The
barriers appear small on the plot of total head, due to the sale of the
graph, However, the sicep changes 1n the suction values indicate that the
hamers are significant. The honzon of the upper barmier s exposed 1n an
unnamed shallow canyon about 800 ft from the borehole, and the hon-
zon of the lower barrier 1s about 1700 ft from cxposire in Water Canyon
{Fig. 2). The data also indicate a possible barrier with 4 slightly reversad
gracient in the interval between 500 and 560 ft Unfortunately, all samples
1n this interval became disagprepated and were repacked before the mois-
ture and drainage curves were measured, o the data are nox reliable.

We have insutficient data to trace a complete profile of matric suction
beneath the undisturbed ground near MDA L. Repreventanive profiles of
hydrautic head, derved from laboratory mexwurements, are shown in
Figure 11. Borehole 1006 has a reversed gradient between 60 and 120 1.
The data of nearby borehole 1002 also indicate a reversed gradwent within
that interval, although the datz do not extend to the top of the interval.
We note that the evidence for a barner in Figure 11 1s composed of only
a few data points; therefore, the existence of an hydraulic barner beneath
MDA L must be confirmed by additional measurements.

Origin of a hydranlic barrier

A hydraulic barrier is a horizon below which the hvdraulic gradentis
tn the direction 10 cause upward flow of motsture. 1n most circurmances,
mowture above the barner will be moving downwasd, Our fragmentary
evidence (c.£., Figs. 9=11) indhcates that, witun A mesa, a bamer e
tends across horizontal distances of at least hundreds of feet. Because
barners cust a2 seweral locanon, they may de a common feature of the
Pajanto Plateau. What could imtiate, or mamtan, weh a bamer? In pnn-
<iple, a hwdraulic hamer might be a remnant of an ancient event that left
the tuff very dry. In that case, a current barmer represenis the confluence
of two wetting fronts, one descending from above and one nsing from
below, We suggest 4 second hypothess, that a harmer is caused by re-
moval of moisture from within 3 mesa.
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‘The atmosphere 15 the anly apparent sink for removal of moisture from
the subsurface. and the following argument shows that the atmosphere 1y
thermodynamically capable of removing moisture trom even the dnewt
tuff that we hive observed, The annual average dewpoint at MDA G i
near 30°F (Bowen, 1990), 1f the matrix were brought into equilibnum
with the averape armosphenc moisture, the matric suction would exceed
-33,000 ft (-1000 bars}, and the gravimetric maoisture would be 0.1% or
less. Matnic suction of this magnitude has not been observed in the tuff.
‘Thercfore, on average, moisture will be transferred from the tuff to any
atmosphenc air with which it comes into contact. 1t is not ¢lear how
stmospheric air could cause evaporalion within » mexa, rather than enly
at the surfaces, It may be that air moves into the subsurtace along frac-
tures, joints, or other high-permeahility paths, The barometric pumping
mechanism would enhance the removal of moisture via these paths,

Barometric pumping

In dnily burometric cycles, fresh air penetrates the matrix about 1 1t
from a mesa surface, or from the surtaces of a larpe open tracture or joint
within the mesa, The back-and-forth motion of air within the matrix pen.
ctraies 1o & much greater depth, Oscillatory air motion supplied to the
matrix by a fracture can greatly increase the remaoval of a vapor (Nilson
and Lic, 1990 Nilson et al, 1991; Avuer et al, Los Alamas National Labo-
ratory internal report LASUR-95-1303, 1995), With other colleagues, we
are conducting measurements of in situ ar permeability, the sutwurtace
propagation of barometng vanations, «nd measurements of the CO, con-
centration in the pore gas, One poal of this investigation 18 to determine
whether nutural or engineered venting can create or mantan a hvdraulic
barnier, Confirmation of significant water removal by harometric pump-
ing will require careful analysis that includes a model of high-perme-
ability conduits (such as borehales, joints, fractures, or surge beds) and

NEEPER and GILKESON

the concurrent etfect of lemperature cxcles on unsaturated agueous flow
and vapor ditfusion,

CONCLUSIONS
Abnormal accumulation of subsurtace monsture was tound heneath

asphall-paved surtaces at three sites, at depths below the seavonal wet- -

ung front, Although not conclustve, the evidence suggess that the mon-
ture may accumulate in part due to the reduced respiraton aswociated
with the pavement. Hydraulic bamer., in which upward and downward
unsaturated gradients meet af an interval of larpe mame suchon, provide
addinonal indirect evidence for armanphene removal of morsture from
deep within & mesa, Barometne pummng is a candidate mechanivm for
atmospheng remaval of moisture via fractures or other high-permeatwl-
ity patts. The existence of hydraulic bamens is of interest because they
sugpest that either natural or engineered subsurtace venting may be em-
ploved 10 prevent downward aqueous tramspon of contaminants bencarh
wante disposal umits.
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