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Physical prep:ciies of and movement of water in
th: Bund=liar Tuff, Los Alumos and Santa Fe

Counties, New Mexico
L]

By

John H. Abrahams, Jr.

Abstrace

Radicactive wastes from the Los Alzmos Sciz=ntiic Laborotory
n2ar Los Alemos on the Pojurito Plateau in north-centeal New M=2xi-o
are releasad on:}o che surface and in the s.bsurface .ichin the area.
In the 1940's iiquid wastves <ere process=d for the removel of some
radionuclides but the quantity of radioactivit; -ischerged into op=n
inriliration pits on the plateau o: into natu.al dozinege in deep
canyons «~ere not recordec, After waste treatment blr-nts wer: built

in 195., supernatant liquids, separated from slud.es containin,, most

of the radioactivity, weras %:eaced to below off-cite coleranees and

discharged. The sludges are buried on the plateau after b2ing

mixed ~ith concrete or vermiculite and Placed in metal barrels.
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atern 13 nart of the Joues Mowtions voleanie
complex. Tho altlicde of the plaolest roupes Srem abous 7,800 feet
=% the ‘:a:c.cf the Sierra de los Valles oxn the wect to ctout $,200
feet at nn eceamprent overlogiiling ':2:-:-Ric Sraie or vhe casi. Tae
plateau has been dissected by east-west trending camrmns as rmch
s 1,000 feet deep.

The plateau is capped by the Bandelier Tuff of Pleistocene ege
wnes is v Jeast 1,000 feet thick neer the wesicrn nergin of the
pletezu and thins eastverd to less than 10C fee®: near Vhite Roek
Canyon. Th: Bondelier Taff is dlvided, 2 ascending ories, 2o
the Guaje, Ctowl, und Tohuirese Masbers. Im mach of “ho plotean,
the Tshirege ccr:;::i..’:cs coout Three-fourths of the thickress of the
Bandelie» Tuif.

The Santa Fe Group of middle (:) Miocene and Pleisiocene (%)
oge underlies the Bandelier Tuff end forms the mairn agquifer in the
Los Alamos aree.

Disposal of radioectivity wustes have been, for the most part,
on tlie surface of or buried in the Tshirege Mezber. Most of the
studiea’f described in this report are with the Tshirege Merber of the
Bandelier Tuff, and reference to tuff in this report are +o the

Tshirege unless the Gugje and Otowl Merbers zre mentioned speci Zcelly.

hvl



Tne Tshirege Member of the Ban@iiier Tuff contains subeunits thot
(]
probably ere individuel beds of turf. Water moving throush the tuff
is témpcrurily perched by veriations in vertical permeability. The

permecpility varies from one bed to enother, frum one member to anothar,

e
and rren the Bendflier Tuff to underlyin; beds of the Santa Fe Group.
A

Joints are cammon throuchout the Tshiregse Member., The Joints which
ere not rilled with sediments or clteraticn products mcy interconnect
ecross the contects of sub-units und moy provide paths for rapid
- movement of water which nogate the effects of differences in the roeck
permeability. HNuclides in wmter moving through cpen Joints would have
e relatively limited oppcrtunity to be ebsorbed intc the tuff, as
compered tc nuclides in  woter that moved tarouzh tlie pores of the
tuff.

Sracherged /[nee oframosal pifs

Most of the gross alphn (plutonium) activit%'was retained whmeel iy

&% & Jeplr fess Lhan
tuf{hlj or 20 feet beneoth the bottom of disposal pits, except for
To Freader dapdh
isclated areas vhere water corried the activity through Jointgc Taere

was en inverse reletionship between ;ross elphz cctivity end the pH of

vater percolatin; through the tufe. ( ¢4 "54"’5"’/ 7’5””?‘, /f‘/)
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The porcsity cf the tuff mn-_;e,{t from ~tout 20 percent to ebout
60 percent. The perosity is inversely related to the moisture content
et cine-thiré atmospheric tensicn, which is rouchly tae cverage fileld
capacicy of the tuff. Abat 20 to 25 percent of the totel pore space
transmits moct of the wvater which moves thrcuzh the tuff. The average
permeccility is low=<abouilt ‘2' to 6 :;nllons per day per sg¢uoere foot.

The ncisturs content ofter 99 doys of infiltrotion into a pit

Qbort one-bal Fool of a__ S eq¢ thick, over
WERT ;i Fa—— uaé-'e;\lyin;: tuff ronged from about

39 parcent by volumz in the soll zorn2 to less then 4 percent within

o Tcot below the tecp of the underlying tuff. Ser/ Cover redvers Lhe
Gmoont of warter thot cwov/d rwli/lra?e THhe ToFF
Tre poicture content ronged from less then 1 pe*'c@nt by volumz in

.f
/o TCeff 0,15"0"'{ ‘7 M‘;,
wndisturied tuff to «dboat 20 oercent e e .

W Natotre.
pebT T2, The avarage noisture content of the undlsturbed tuff

was lz2es thon 5 percent. ,
The mcistur: content during percclation of wwter throush parts
c¢f the tuff that contuined few Jjcints or dersity pgradients wves 1 the

25 to 35 percent rernge. Tais ranre is sliphtly sbove the median cf

field cepacity and perosivy cf tha ctuff. The rete of movement directly

into dry tuff averaged cooct 2 feeo per dey durlng the first day, half

e/, oy
a Joob Juring tae next 11 deys, and about a tenth of a fool per day

during The aext 50 days. Tae woisture coatveni or tne tuff during

wpwead capllliosy movermene o water was loss than the eflfecitive porosity

The tenperature of the water, duc to seusunul caenges, spparently
eficcted tae rete of infiltrotion ot the woter-tuff interiace to the
exztent thot the rate of percolation axceeded the rate of infiltration

vhen the wvater was nasr Sreezin':
5&



The Los hlomcs erse 1s on the Pojarite Plateca in northecentrzl

liew Moxice, opproximately 29 miles nerilnest o Sontu Fe (£iz. 1).

¥
4

i.ure L.-=Index map cf Hevw Moxice snoving Los Alanmos County.

It is mostly in Los Alemes Conty, but it extends o short distance

into Sante Fe County. me araer comprises fbout Z0 sywcre miles.
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The Pejarito Plateau is part of the Jemez Mountains volcanic

complex (fig. 2). The plateau slopes eastward from the Sierra de

the
Figure 2.--Map of the los Alaros aree showingAlocations of sites

tne
Tor studies of, physical properties and water movement in the

Bandelier Tuff.

los Velles, which forms the east rim of the Jemez Mountains calderc.
The altitude of the plateau ranges fron ebout 7,800 feet on tie west
;ide to ebout 6,200 feet on the east side at the escarpment overlooking
the Rlo Grande. The plateau has been dissected by deep canyons cut

by streams flowing eestward from the Sierra de los Valles to the
southward flowing Rio Grande. The canyons are 200 to LOD feet deep

in the central and western parts of the plateeu but are as mch as

"800 to 1,000 feet deep at the east side of the plateeu where they

Join White Rock Canyon of the Rio Grande. The canyons are floored

ol came, rocks
by in the vestern part of the plateau. In the middle and
eastern part of the plateau the canyons are floored by alluvium, in
places as much as 80 feet thick. WNearly flat finger-like mescs
extend east-southeasstward between the canyons. The mesas are narrow,

The

mepy & half mile wide or less, e=d h"ave a soll cover as rmuch as 9
feet tnlck. The soil cover thins .estward as the canyons become

wider and the mesas become narrover.
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The main ground-water body and aquifer in the los Alamos area
18 in-the Tschicome Formation and the Santa Fe Group of middle (%)
Miocene to Pleistocene (?) age (fig. 3). The depth to the top of
this aquifer is about 1,200 feet beneath the surface in the western
part of the Pajarito Plateau,ebout 1,000 feet beneath the surfece

eer Los [F/omwps

1n-the middle—part oitho—pirtrss, and 300 to 900 feet below the
cenyon floors. The plezometric surface of the main equifer slopes

east-southeastward at about 60 to 80 feet per mile. The water in,

i tiis cquifer moves east-southeastward to &3 natural discharge pointy 9/0'7

tre Rio Grande valley.
T2 Bondelier Tuff is ebove the main aquifer (fig. 3), but = af
the Pandelier
placesﬂz coatains perched water (Crigss, 194, Watcer-supply Paper
17537, i Pres§). Perched water occurs clso in the

alluvia in ths canyons cut into the Bandelier.
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R;d.ioactive wvastes from the laboratories near Los Alamos are

afebessl o T iy
the surface enqr subsurface within the area. The

solid wvastes, which consist mostly of materiels such as metal objects,
glassvare, and garments, are buried in shallow pits on the mesas. Sludge
wastes, obtained by concentrating liquid wastes, also are buried on the
mesas after being mixed with concrete or .vermiculite and placed in
metal barrels. 1iquid westes are supernatant liquids that have been
~separated from the sludges. The liquid wastes are treated to below
off-gsite tolerance limits and discharged into open inflltration pits
on the mesas or into natural drainege channels in the canyons. Fron
the early 1940's until the waste-treatment plants were built about

Qlthough Some were processed For removal of cCertain nuclies

1951, liquid wastes were not treatedMsad» the quantities of radloactivity

, prior lv 1957/
dischm’ged,twere not recorded.

Wetbr seeping into the rocks f‘rom precipitation and snowmelt could

become contaminated with radiomiclides from liquid waste in the
infiltration pits, and in stream chammels on canyon floors, and from
buried solld wastes. If this contaminated water reached the meain
aquifer, the contamination would spread beyond the los Alamos area.
Cround water of the lLos Alamos area does not remain stationary, but

- poves downgradient and becomes a part of the surface and ground water
of the Rio Grande vealley.
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Victer percolating iito the ground and down towarld the main aquifer
1., +he Los Almios arse rust »acs +hrough the Bandelier Tuff, and that
formation probably offers the greatest resistance to 'uater movenent of
uny formaticr between 12::d gurface end the mein agquifer. Because the
Tardelier is particulerly wesd stant to water movenent, the present
study was concerzed 1tk tre rydroulic propertiles and redionuclide
retention charscteristics of that formetion. Reference to tuff in
+this repert will rean the Tohirece Merber unless the Guaje and Otowl
¥ervers cre reutioned specificelly.

Te irvesitigetion was mzde by +he United States Geological Survey
in ccoperetion with the United States Atomic Energy Corrzission and the
Uaiversisy of Cuiifornia, Ios Anceles Sciemtific Laboratory, to
determire “he directlion and rete of movement of water and radioactive
wastc;s. from infiliretior pits end the capacity of the surrounding
rocks to retzin redicnuclides. Field studlies were ma.de by the Suz;vey
durirg 1953-51. The molsture rmoverent and nuclide retention studies
at 3ite € wus o cooperative irvestigation with the Health Division
(B-7) cf ihe los Alarcs Seientific lLaboratory. Moisture and density
pecsuring equirme:t were provided end meinteined by the Los Alaros
Sclentific Levoratory. Mr. willism D. Purtymmun, U. S. Geological
Survey, participated 1a the construction and data collection at

most o2 the sites that were studied.

1



Physical prcperties of the Bandelier Tuff

" The site numbers, locations » and pertinent information about
the study sites are surmarized in table 1. The average values of
the physical properties of the Bandelier Tuff including some for
the Guaje and Otowi Merbers dre summardzed in teble 1-A. The deta
contained in table 1 was obtained from physical enalysis of samples
collected from the various sites. The upproximaete number of samples
collected were:
100 samples from Site 6
80 samples from Site S (79 were roisture neasurenents only)
40 samples from Site 2
32 eemples from Site 7 (7 tests mede on each sample)
12 semples from Site 8
7 sarples from Site 9
6 samples from Site 3
6 samples from Site 1
1 or 2 samples from each of the other sites
Date from Site 6 are used rredominantly in the discussion on water
retention in the tuff because of the corparatively large number of
analyses mede and the corresponding statistical control possidble.
Results of studies at the other sites commonly were parallel to those
from Site 6, but generally they were not mathenaticelly significant
beceuse of the small nurber of samples that vere collected or because

the sarples were widely scattered.

11




Table 1.-Sites investigated

~

Name Pysition in Description Operatlon'
Site of stratigraphic : of at
No. y Location Site column site site
NWINER sec. 14, Tshirege Tuff Tahirv-:ge. Member of Access holes in boulder embedded Core samples of tuff collected;
1 T. 19'.}[. » R. 6 E. boulder in Banlelier Tuff. in alluvium, with water ponded neutron meter moisture measurements
Pueblo Canyon Stratigraphic against base of boulder. made during capillary rise of wvater
position not known in boulder.
SE6E} sec. 18, Road cut in Lower, part of Core holes in northeast-facing Core samples of tuff collected.
2 T. 19 B., R. 7 E. lower part of Tahi{ge Member wall of road cut.
Pueblo Canyon
Wi6Wt sec. 14,  Laundry pit Middle part of Several access holes as much as 60 Samples of tuff collected and
3 T. 19 K., R. 6 E. Tshirege Member feet deep at different angles be- neutron meter moisture measurements
peath a pit used occasionally for made in access hole. Some water
disposal of liquid redioactive from precipitation and possible
vastes. Pit partly backfilled overflow from other pits.
vith gravel.
!E-,‘,SJ% sec. 22, Soil study Middle part of Tvo inf{ltration pits about 2 Unconsolidated samples of tuff
b T. 19 8., R. 6 E. Tshirege Member feet in diameter and half a foot collected and neutron meter
. deen in s0il about 5 feet thick moistyre measurement made in access
overlying tuff. Pive access tubes tubes. Constant head of water in
v, 3 to 5 feet deep in and around one one pit during infiltration .
. pit. One access tube 28 feet deep studies.
in other.
Blsud sec. 31, Southeast Lover part of Eight access tubes to depths of Unconsolidated samples of tuff
5 T. 19 N., R. 7 E. Mesita del Tshirege Member about 40 feet around an inf1l- collected and neutron meter
’ Buey tra.ion pit adjacent to the south moisture neasurements made. Water
- wll of a 29-foot deep disposal pit. into pit metered. Pool three-
quarters of a foot deep maintained.
NRI6EL sec. 1k DP-West Middle part of Norizontal and slanting access Core samples of tuff collected
6 T. 19 X., R. 6’3. Tshirege Mewmber tub-s benesth disposal pit back- from horizontal holes. Uncon-
’ o filled with gravel. Slant holes solidated samples of tuff collected
T5 o 99 feet deep. from slant holes. Neuwtron meter
r moisture measurements made and
h sample of liquid vastes collected
! during end after fnfiltration of
- rav vastes and of tap water.
W sec. 3 and TA-L9 Depth from O - 90  Bm‘rous holes in aresabout half Many core samples of tuff collected.
7 sec. & feet upper part mile in diemeter. Most of the Fractures in valls of hole were
T. 18N, R 6L of Tshirege Member. holes (commonly 6 feet in mapped .
! Depth from 90 - 275 diaemeter) vere less than 100 feet
feet middle part of dee), but some small-diameter holes
Tshirege vere as much as 275 feet deep.
1 gec. Borthvest Iover part of One hole 6 feet in dlameter and Some chunk ssmples of tufr
8 : {g‘.‘ , R,Bg’]. Mesita Tshirege Member about 60 feet deep. coliected and walls of hole
del Buey inspected
. ta hole Middle part of One hole 6 feet in diameter and Some chunk samples of tuff
9 :;;; ::. 23, B Tshirege Member sbout 4O feet aeep. collected.

2. 19 N., R. 6 B.




A

v

Middle part of

C

One cbhunk sample of tuff collected.

wiicwd sec. 22, TA-50 Rectangular pits up to 20 feet
10 T. 19 K., R. 6 B. Tshirege Member ;leep for construction of build-
. ng. e
SWIGE} sec. 9 and Acid Canyon Middle part of Canyon floor and valls. Three sets of core sampl £t
11 ¥iNl sec. 16, Tshirege Member collected cmples of tuft
T. 19 N., R. € E.
swice} sec. 13, TA-33 Lower part of Small pit into vhich small Unconsolidated samples of tuff
12 T. 18 N., R. 6 E. Tshirege Member quantities of radioactive vaste collected to depth of 12 feet
had been discharped. beneath pit.
BEJNE] sec. 20,  Near Admin- Upper part of Bore holes for foundation Core samples of tuff
13 T. 19 ., R6 E. istration Tshirege Member investigation. contra::gr. collected by
building ’
SBEiNEL sec. 17,  Beneath Middle part of Borth wall of Los Alamos Tvo core samples of tuff
1} T. 19 ., R. 6 B. bridge on Tehirege Member Canyon op collected.
Diamond
Drive
SBI6E} sec. 9, Lover part Alluvium on Otowi  Seep area downstream from contact Visited site mumerous times to
15 T. 19 K., R. 6 B. Acid Canyon Member of of Tshirege and Otowi Members observe seep.
Bandelier Tuff .
Miimwd sec. 20,  Otowi Middle part of South vall of Pueblo Canyon One core sample of tuff collected.
16 T.19N., R. T E. Otowi Member .
swimil sec. 18,  Pueblo Contact of Guaje | In dry streambed Two samples of tuff collected from
;7 T. 19 H., R. 7T B. Canyon Member of Bandeller Guaje Member near base and two
Site A Tuff and Puye I g samples of tuff collected from Puye
Conglomerate : Conglomerate near top.
. wiisel sec. 19, Puebdlo Contact of Guaje In dry streasbed , Tvo samples of tuff collected from
18 T. 19 N., R. T E. Canyon Member and Puye : \ Guaje Member near base and two
Site B Conglomerate samples of tuff collected from .
— : : Puye Conglomerate near top.
ﬂm sec. 18, Puebdblo Contact of silt bed Intermittent flow 3 Samples collected at base of silt
_ T. 19 §., R. 7 E. Canyon and underlying in lrreambed © aod in underlying alluvium.
19 : Site C alluvium on canyon : ;! . _

floor

1 :Alv

1/ Site numbers and locations shown on figure 2.

t
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Table 1-A.--Physicul properties of Barn..lier Tuff collected at 18 sites
and alluvium at one site on the Pajarito Plateau.
. (Values given are aversge for each site.)
Site Site Moisture Dry Unit Specific Moisture Specific Trtal  Speciiic  'Coerficient of
to. nie  content,in welight,in sravity, content ot retention  porosity yicld in perseavility
percent by o ver ce rounded to  one-thimd in percent =) pyercensy (zal per day per
voluwie nearest atiosphere Ly “cclune by volune foot 7 per iool
wndredth tension
Ln percent . S
boy velvmre ver- horl-
vd tical zonial
1 Tshirese 5.0 1.63 - 25, - & 5.8 - - -
Turf boul-
der in
Pueblc
Cunyo:l : . .
2  Foad cat in h.% 1.28 2.5% 21.2 7.1 5y.8 5oL .0 11:0
lover paxt
or Pucvlo
Cenyon
3 Laundry pit 2Ly 1.4%4 2.56 21.0 12.6 3.7 52.9 1.7 .7
4 Soil Study <{1.0 - - Yius - - - - -
5 Southicast 1.0 1.% 2.55 2 14.7 - %9.0 - - -
Mesita del
Buey
6  DP-West 23.1 1.47 2.9% 20.6 16.7 42,1 25.8 2.6 6.5
7 TA-W9 2.1 1.3h 2,57 35.5 19.0 48,7 0.0 2.8 3.4
Depth,0-40 )
fcebt
—r——— - o e rr—— 3
7  Depth, GO-275
feev™ 1.2 1.3% 2,55 - 16.7 27.4 - h -

— - -
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Table 1-A.--Physical properties of Band‘elier Tuff collected at 18 sit,es' ;
and alluvium at one sitc on the Pajarito Plateau. (Continued)
Site Site Moisture Dry Unit Specific Moisture Specific Total Specific Coefficient of
Ho. nape content,in weight,in gravity, content at retention perosity yield in permesbility
percent by gnm per c¢c rounded to one-third in percent percent (eal per day per
volume nearest atoocphere by volune by volume foot/ per foo
hundredth tension
rn perecent ver- hori-
by wlvme tical zontal
8  Northvest - 1.50 2.55 1k.4 12.5 Yi.s 8.8 3.8 -
Mesita del
Buey
9  Beta hole 0.6 1.44 2.56 14.5 12.0 43.6 31.6 k.0 -
: depth 0-20
N\ feet
\\.
' 9  Beta hole
depth 20~ ‘
L0 feet 4 1.31 2.% 24.% 11.6 49.1 37.5 21.0 -
10 TA-%0 - 1.57 2.56 - - 38.7 7.1 2.0 -
11 Acid Canyon T.4 - - - - - - - -
: depth 0-1
! teet below
.‘ floor
I
i 11  Acid Canyon 7.6 - - - - - - - -
: S5 feet belovw
‘ rinm
1 Acid Canyon 12.7 - - - - = = = -
0-9 feet

belov rinm
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Mable 1-A.--Physical properties of Bandelier Tuff collected at 18 sites

and alluvium at one site on the Pajarito Plateau. (Continued)

Site Molsture Dry Unit Specific Moisture Specific Total Specirfic

Coefficient of

Bite
No. nanme content,in welght,in cravity, content at retention  porosity yleld in perncablility
percent by gm per cc rounded to one-third in percent percent (gal per day per
volume neeresct atmosphere by volume by volume footy per foot)
hundredth  tension
in pereend ver- hori-
by volvme tieal zontal
12 TA-3> 16.0 - - - - - - - -
depth O0-T
feet
12  Depth 7-12 5.3 - - - - - to. - -
feet
13 Bear Adminis- 16.5 - - - - - - - -
tration buil-
ding;%/ depth
0-10 feet
1> Near Adminis- 10.4 - - - - - - - -
© tratiop buil-
ding;¥ depth
10-20 feet
14 Beneath bridge - - - - - . 59.3 - 5.3 -
across upper
Los Alanog

Canyon
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Table 1-A.--Physical properties of Bandelier Puff collected at 18 sites

and alluvium at one site on the Pajarito Plateau. (Continued)

27/

Site Site Hoisture Dry Unit Specific Moisture Specific Total Specific Coefficient of
Yo. nane content,in weight,in gravity, content at retention porosity yicld in permeablility
percent by ¢m per cc  rounded to one-third in percent percent (eal per day per
" volume nearest atiiocphere by volume by volunme fodt/ per 1
hundredth tersion
L, €n pereané vere bori-
by velome tical zontal
15 Lower part - - - - - - - - -
Acid Canyon
(observa-
tions only)
16 yOtowi - 1.19 2.42 - - 50.8 - - -
17 Pueblo Can- 60.8 - - - - - - - -
yon A-Base
of euaje
17 Pueblo Can- 34.2 - - - - - - - -
yor, A-Top
of Puye
18 Pueblo Can-  30.6 S - - - - - - - -
yo‘riﬁﬁ-Base
of Guaje RN
18 Pueblo Can-  16.0 - - - - - - - -
yonﬁﬁ-'l‘op

of Puye
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Table 1-A.--Physical properties of Bandelier Tuff collected at 18 sites

and alluvium at one site on the Pajarito Plateau. (Continued)

Site Site Moisture Dry Unit Speciric Moisture COpecitic Total Specirtic Coefficient of
No. nane content,in weight,in gravity, content at retention porocity yield in pemmealllity
percent by ¢m per cc  rounded to one-third in percent nercenc (enl per day per
volume nearest atmosphere by volune by volune foot/ per oo
hundredth Ltension
/n percewt . ver- hori-
by Volome . tical zontal
19 m‘c}’tglo Can- 22 - - - - - - - -
yonA&-Base
of silt bed .
19 l:y;cblo Can- 12 - - - - - - - -
yon,C-Allu-
vium below
811t bed

3/ Effective porosity 32.7 percent
b/ Repacked-bulk
g_/ Most samples from 200-275 foot intervals

Effective porosity 39.h4 percent
Values of contractors

Otowi Member of Bandelier Tuff

Rlelg



Porosity

:Pbrosity is the ratio of the volume of the void spoces to
thé total volume of the rock or aggregate semple. The porosity of
the Tshirege Member is as ruch as 60 percent in some zones, which’
is vithin the upper porosity.range of fine clays. Such high porosity
is urusuel for congolidated sediment; however, samplesjggfgzz;ed ==
the-Tonssame only a short distance veriically fron zones of high
porosity had porosities as low as 20 percent, which is within the
range of nany'consolidated naterials. The averasge porosities at
study sites where three or rore semples were collected ranged from
27.6 to 49.8 percent. An analysis of the variance of the porosity
values indicates that the four different aversge groups of percentsges,
27.9, 35.8, t2.1, and 3.7, and L8.7, and 49.8 (teble 1-A) are
slgnificartly different at the 1 percent level. There is a difference

of about 6 to 8 percent between groups, which nay be of no sizrnificerce.



The standard deviations (Snedecor, 1946, p. 5€) show that the
range- of porosity values of the sarples collected at most sites was
relafﬁvely snall. The Mg rarge of porosities wes 38.2 4o L8.C
percent for 38 porosity determinations at Site 6, but most porosit&
determinations were 12.1 percent, plus or minus 2.6 percent (table 2),

probebly because the ares at Site § is relativelwv small. The high

standard deviations of saxples collected from the O to 9C ard the @

=y

tec 275 foot intervals at Site 7T are due to the relatively swall

-

nIEoer

3

f sacples Tepresentirg & thick section ¢f the Tskirege Merbver.

(@]

[4

The different averege porosities of the C-2C foot interval and the
2C-40 foot interval et Site 9 and the small stendard deviation of
each indicate thet the vhysical properties that control porosity of
the tuff ere different in the two intervals.

The porosity velues shown in teble 1-A are calculated totel
pcrosity end ere slightly higher than the values of the meeasured
effective porosity. Effective porosity is the ratio of ke volume
of the vcid spaces that wily vield or transmit water to tre total
voluze of the rock or ag regate sarple. Total porosity includes all
the pore space in the tuf?, some of which water cainot move throus
teczuse intercornection between pcres is lacking, whereas effective
porosity includes only +he interconnected pore cpace and water czn

move between adjoining pores.

13
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Table 2.--Standexd devigtion and deviation frox neans
Seven | .
of the percent porosity at &= citesc in

the Los Alamos area.

Site Average Standard Devietion
He. verocity A . deviation {ron neans
(from teble 1)
4

1 35.8 2.2 0.7
2 4.8 1.4

p) 3.7 1.9 .8
€ La.1 2.6 b

7 (0=05) £+ below _
surface) Lo. b 4.0 1.0

(0-275 £t belovw
surface) 27.9 6.2 2.3

3 h1.3 2.5 Y

v (9-20 £t below
csuxface) 43.6 1.0 .8

{2040 £t below
surface) : 5.1 1.1 .6

/7



Moisturve contet

The moisture content of rock or soil is the ratio of the.weight
of vater contained in the serple to the oven-dry scmple, expressed
es a percentage.

The moisture content of'hpproximately 28 samples of tuff collected
et or just below the surface of the plateau raunged fror less than 1
percent by volume in samples fror undisturbed areas (natural conditions)
to usbout 26 percent by volume in carples fror disturbed areas (any
.change from natural conditions). The moisture content of tuff from
disturbed areas was generally less than 1C perceant and cormonly less
than 5 percent by volune.

At rost sltes where the moisture content of near surface was
relatively high, the roisture content decreased with depth to less
than about 5 percent by volume. An example is Site 12, where the
reisture content bereath the pit decreased to about 5 percent below

12 feet (tgble 1-2).

15



A curve denoting the relative position of the three known
ohe-thnd
moisture values, oven-dry, air-dry, and<#> atmosphere moisture
tension, of the tuff at several sites can be drawn to illustrate

the energy relationships of moisture in the tuff. The curve (fig. 5)

Figure 5.--Energy relationship with moisture content of the

Bandelier Tuff at Site 6.

shows that the air dry moisture content of the Tshirege Tuff is
approxirately 5 percent at Site 6. The moisture content at the 15
atmospheres moisture-tension point: is about 8 percent (roisture tension
1s the sttraction of rock or soil for water, Bever, 1956, p. 227-234),
and 1s the moisture-tension point at which plants can no longer obtain
water by capillary rovement. The miqture content at the ome-third
etmosphere moisture-tension point (approximate field capacity, Colman,
1947, p. 380) is about 23 percent. At stmosphere pressures at
altitudes over 5,000 feet ebove mean sea level the one-third atmos-
phere moisture-tension point is close to one-half atrosphere moisture
tension. The approximate 15 percent moisture-content difference
between the 15 atmosphere moisture-tension point and the epproximate
field capacity point is redistributed at depth and the moisture
content of the tuff theoretically would eventually approach the 15
atmosphere roisture-tension point if aided by the influence of

plant roots or movement of eir through the rock. The moisture content
of surrounding rocks, the amount of porosity, the siz_e of the pores,
and the temperature gradient all affect the length of time required

for redistribution to take place. The saturated moisture content of
the tuff is shown to be about 4l percent.

16
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The plecemernt of the curvgqshows that the tuff at Site 6 is

between those for a sandy loam and sand, vhich pleces the tuff in

a range similar to sandy silt.
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Table 3.--Correlavion coelficient of physicul provertiec
6n swomler tron Lites 2, 6, 7, ant 8
Site lo. Prorerilies ' Lovel of fhwaber oY wuirs Coirelat.on  Approximate minioe
sl onidicance ovocminles coefticient eoeflicient necenilry

<v 1. - . ~
Poe siognifleance Qo
1

the 4§ pereent le.ces

2 Moicture content at onc-thixl 2N 10 S.04 0.63
otuosphere tension corrclated
with porosity

s ' . 4

“oiscure cortent at one- thixst s Y 52 67
atfosphere lLension correletet

it specific retvent.on

™)

s

R

i
\

g . a/ N

2 Moisture content at onc-third =/ Ns ) Y .
atmosphere Lension correlatat
with dvy unit veighv

Opeeific retention oi Y s 3 LY 67
;0isbure correlabed uith
porosity

L[S

6 Moisture content at ane-thid =/ 0.0L 59 —09 -
atizcsphere tens.on coriclated
witlh povosity

. - b .
6 Moisture content at one- third b/ LI

atuotphere tension correlaied

il icture contente
mdu.&ului_.

-
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: Table 3,--Continued
i
|
" Site lo. Properties Level of Nuwisber of pairs Correloation Apnproxiusate miniracs
. vignificance of samnles coefficient. coelricient nececzary
i . for signi.icance &t
: the 5 percent le.cl
' ) L/ .
P 6 Moisture content at one-third / .01 D, J.61 -
k atmosphere tencion correlated
i vith opecific retention
» [ \
D 6 Moisture content correlated .01 8k .3y -
O with dry unit veight
N ~ -
o~ 6 Moisture content at one-third 2/Ns 39 .26 0.32
atnosphere tension correlated i
vith dry unit weight
s s s B e
T Moisture content at one-thiid S - - -
atnosphere tension correlated
vith porosity
L]
T, Moisture content at one~third J5 12 .65 -
atrocphere tension correlated
wiltn specific retention
i i Lo
i 8 Molsture content at one-third ~ .0L 12 -5 -
' . atrocphere tension correlated
vith poroeity
. ; jA
o Hoisture content at one-ithird .Y 12 Ry -
' atrosplhere tension correlated ;
. , vilh diry unit weight ‘
it 7 Not signiITcant ) T - o
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Samples of the Bandelier Tuff that vere tested for moisture

content at one-third atwocphere tension fell into two general groups.

The averege moisture content or saxplec collected et gites 2, 3, 6,

g
and from a depth or 20U to W Teet et site 9 were 21.2, 21.0, 0.0,
and 2.5 percent recgecti.ely, vhich is about 1 vercent of tne 24
percent averace of rmoisture ;ontexa'c of the wuil at E_sites 5 and O
viere water had been added to the tuff internitientily Tor years.
The averazes of samples collected at g:,ites b, 5, 6, and from a
depth of O to 20 feet at gite y vere 14.5, 14.7, 1h.4, and 14.5 .
resyectively, which is about 55 vercent of the &4 percent average
of the ietted tuif at gites 5 and 6. The porosity ol thie samples

ceeus unreluated o these differences of moisture contents, bui

the size ol the pores in the tulil may be related Lo tie diiTerecncec.
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Specific gravily

The specific gravity of the Bandelier Tulf on thc‘Pa;arito
Piateau ranges fron about 2.54 10 2.58, and nost values range from
about 2.56 to 2.,7. These values cre about the specilic gravity of
tne wajor constituents of the’tuff, which are quartz, 2.5 to 2.8,
and orthoclase feldspar, 2.5 to 2.6 (Baver, 1y36, p. 57). The

gpecific zravity of perticles ir the 1-to 2-nicron range, which

, are slightly smaller than the nedian size of tuff particles, is

2.5%6.

4 decrease in specilic gravity with depth similar to that vhich
occurs at gite 7 may indicate ditferences in vertical compcsition of
the Tchireze Member (table 4-A). The specific gravity of the wuff
may decrease from west to east across the plateau as indicated in
table 4-B. This apparent decrease in specific gravity nay indicate
slight cnanges in the composition of the tuff or slight differences
in the concentration of constituents of the tuff.

The decrease downward at site 7 and the apparent decrease
eastwaerd of the specific gravity cr the turff nmight indicate that
the upper part of the Tshirege contains a larger percentage oi
feldspar than da:the lowe: part, or it could indicate thet the lower

part contains less heavy minerals.
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Table 4-D.--Capericon of specilic gravivy ci
the Tshireje Tuif from west to east
acrule tiwe Fojarlito Plateau.
.
Hoxrth iie - 2.7.68 20055 .- : - 2.5 -

(site 3) (Site 6) (site 2)

]
Souti. iiun 2.560 - - - 2.553 2.552 - 2.550
(Site L) (site 5) (Site ) (site 5)

/7/9 hm?:



l Dry undt weight

l_)ry unit wveight 1s the weight in air of a given volure of

oven-dry material., The dry unit weight of any material way be

calcewlated from the forrule Yd L] '\'f"_l where Yd s the dry unit weight
of the semple, wd = the 6ven-d;'y weight of the sample in grers, and
! V = the volume of the serple in cubic centimeters.
A statisticel enelysis of the dry unit velght of semples of
‘tuff shows four significently different groups of values: 1.8h4,
1.63, 1.44 and 1.47, 1.28, and 1.34, similar but opposite to those

of porosity (teble 1-A). Each group (for example, 1.4l4 and 1.47)

ig different significantly from each other at the 1 percent level,

20



The dry unit weight of diflerent samples of a material vary
‘ inversely to the porosities of unit volumes of the samples. A
difference in dry unit weight and.porosity between two samples
indicetes a difference in corposition. Evidence of vertical
changes in the corposition of the tuff is shown by the difference
of the dry unit weight and the porosity in samples from Site 2.
A stetisticel enalysis of 28 cores collected from two holes drilled
into the wall of the road cut indicates that the average dry unit
weight is 1.28 (teble 1-A). The averege dry unit weight of semples
.frcxn the upper hole is higher significantly than those in the hole

about 3 feet stratigraphically lower in the tuff:

Dry unit
weight " Porosity
‘ ' Location (ep per cc) (percent)
Upper hole Y130 2.2
Lower hole E/ 1.26 P-/ 50.4

a/ 1 percent level: chances are 99 out of 100 thet figure
is not an averege of random values.

y 5 percent level: chances are 19 out of 20 that figure
is not an average of random vealues.

The aret involved is small, and the difference in aversge dry unit

weights, though significant, is also smell.

2l
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Moisture-tension relationship

Moisture-tension as used in this report is a contracted form -
of reference to the moistwure content-moisture taens_ion relationship.
Moisture content has been destribed previously. Moisture tension is
the equivalent negative gage pressure, or suction, in the soil moisture.
Soil-moisture tension is equal to the equivalent negative or gauge
pressure to vhich water must be subjected in order to dbe in hydraulic
equilibrium, through a porous permeable wvall or membrane, with the
water in the soil. Moisture tension is a measure of the attractive
force that rock or soil has for water. Tension is expressed in this
report in centimeters of v'ater or in units of atmospheric pressure.
Tension of one-third atmosphere, o; 344 centimeters of vater, is com-
parable to field capacity (Colman, 1947, p. 280). This value of tension
is used freguently in the report.

Many of the accepted concepts of flow of water belov the water
table cannot be applied directly to movement of water above the vater
table vhere pressure on the suspended or moving wvater is always less
than one atmosphere. This pressure deficit is directly connected with
the surface tension and the curvature existing on liquid and gas inter-
faces vithin the porous medium (Miller and Miller, 1956, p. S24).
Mach of the flow in the zone of aeration at moisture contents of less
than field capacity is in thin £ilms vhere resistance to flow is great
(Kemper, 19§1 » Do 257). capiliary conductivity above field capacity
is through thick films of water on the particles comprising the porous
medium, vhereas all the effective pore space in the zone of saturation

or in laboratory studies of permeability 4s filled with vater under
pressure, and flov is predominantly through the middle of the flow channels.
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Pore size

O

Equivalent pore size and moisture-tension relationship are related

Fiem chl//e’f/ esvd fien
4n the manner shown in the following table. ( A 27cosel
%9
Pore diameter Tension s J Aznadivs
() (cm of water) P colen of wsde-
J = éﬂ‘l/. af'fr.’s/.
0.20 15 V4 :svad. Jens
A e condict &
.10 . 30
.05 60
1
02 150

The non-capillary porosity (pore size sufficiently large that
capillary rise of water is negligidle) and the rate of percolation
through soils vary directly vith each other (Smith and others, 194%,
p. 208), thus water will drain more rapidly from tuff containing a

higher percentage of large pores spaces than from tuff containing few

large pores even if the porosity is the same.

Little or no water can be withdrewn from a sand with nearly equal
particles and pore sizes until a certain minimm tension value is
reached (Youngs, 1950, p. 4027), and then only small additional tension
is needed to empty many pores, vhereas in the Bandelier Tuff pores of
different size are randomly distributed throughout each sample and the

" large pores sre interconnected by narrow necks so that each addition
of tension increases the volume of water extracted. A tension of 1 cm
(centimeter) of water applied to some samples, desaturated only a few
large pores and increased tension drained progressively smaller pore

( spaces. Moisture measurements were made at tensions of 15 cm, 30 cm,
60 cm, 150 cm, and 344 cm tension on all samples. This system of

‘ tension measurements duplicated conditions of continuity of the sample
gimilar to tuff in places

a3



C :ihe wvater content of various size pores at various tensions are
shown in figures GA-6F for samples of material from Sites 1,2, 3,6,
and 7. An average curve for each group of samples is shown on the
ﬁgures and represents a curve calculated from an estimted effective
porosity and 1s used for comparison with curves from other sites.
Most of the curves are similar but each curve has some characteristic
that distinguishes it from the curves for samples from other sites.
‘Table 5 summarizes some of the physical properties of the tuff and
shovs the estimated percentage of pores drained using estimated effec-
tive porosity values. The field capacities and porosities given in
table.sare slightly different from those given in table 1-A because
’ all the data was pnot used in preparing table 5, and values for per-
( ' centage of pores drained are rounded because the effective porosity is
egtimted.

'( 2h
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Table 5.--Comparison of water drained from roc¥ amples at one-third atmosphere tension with porosity.
Porosity Water drained from saturated material
. Site Location of Average Estimated Percent by volume at Percent of total Percent ~f total Corres-
. total effective onc-third atmosphere from pores er from pores larger ponding
iy No. sample (percent) (percent) tension, or field than 0.1 a% than 0.2 55 figure
PR . capacity : an . nurnbers
1 In boulder 36.1 32.8 23.9 2 . 25 6-A
7 At depths of bo, 6C,
and 104 feet beneath )
surface. 43.5 40.0 36.6 5 15 6-D
7 At dcpths of 305 55'
and 64 feet beneath ’
surface. 46.6 43.0 - o] 10 6-D
3 Poncath laundry pit ] .0 .0 20 T s
6 Upper half of calsson ]
nole. | 47.0 b3.0 _ 22.¢ 20 50 6-C
1 At depths of 67 and & .
feet beneath surface 51.2 47.0 22.6 20 50 6-D
2 side of road cut .8 5. 2.8 5 - P
% Beneath a pit 43.9 41.0 17.1 . 2 55 -F
/ 6 lover half of caisson
hole 45.0 k2.0 20.1 1 55 6-C

o s/ Corrected to approximate effective porosity.

P
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A comparison of the one-third atmosphere tension values of
drill _.cutting:and cores collected at s‘ite 6 showed that the values
were reasonably close but that the dry unit weight, porosity, and
perceability values were significantly different. The following

e
arc averages of analysys on sarples collected at two depths:
A »

-
Mouscore content &

Seuple A Pne-third Dry unit Porosity Coeificient of
atmosphere weight in percent permesbility

tension (gpd per sq ft)
in percant
by Volvme

core 13.% ‘145 43.0 2.0

bulk 15.0 1.35 L7.h 7.0 ‘

/ 3‘001(!#‘(

Tue resulis indicate that the4 analyses of sanples ol drill cuttings

ast
canno’ be used for accurate interpreitation of thg physical properties,

RliChoyvgh Valves &r téhe prorstore cloméone at  gee-third

d{mas,lne “ensson were rtd-.romti/y Srrore /2l

31 -3




Coefficient of permeability

- The average values of the permeability of the tuff (fiela
coefficient of permeability is the number of gallons per day
that flows through a cross section of 1 square foot under a unit
h:,_'d.raulic gradient, or throuch e section 1 foot high and 1 nile
‘“wide under a gradlent of 1 foot rer mile at prevailing conditions
of water tempersture. Leboratory determinations of the coefficient
of permeability e?é@orrected to a temperéture of 60{) ranged from
0.4 gpd per sqy £t (zallons per day per square foot) in the 90 to
275 foot zone at Site T to 10 grd per sq £t at Site 2, but the range
et each site was sufficiently narrow to essign a general value. The
lowest average valueé: 6f2 permeability coincided with the lowvest
poroeity, and the highest values of permeability coincided with
approxinately the highest porosity (table 1-A). This indicates
& grosc relation vhich may not be true at individual sites. The
relation between permeability and porosity, except foi' the extremes,

appears to be random and cluster within 1.7 to 4.0 gpd per sq ft

:‘6; the permeebility and 38.7 and 49.8 percent for the porosity. The

_difference betwveen vertical end horizontal rermeability in the tuff
is small. In general the horizontal permeabllity is larger than
the vertical permeability and is probably related to density gradients

within the flows, or to bedding.

53
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Joints have incroased the permeebility of the Tchiree Memver.

lNlear- the surfece of the meses Joints are £illed with cla but ct
Y

ept'h toe Jolnts ere fres: of sediment. The width of joints ren es

from O to oc mich 8 3 inches. Most of the joints are vercical end
extend to great depth in the T.%hirc,_;e. &4t pleces, Joints probably #’
tre open und interconnecied ';:hrough the Tshirege end form evenues

through which vater can move readily to depih.

Joint spacing is irreguler but widespread. The average density

v+ neer site 9 is about one Joint per square yerd.
E 3

- The Tshirege Member of the Band;lier Tuff contains sub-units
: that vrobably are individual beds of tuff. Water moving t‘m“ough the
;: tuff is temporerily perched by veriastions in vertical pemeability'.
3 '.;'he permecbility varies from one bed to enother, from one mﬁber
t , to enother, and from the Ba.nd‘gelier Tuff to underlying beds of the

Santa Fe Group.

§ |
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. Mvement of water in Bandelier Tuff

Site 1 - Tshirege tuff boulder in Pueblo Canyon

A boulder of Tshirege tuff embedded in elluvium in Pueblo Canyon
wvas used for the study of caplllary mcvement of water from a ponded
surface. Six holes 3 inches in diameter and a maximm of 6 feet
deep were drilled and cored into the boulder perpendicular to the
steep west-facing slope of the boulder, end three palr of access

tubes were installed during the fall of 1960 (fig. 9). Water was

Figure 9.--Sketch showing isohydral lines of egqaed moisture
content, in percent by volume, and moisture content during

caplllary rise of water in boulder at Site 1.

ponded egainst the lower part of the boulder on the east and north
sides to provide a constant supply of water in direct contact with
the boulder at a controlled distance below the bottom of the access

tubes.



_The pond was filled and a constant head was established on
September 18, 1960. Nine dars later on September 27 the moisture
content in the boulder was about 1C percent about 3 feet above and
west of the pond (fig. 9), and was approxirately 30 percent neer

Which 15 Gpprox imaetesy H¢F a foot <hore pond Jeyve/
the level of the land surfade,i On October 6, after 18 days, the
10 percent isohydrsl line had moved upward another 2 to 3 feet;
the 15, 20, and 25 percent isohydral lines were unevenly spaced
beneath the 10 percent line. The meximum moisture content
measured in the boulder was sbout 30 percent on Dec. 8, the 8lst
day afier the constant head in the pond had teen esteblished. The
capillary movement through the boulder was not a sharp "front" as

cormonly tokes place in the dowmvard movement of moisture but was

uneven.
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-The pattern formed by the ischydial lines on figure ¢ indicates

- hear/, Setovrating
that the water moved laterally, i& that part of the boulder beneath

for several fees

the land surfaceAbefore it moved vertically. [ﬁh&e—suagos:e=£hat

evaporation from the east face of the boulder may have about the

same effect, on <tie /sohyvral Jimes.

During the winter of 1960-61, the pond was frozen over or
erpty, and the decrease in moisture content in the boulder was not
recorded. In 1961, the pond was refilled, and & second study of
capillary movement in the boulder was madé. A maximum moisture
content of about 30 percent was measured on May 11, 1961, the
Lgth day following the start of the second study. The faster
movement of water in the boulder, recorded in the second study,
suggests that the boulder was still moist from the first study,
and that the rate of capillary rise is faster in wetted material
than in dry material,

L]

v
The effective porosity of the tuff in the boulder, fron core

analysis, was 32.8 (table 175 Thus, the approximate 3 percent difference

betveen the maximum moisture content reached in the boulder and the
effective porosity may indicate that the cepillary fringe was not
compietely saturated under conditicns of the study. A sliht density
gradient in the boulder may have had some erfect on the mo.ement of
wvater. The density apparently 1s'higher rear the center ani nmay

indicate weathering of the outer layers of the boulder.
38



- Site 3 - laundry pit

The study at Site 3 was to dete:mine the possibility of using
the site for a long-term infiltration experiment. Since about 1945,
liquid radicactive wastes fro;'contaminated laundry had been.discharged
into pit 1; overflow‘%ggﬁgglto the lower pits 2 and 3 bhsew:jirbwsied

p3pes (fig. 11). The quantity reeching pit 3 was not deter-iined

]

Figure ll.--Moisture content of the tuff beneath the disposal

pit at Site 3.

but 1s believed to have been small, thus, most of the moisture in

the tuff beneath the pit probably is from precipitation.



»~~ - erre— ""—“

jThe noisture content of samples ccllecied at depths of 5 and
i feet beneath the south side of pit 5 ggétter "A" on figure 11)
decreesed with depth from 29 percent to 18 percent, and the
permeability decreased from 0.3 gpd per sq £t to 0.006 zpd per sq Tt.
The decrease in permeabiliiy is not readily explained b the pore-size
distribution curve (fig. é?) beceause the percent of large pores for
samples of tuff collected beneath the pit at letter "A" was moderately
high (table 5), end the difference in total porosity vas small. The
low permeability may have been caused in part by clogged pores rather
than by the physical properties of the tuff, as indicated by the clay,
roots, and rootlets associated with the sarples collected. A bulk
sample collected at a depth of about oez;a feet in hole 2 had a

moisture content of 30 percent and becarme hard when it was dried in




. Moisture contents as high as 30 percent in holes 1 and 2
beneath the zone of low permeability possibly represent water
that moved laterally from the gravel fill near the center of the
pit. This is indicated, too, by the moisture content in hole 2
near the gravel fill, which was genérally higher than at hole 1.
The high moisture content.between depths of 15 and 25 feet fn
hole 2 and the sharp decrease at a depth of about 25 feet suzgest

Sem)-permes ble
the presence of, layers that perch the water. The high moisture

4

content of about 30 percent in hole 1 apparently represents
another perching layer below 33 feet. The density of the tuff
at 3033 feet is almost 6 pounds per square foot less than above
or below that interval. Decreasing moisture content above 25 feet
at hole 1 on October 12, 1961, when the moisture content between
Béigg feeF-ai hole 2 incressed, indicates vertical as well as lateral
movement beneath the pit.

Discharge to the pits was to be discontinued in late 1961,
therefore additional experiments at this site were not further

considered.

h




C \ 8ite 4 - so0il study

'1"1;;' studies at Site 4 were intended to ascertain the effect that
a soil‘}zzedrthe transition zone will have on the quantity of water that
moves into the underlying tuff. The vertical and horizontal movement
of wvater in the soil wvas also Btudied. The site wvas near the middle
of a finger mesa, vhich sloped southeastward at about 1 to 2 percent.
Cores for natural moisture-content determinations were collected at the

.ysite on Oct. 10, 1958.

Infiltration tests wvere made in 1958 and 1959, (Abrahams and others,
_1961, p. D-144), 1Installations comsisted of two shallow infiltration
pits slightly less than 2 feet in diameter, one or more access tubes
in each pit, and a supply of wvater. The tests during 1958 were mmde

in the soil zone beneath pit A, and the tests during 1959 were made in

the 801l zone in the underlying tuff at pit B. The water supply at
pit A was intermittent; at pit B the head wvas constant during the
- period of the test.



At nit A laternl :wverent is inticated by & hisiier molsture

E

content in access tube 1, doimsgradient from the pit ("i . 12-4, profile

_ym =

Figure l2-4.--Iochydoal linec of moisture conienv, in gercent by

velume, boucatih pit A at Cite 4 Aurinz intermzitient inliltration

3
Moisture penetration ms lescs than ewee feet in holes 2 eni 3,

. - . z
but probobly wore thanZs=r Icet in hole 1 after £ Tect ol waicr

-

. had inTilirated intc pit A in 6 bours Zclloving 14 days of dramincge.

; Ancreasinyg wisture coitent av the L-ITocot dentihi in heole d
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The rate of percolation, after 19 days of drainage, averazed
about one-hali foot per day during the first 3 doys of infiltration
(fig: 12-A, prefile II). The front becane diffused during further
infiltrat on and the rate of percolation could not be determined.

The maximm moisture content after 23 days of infiltration a%
pit A wns about 37 percent at*hole 1 (fig. 12-B, profiles II and III);
the moisture content of tlie s0il moved downward at approxinately the
sane perce:nt of saturation. The total porosity of the coil at a

depth of about 1 foot wes approximately 51 percent, and at 2 fee’

was apprexinately by percent, which indicated tant the noistwre

cenvent of 7 percent probably was well above field capecivy but

did notl rerrecent saturated conditions.



“ ‘me rate of infiltration at pit B during the 99 day study
decreased approximtely logarithmically throughout most of the period;’1 /;, r
as follows: ,7”‘!/[*1;,07 _
1st and 24 days -?ngdper sq ft
hth to 18th days - 10 gpd per &q ft
18th to 3lst days - S5 gpd per sq ft
Slst to Slst days - 2 gpd per sq ft
t Slet to 69th days - less than 1 gpd per sq ft
Evapotranspiration was relatively constant. The infiltrating water
folloved two courses; (1) eome went downward; and (2) some went to
support evapotranspiration. As dowvnward rates slowed, and a constant

rate to evaporation wvas maintained, the ratio of between the two

‘ , changed. -

*C
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The wetted front moved to a depth of about 5 feet during the

£irst 2 days of infiltration at pit B (fig. 13) and to & depth of

Figwe l).--MHoisture content in the coil and tuff beneath
pit B at Site b during 99 days of continuous infiltration

end cubsequent drainage for 21 monthgs

. re ase e
about Gi;- feet within about 99 days. Théjl ¢ e of rovement of the

front deereese vas logarithmicel)¥f. The moisture content decreased
with depth from a maximus of ebout 39 percent in the s0il to lesls
than 4 percent about 1 foot below the top of the “tuff. After 8
nonths of drainage the moisture content sias about the sane as belore
The high noisture centent beneata the pit defore infiltration
startel sms due in part te heavy rainc in August 1259 end 'L'.he'
veletively pecr dreinege in the sandy surface soil. The May 19, 1961
measurenente vere high becouse of snowmelt, and the Oct. 2, 1961

neaswrenents were low because of low precipitatiorm.
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The water uSe per square foot during this study woe eguivalent
to a.;)out 4 or 50 years of precipitation on the Pajaritc Plateau;
hovever, natural conditions were not duplicate_d_because the seaconal
distribution of alternating percolation and drainage could not bte
duplico.ted. The fact that wgter did not penetrate the dense trancition
zone between the coil and tuff during the study or in the Tollowing year,
indicates that the soil cover will impede vertical moveuient into the
underlying tuff. Capillery rise, evaporation, and itranspiration were
perhaps the principal reasons that the water did not penetrate the
underlying tuff, rether thon the low perzesbilit:: of the trensition

zone.
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Site 5 = Mesita del Buey__

N

: Site 5.1sfadJacent to the south wall of a solid-waste disposal
K pit 29 feet deep M, near the zaste:n end of Mesita del Buey,

4,~-~-Wetted areas on south wall o Sal pit at
Site 5 resulting Icpage from the infiltration pit ole/er e’
cet back of the wmll. )

e finger mesa. The study at Ehis site was to invesiigate movement of

Jater and nuclides during ¢ontinuous infiltration.
An infiltration pit, access tubes, and a water-storage tank ware
installed near the edze of the vertical wall of the disposal pit (fiz. 13).

Figure,lj.--éketch showing relation of infiltration pit and &dccess
tubés to the disposal pit at Site 5.
'The center of the infiltration pit was 10 feet south of the south edge
of the waste disposal pit. The upper 2 feet of the infiltration pit was
shored with wood planks within the soil and fill material, end the lower
; 1l foot was dug into the unweechered tuff. Weter entered the pit through

i : a j/h-inch plpe connected to a2 value box adjacent to a 3,000-gallon
P » , Storage tenk. A float valve in the infiltration pit maintsinad a constant
head of water of about three-fourths foot. Eight holes 40 feet deep lined

Periodic measurements of water loss=s from the storage tank were
made to determine the volum2 of water moving to the infilration pit.

The infiltration experiment stérted.when water was put into the pit
October 8, 1959. Between December 29, 1959 and January 6, 1960 the water
line froze and the pit dried up. The infiltration phase of the experiment
was suspended until April 20, 1960 and then resterted. About December 9,
1960 the water line froze sgain and the infiltration phase of the ex-
perident was stopped, but molisture measurements were made in access

tubes for several months to observe drainage patterns.

with plastic tubing were installed in and near the infiltration pit (fis. 15).



2y 14l

Prhotographic evidence thet wveter moved into the tuff from the
' infiltration pit was o wet patch (fiz. 16) tuet developzd on the wall
: ~a ’ . - -

Figure lo.--Wetted erses oa soutna wall of tae disposel pit a¥ - =~ ¢
: .
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14 Site 5 resulting from secepage from thé—fﬁfiltration pit 10

feet beek of the wnll.

of the disposal pit 10 feet to the north. Evaporetion from the wall

’

j discherged water that would have moved deéper in tke tuff.
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C The rate of infiltration of water through the pit at Site §
is shown graphically on figure 17. The slope of the log curve of

Figure 17.--Rate of infiltration from infiltration pit at
Site 5, 1959-60. .

ﬁe rate of infiltration for the 1959 study shows that the rate of
infiltration decreased from about 0.75 gph per sq ft (gallons per
hour per square foot) to about 0.2 gph per sq ft.
" Significant seasomal changes in the log curve of the rate of
infiltration for the 1960 study occur during the months of April and
September. The steeper parts of the curve shovw a relatively rapid
| decrease in the rate of infiltration with time during the months in
( vhich the average temperature is less than about 50 degrees. The
( ‘ ' flatter part of the curve shows the rate of infiltration during months
i in vhich the aversge temperature is above 50 delgreea. In these months
the rate of infiltration decreased from about 0.4 gph per sq ft to
about 0.2 gph per sq ft. The range of the temperature of the wvater in

i the pit, ﬁ'onnea:ﬁ'eezingdnringthevintertoabout&degreesin

the summer, vas enough to cause seasonal differences in the rate of

i infiltration into the tuff due to changes in viscosity (Hortom, 19%0,

f P. 117) In addition, seasonal temperature variances in the tuff beneath
]' the infiltration pit may have been sufficient to cause some smll

" differences in the rate of percolation. -
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_ The flatter part of the log curve of infiltration includes the
time of the growing season at los Alamos, and it is possible that
evapotranspiration of turbleveed on the soil and £111 pad consumed
small amount of water moving from the pit. However, vhen most of the
plants wvere removed no measurable efrect. on the rate of mﬁltration
took place. Several plants growing with their tap roots along the
eide of access tubes vere kept in place. The molsture content of the
upper 2 feet of material (table 7) was reduced at access tubes 2 and
S vhere the tumbleweeds were growing; the moisture content increased
after the plants were removed September 1. The moisture content at

all the other tubes remained high throughout the growing season.




Teble 7.--Effects of trancpiration by /ﬁxrblewcecy

plants on the moisture content of tuff at Site 5, 1960.

19560
Hole Renarks May 13 June 2 July l July 29 Sept. 1 Dec. &
No. <
Moisture content, in percent by volune
Tumbleweed at
gide of accecs )
3 tube. 22.5 6.5 12.5 8 6 -]
?
Tunblewec at
side of access
2 tube. 27.5 27.5 23.5 19 1k 21
o fw.lble'-.:eéd
l} I‘AEC.’.I’by. :.6 ’46 m.5 (_’5.5 2h %
‘ . Ho Zusbleweed
- 6 nearby. 27.5 = 27.5 27 7.5 25
‘ ' Tunibleveed re-
. noved from
near access ~
8 tube. 20 19.5 19 19.5 15 10
I
S0 a



Table 6.--Particle-size distribution of samples of tuff

from sites 2, 3, and 6, in percent by weight.

Total, silt
Clay S5ilt and clay Sand Gravel
Number
LS&mple of  Average Range Average Raonge  Average  Range  Average Range  Average  Range
ocation
Samples
: 2, side of
ad cut. 2 - 4.2-6.9 - 34.2-38.5 - 38.4-45.4 - 54.6-61.6 - -
> 3, beneath d )
wundry :
.sposael pit. 8 11.8  8.0-14.4 39.8 3%.6-43.2  50.6 4Y4,6-57.6 U48.3 -~ 42.4-55.4 1.1 0.2-1.6
» 6, caisson
le. 2 - 6.2-7.0 - 29.2-30.4 - 36.2-3%.6 - 62.3-62.6 - 1.1-1.2
+ 6, beneath
.sposal pit. L - - - - 38.4  21.3-49.3 60.1 50.0-78.3 1.5 0.4-4.2
J
~ 3f\CA,, -
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The two roisture-tenaio;. ciwries on fipwe 6-A were censtrusted

d o L. - . A NS
NMmure 6.4, .. AT 3Gty ozl

X € e M L
- R P L . B 24 < o ey LI P S~ S = R R oy
Meoistare . Jensiom re/ehn,/.,’,. 7nd pore sizé

tengiemante ths ot SE—a -3ee 1n the Luff ut Site 2

fror: thz same set of rniaturg-te;mion values 2wl frox letorcter,
determinaticns of to+al Porcaityr and effective porosity. Curves
prepared using data Tyonm 3armles taken fror most other 1piaces cu the
Prlarito Plateau have the same sianeral porallel reletivagiin,. Tae
curve nrepared using coffecti-re borosity date indicates 2 pRrcent
the pores C.20 ;1 (ai: imeter) In diameter and leager @raia when 4w
tension imcrecses foom zewo (complete saty ration) 1o 15 er of vater;

axut “F percent of “ha pore cpaces Arain at one-thirad atrosphere
~

texsicn (3" enm o water); end thet abeut 70 rercent ¢ the pores

are surller +hen ahont C.C1 o in diameter.
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Semples for which msisture-+ansisn curres tive A vere prericred
in flgures 6-B to 6-D have sirilar éreirsge proverties. The position
of those curves indicates that in these samples approximately 20
percent of the pores ere larger than 0.20 mm ir diameter and 40 to
50 percent are larger than 0.0l mm. Initiel dreinege from those
groups of samples 1s relatively repid because of the high percentege
of large diameter pores and moderately high porosity, and approgimately
half the water in a saturated sa:::p_,{.e drains by gravity. The reerly

Cos s on
horizontel trend of the misture:&&-a;—% curve on figure 6-C below
90 cn and the nearly verticel trend ebove 90 cm shows that about L0
percent of the pore space are relatively large and 60 percent are
relatively small and that therg are few intermedieste size pores. This
is sinilar to & typical field sand. The type A curves on figures 6-B

and D indiccte there is a relatively constant decrease in the size of

the pores.
Figure 6-B.-- i rlmmma ol bR,
1’1’n’u~u re/latienms i) @n /)ore J/ze
an < ) 1. : ir tke tuff =t 3ite 7,
o soqede oy -~ o, »

- FMgure 6-C.--

Vioss Yelettomship nd pore s/ie

tenglons $o-the size—efoores 12 the tuff in the celssen area
at Site 6.

Figure 6-D.--

r
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- sfup type B and C

The slopes of &we curves on figure GJD for sarples of the Tshirege

- pores & tiese
Member at gite T indicate that thcn samples are Cesmepe=d olriost entirely
@& snall EM The type B curve indicates that about 85 percent
of the pores are smaller than 0.0l mm in diameter and do not drain t.;
gravity, and the type C curve indicates that few pores are larger than
0.05 rm. These samples could represent a part of the Tsaireze that

rwould be relatively imperceable to vertical movenment of water and wasies.

- ———
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The type B curve on figure 6-C and the type A curves on figures G-E
ard F indicate that only a small percentage of pores 0.20 m in diamcter
foﬁ/ spree
drain initially and that more than half of theﬁ pore;s( draix}‘ by gravity.
The curves for samples collected at site 6 fall into two groups with the

sandy material represented by the type A curve on figure 6-C. The curves

of samples at depth adjacent t?&he disposal pit (type B curve on fig. 6-C)

,and at depth beneatn the pit (type A curve on 6-E) are nearly parsdllel

but the steeper slope beneath the flex point on figure 6-E may indicate

that vaste vater moving through the tuff beneath the pit intermitterily
-] 5/1,‘*’ JCCV(L"-

over & period of years has caused aommagesd in the size of the pores.

The flat curve (fig. 6-F) indicating an even distribution of pores dces

not readily explain the comparatively low specific retention values of

samples of the Tshirese Member fronm gite 2.

=2 ad L) el

” i3 > p.:. pe > 3 ~
Meisturd-Fension relatiomshys end pore size

Wﬂm—the—si:e—af-m;%lm E><‘]ﬁff at site 6,

Figure 6-E.--

beneath disposal pit.
\\__—/

Figure 6-F,--Ouswe—shows ati £
MOisture ST¥nsion relttionshno ond pere sine

teneitons—to—tire—stzo—o=eres in the;>—<‘j}(1i’f at _site 2.
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The values listed below show the zeneral relationship between
pore size and percolation rate (Nelson and Baver, 1940, p. T3) and
indicate that the rate of percolation through the 0.23%-rm pore spaces

is more than 60 times that through 0.02-1mm pores. IEE=Xmoe—=raimeearc

m‘&l)eiilf‘ge/aoée‘Jpercolation t}.xrough tuff having about 20 'percent pore

Pore cize Percolation rate
1) (cc per 10 minutes)
0.2%0 125
0.151 335

| 0.122 205 ¢

0.067 133
0.020 12

space 0.20 rms or more in diameter and about 50 percent pore space 0.01 im
(fable & sitel,vpper a1k of catssem hole)
or nore in diameter and high in porcsity, is more than 100 tines faster
- 5-/ SI lé /
than the rate of movement through the boulder (table15) .



- Hysteresis

Data obtained about the moisture-tension reletionship during
the draining or drying and wetting o.f & rock serple when plotted
on graph paper produces tvo.curves‘that Join at two points to
fom a loép. There is marked hysteresis between the two curves ,
and the loop is commonly referred to as the "hysteresis loop".

The hysteresis loop (fig. 7) for a particular rigid porous.

Figure 7.--Eysteresis curve showing the relation between molsture
tension and moisture content of a sample of the Bandelier Tuff

at Site 6.

mediun is unique and its results are reproducible (Puri, 1949, p. L28).
Hysteresis is due in part to the resistance of water adhesion within
the small pore spaces during both the wetting and 'drylng cycle. The
moisture content on the drying cycle of the hysteresis loop at the

one-third atmosphere tension in figure T is about 22 percent by volume

-and the moisture content at the senme point on the wetting cycle is

approxirmately 14 percent. These percenteges are approximately the
average for samples fron Site 6. The maximur: difference in moisture
content on the two curves occurs between sbout 210 cn of water and

34l cnm of water or one-third atmosphere tension.

2%
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Particle-size distribution

The particle size distribution of samples of tuff from four sites
is listed in table 6. Many of the particles in the semples tested
consisted in part of chards or glassy cementing material; thus the
velues in the teble may be misleading, because some of the variations
in the sizes of the particles may ve due to the method of collecting

the samples, which was by augering. The averages of 46 percent of

chyomd 5./t
: féaee and 535 percent sand from table 6 is descriptive of a sandy

silt.

The size of the particles in a porous redium have e direct/fffect
on the movement of water because their arrangement and degree of
packing determine the porosity and the pore sizes. Waldron and others
(1961, p. 206) using glass beads 51 to 203 microns in diameter showed
that open packing resulted in & porosity of 47.6 percent and that
close packing resulted in a porosity of 26.0 percent. Lutz and
Leaner (15?3, p. 28) showed that permesbility increases exponentislly
with the size of the particles and therefore with the size of pores,
as follows: s8ilt, 0.8 cc per min/fgg:timcters per ninute); very fine

sand, 3.7 cc per min; fine sand, 1l4.3 cc per min; and medium sand,

47.8 cc per min.

(W)



g : i No evid-ence was found that water moved through the soil ang
rill »ad and evanorated Trom the curiace in quantities sufficient
to affect Lhe rate of Infiliration in the pPit. The moisture content
of the upper foot of the soil ranged between § and 10 percent by
volune, which gsenerally is too lmaw +o transmit much woter. The

sandy material tends to form a barrier that reduces evaporation

(Villis, 1960, p. 2m).

The »ate of infilt-astion JurinT the warmer ronthe

we.s within or somevhet abowve the rante of permeability determi=-eq fron
cores in the Leboretory. The field nerneanility (:ate of ~ercolation)
in the zone of seration canmot be directly commared e the

»
LW, v

verteadilitys (laboratory weacurernent) because water n the infiltration

(2}
-
A%}

AN

( Dit rot onlr moved dovmuard but also moved leternlly asArzuch a
C L feet Trom the edze of the infiltration pit (fig. 1h). Thuc , the
rate of rercolation, pearticularily from & smell source of -mter
located in ¢ lavered mediwy, is substantially lese thon <o saturated

permearility, because the -mter ig subject to forces roh invol-ed

in saturated flow.




The wetting front moving into the unsaturated tuff was sharpest
in the early part of the 1959 study, but it became thicker and more

diffuse as inTiltration continued (fig. 18, profile I). Energzy barriers

Figure 18.--Moisture convent end density orf tuis im access tube 1
4]

at Site 5, le=—=£=

at the front retard the zovenent until the woisiure content behind +the
front is raised to a meximu or optimun value (Bodnan and Colman, 1944,

. 117-212). The thickness of the zone of trancmission, the ares betveen
2

- the unvetted tuff and the maximu: moisture content atiained duriie the
~>

. . v b?bt - - . o
vertical ricveuent, d%;&xaﬁley s e 1tuncticn of leyering in the tuff.
The averaze rate of movenent of the part of the Zront containing a

noisture content of 25 to 28 percent by volune wos ebout 2 feet durinsg
the first day, adout half & foot per day during the next 11 dayc, and
about a tenth of a foot per day during the next 56 daye, with additional
moveuent in the lowver nmoisture range to a total derti of about 18 feet.
The rate of novement of the front in 1960 was higher (fig. 19, profile II)
than 1n 1y59 rrobably because the rock was wetted and fewer enexrgy
barriers existed to reduce the rate of movemen: and less vater was

needed to reach field capacity. (Sce aiso fig. 19 and 20.),

(Y



The moigture content of 25 to 28 percent appeareatly wos tie
nmaxiine attoined /(I‘ig. 18, profiles II and III) at Site 5. This
roistwre content is severnl percent above field canacity but is
considerably less than saturation. The uaximyl :oisture content
1 foot Leneath the infiltraiion pit wms abous 4D mexcent, vhich
is 6 to 7 mercent less than the estimated effective poroc i,

The 6 to 7 percent Egec srobably reprecents the large pore suoces
Tron vhich vater drained into the underlying material » &lthoush'it
may alco represent entrapped air, Hovever, entrapned air should
not be a probles in this study because of the lerge voluwne of DOToUs
rediim invelved and the robability that entrapped air beneath tie
infilireting water weuld eccape and not be surrounded o comprecsed

(Free ang Talzer, 1580, ». 395).

The '.:?;stm‘e content of the tufl decreased cteadlly abeve an
v/
apperent dcnsity_ change at about 25 feet beneath the infiitration
Pit to a range of 5 to 16 percent after about ¢, ronihs drainage
(fig. 18, profile IV). The moisture content belcw the apsarent
density c.f*.angé slovly increased dwring drainase and elter abcut 2

nonths reached a woisture content of gbout 3 percent. The 3 perccits

saturation extended below the vciton of the accecss tube.



‘ “The rovement of water during the 196C study at Jive 9, and

subsequent drainage, is shown cn figurec 19 and 20 hy tre changirg

Figure li=i.--Isohydrel lines of molisture corntent i the tull,
percent by veligne, alony un cust-west secticn Gt Site © o
Apr. 20, 1%3(, after about *% ronths of dr.':ina{;-c.

19-8.--Isohydral li:es of moisture conteni of tie tull,
percent by volure, elons an easi-vest seciion at Zite § on
June 2, 160, af'ter 4 days cf ifufiltration.

16-C.-~Isochydral lines of roisture content of thc uff,
percent by volume, along an east-west sectiorn at Site » on

July 28, 1960, after 99 deys of infiliration.

——

19=D.--Isohydrel lires of moisture content of the <wuff,
‘ | percent by volure, ;lo-zg an east-west section at Site S ou
Dec. 6, 196G, after 23C days of infiltration.
19-E.-=Isohydral lines of moisture centent of the Luif,
percent by volume, alorg an east-west section at Site 5 on

Mor. 1, 1961, after about 3 ronths of drainage.

»3

petterns of isohydral line cf moisture content.



_Flgure 20-A.--Isohydral lines of moisture content of the tuff,

percent by volume,along a rorth-south section at Site 5 on
Apr. 2C, 176, after about % months of drainege.
20-B.--Isohydrsl lires of meisture coutent of the tuflf,
percent by volure, aloBg 4 north-south section at Site 5 on
June 2, 196C, after 42 days of infiltration.
20~C.--Ischydral lires of moisture cortent of the turf,
percent by volw:se, along & north-south section at Site § o.n
July 28, 1960, after 49 days-oi‘ infiltration.
20-D.--Isohydrel lines of roisturc content of the tuff,
percent by volume, elong & north-south section at Site 5 on
Sept. 1, 1960, after 134 days of infiltration.
20-E.--Isohydral lines of noisture content of the tufr,
percent by volumre, elong & north-scuth section at Site 5 on
Dec. 6, 1560, after 230 deys of inf4ltration.
20-F.=--Isohydral lines ofA moisture content of the tuff,
percent by volurme, elong e north-south section at Site 5 on

Mar. 1, 1961, after ebout * months drainage.

in

in
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_Isch,iral lines tre showm o2 uwoth figures for the dey infiltration
was restirted (April 2C,.1G%); efter 42, 99, and 230 days of infiltre-

tion; ol about 3 ronths after inMltration of water from the pit

]

ceased. I

addition, isohydr:zl lires 134 days after infiltration
started wre ghown on figure 20. The erfect of density gradients in
the sui. is reflected in thie meisiure patitern chunges in figure 19.

The cifccr of evaporatiorn from the wall of the adjacent dispesal pit
]

is reilected proninently in the ncisture patterns in figure 0. ' The

expa-ing wet arex on the wall of the disposal pit as outliied in
I . o
Tinue "/A terreiates Lo sone degree with the rolsture patierns in
i.‘j{;‘ P ..J\’.a’o
e positicns ot ihe leohydral lires on ihe day infillitration
sturead, after 42, &, and 230 dovs of infiltration, and after abeou:

5 le.iths drainage with no infiltraetic: of water fron the pit ere shown
of in{lildration ‘
wosivicn @iter 1534 days,is alsc included in

»

e

$re

odlmges 10 und 2. e

S e T . + o3 o = -t . ¥ ora - 2 L APLRT. . o }a S Pl .
oo e The erdect ox e dersi pradients in the tuT? and

Tron. the Uspranl pit vt ire rellocted in the moisture

-
evaporation §

%

-
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P OR e ] N3
B IR AN 4PDL- ]

. -, . LS - vy R . . .. -t
indhzure 1Y, Tz ellest o U ovapcoasion from the wall of

wiuater 1n nne tuff is showan by the

reizture patteris. This sequeice :an he follicweld o sone degree by
‘i

th.e chonpes in 4l patell of wetr wrae on the ©suth wall ~7 the disnosel

-
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itoeutldiiaT oy igure y
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_ Water was retained in the tuff to near field capacity between
the depths of 8 and 14 feet benenth the bottom of the pit epproximately
34 months after the infiltration phase of the experiment was suspended
in Jurmary 196C (figs. 19-A end 20-3). The alight bunching of the 10,
15, and 20 percent isohydrel lines to the east in figures 19 A-& may
indicate movenent down dip in the tuff, or because of density changes
at access tubes % and 5. The effects of density grodients were
proninent on the east-west section at holes ' and 5 and were begﬁnning
to show at a depth of about 20 to 25 feet at hble 2. Moisture content
with respect to depth below the infiltration pit was greater to the

MorStor e Content Fltage ¢
south in figure 2C. The éppeueat,t:end—cnyffﬁég?in the tuff north of
dicalds tiqr wetr

the infiltretion pit noved tovard the wall of the disposel pit under
: resel s, of water

the influence of forc evaporation from the wall of the
disposal pit. The apparent increasing rate of cevaporation from the
wall, vith the aepproach of longer and varmer days, is evident on the
north-south section. Little or mo increase in moisture was apparent
at depth at holes 6 and T. Figures 19B and 20F show approxicately
the position and maximum extent of the tuff that conteined a moisture

content of 20 percent or more.

\ 91
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The closing of the 25 percent i1sochydral line and the comstriction
of thé 2C percent isohydral line on 19-C and 20-C probably ind&cate
that wvater evoporated from the wall of the disposal iit faster than
it moved into the tuff from the infiltration pit. The 25 percent
ischydral line closed lete in Bune after GO to €5 days of infiltration.
The 10 and l5-percent isohydral lines did not advance significently :n
any direction from the poéitions shown oh figures 19-L and 20-C, except

tpossibly at hole 1, although the rate of infiltration decreesed oﬁly 5]
srall emount. The 2-percent isohydrel line on Tigure 19-E shoved a
tendency to flatten, probably beczuse of a density gradient ot a depth
of about 25 feet at hole 1. The lower moisture content et the upper
part of holes 2 end 3 was due to evapotromspiration by the tunbleweeds
groving there. Figure 20-D shows a continuing decrcase ol the aree
withirn the 25-percent ischydral line and alrost total closure of the

20-percernt lines beneath the infiltration pit.
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Molsture measuroner-s, rade on Decenber 6 afier 230 days of
infiltretion, (fgs. 10-D and 20-E) show a decrease in the moisture
conteént of the twf from thet of previous rmeasurerents. Although
the rate ¢ uvaporation from the disposel pit wall decxrecased steadlily
during the fall, because of the decrecsing terperature, the rate cf

{n:Mltration probably also decrecsed because of the greater viscosity

of the vater. The rate of infiltration et the ncer-freezing +erperatures

1%

n the pit in Decerber wag probebly only sbou® hel)f that during thke

31

adle of aurmer (Muvis and Vilsey, 1976, p. 17). Vater in the pit
wrobotly froze during extrorely, ccld nights late in Toverber and eerly
in Decerber btefore the permenent frecze, thus completely stepplrg
tafll4raiicn for periods of scveral houre. The roasc of percclaticn
accoeded the rote of in_‘:"il‘c:\raticn ﬁ'oL tiie pit vheon the woter was

near Ireesing.

<096

On Moren 1, 1961, afier cbout three worihs c? dreticge (figs. 19-E

o2 20-F), +the isobyeral lines cesumed abcut the sane poeitisns ond

Aere|

o«

shopes o8 of wF==w U0, 1%C, except in the lover roisture rarge directly
fow miistore contont

beseail the infiliretion pit where aﬁcol -n 5 or h fect in dicmeter

;I:OI‘.Z‘.A beiov ¢ depih of ebout 3C Tect.

A totel of gbout 11,1C0 gellons of water moved throuch the
1pmitvation pit during the 23X ders of tbe stuly, most of which
snotltrated during the swmer rruths. A water Ludget coarct te
ecleulated, however, beccuse of {re unkncvre quentitles lost by

evepcration.

29
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Site 6 A DP-VWest

- Site DP-West ic within one of the-original dicposal areas at
Los Alamos technical area DP-West; and lies between the axis and
the north rim of a firger-nesa.

The dispcsal area consi{sts of four pits about 20 feet vide,
100 feet long, and 5 feet deep that were dug into the tuff and
backfilled with layers of sand and gravel, and connected in pairs
by buried pipes. Plutoniun wastes dicsolved in hydrofluoric acid
The p1ds were

were discharged into the pits between 1543 and 1y52, A SO ADASE
hot roofed- and Col.-tnlufe.l wt.-/'e;-
doriianCron 0 the Dilsgrmee—

Precipitation "
of €he present s-hﬁa, were {'o d“""hﬂe"c #1d where mored
; DR e wauer benea‘uh

¥ouf: The obg ecuves,\

a disposal pit and to escertain if waste rroducts moved with the
ﬁater. Samples of water, extracted with Ibrous cups placed
beneath the pit, were analyzed for caemical and radicchenieal
quality. The mcisture content beneath the pit wac measurel in
horizontal access tubes » and in tubec placed at an an;le Leneath

the pit to a depth of about 100 feet.

{P



A coisson 30 feet deep, 6 feet wide and 12 feet long was

excavated ubout 6 feet north-northeast of the eastern quarter

o1 pit 1 (fig. 21). The caisson was shored with plenks and

Figure 2l.--Diagrammatic cketohes of instellations and caisson

v

pit et Site 6.

reinforced with tirbers and contained tkrce pletforrs 6 feet apart
vertically. Z‘

Twelve pairs of holes 3 inches in diexeter and 8 to 12 feet

long and dinpirg dowmwurd at about J‘;‘~inch per foot were drilled at
2-foot intervels through the south wall of the ceisson into the tusfs
beneath the pit (f1g. 21). The upperrost hole was about 6 Pfeet below
the berm and less then half a foot beneath the botion of the pit. A
plastic tube eppraxirately 2 inckes in dlereter was installed in one
hele of cech pair for moisture neasurements. The annular space between
the access tube and the wall of the drilled hoie vas nat back™lled.
The other hole of the Pair contaired a borous cup pleced at the back

[ Che! s capasfe of Qbwt opp atmeschrre
of the hole and connected to :un-ef vacuun s:mta-:; The holes were

backfilled around <he vacuun tubes with crushed tusse euplaced with

cozpressed air.
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£ix holes & to 6 inches in diameter aud 75 to U4 Zcet in
depth wvezre dfillcd near e edge of the pit. Four of tiiesze hwoles
vere tlanted tz penetrate the Zufl berexth the pit. The holes
were lined with plastic anccess tubes appreicimately two Inches in

diameter end tiic annuler cnasec beteen the tubec and thie walls

ol the holes wae backxfill.od with cerushed tuf?.

&



- Conditions before infiltration

Several facies In the tuff exposed during the construction of
the calscon created special problems of data interpretation (sketch D
on fig. 21). These facles iypes were an upper tuffeceous sand that was
8lightly consolidated and partly veathered and conteined numerous roots
and rootlets (bed A, Tig. 21 and table 8); a puniceous turs that appeared
to pinch out several feet south of the ceisaon (bed B, fig. 21); and
an underlying velded tuff that was weathered, especially along joint
faces along vhich wastes may have noved (bed C, fig. 21). A cley

zone 6 to 12 inches thick overlies the welded tuff.



Table 8.--Description of uaterial

- in caisson pit at Site 6.

. a
Position on Description 8/
figure 21
A Sand, lignut orauge-browvn, wveatnered yellowish;, CoRslsts

of subrvund to subangulor silt to coarse grains of
quariz, sanidine, pumice, and minor amounts of mafic
minerals, some grains pitted.

B Tuff, light orange-grey, weethered throughout; cuch
cley present.

c Tuff, light gray, weathered yellowish around devitrif.ed
rumice fragments and adjacent to joints, locally
wveatnered into clay, weathering more intense in botteom
of pit; conslsts of esh and some mafic minerals.

&, by Villiem D. Purtymun



The handing efr'ect of' tiie one-third atmosphere tension moisture

va.lu{ze (fig. 22-A) parallel to the clay development (sketch C, fig. 21)

Figure 22-A.--5ectlon through Site 6 showing banding effect of

the moisture content at one-third atmosphere tension.

suggests thal waste-woter movement may have changed scme ¢f th ph;,ﬁic“
properties of the tuff, such as poire and perticle sizes. Some of the
wastes discharged in the east end of the disposul pit may have moved
! laterally through the sandy raterial (Bed A on sketch C and D, fig. 21)
.along the slopirg top of the turf and then verticelliy into the tuff.
The lover moisture values (fig. 22-A) seenm to coincide with areas of
tulf in whick the greatest amount of steining had occurred. The stained
( arcas ray indicate a dirferent stege of vesthering than that at the clay |
O , yer due to elternate wetting and drying cycles. A trend towards
\ “banding in the tuff 1s indicated elso by the dry unit weight, specific
retention, porosity values, and by the pattern (rig. 22-B) formed oy
plottirg the gross alpha court on the section through the gtudy erea.
The moisture content and gross alpha activity of the cores
collected in the study area decreased significanthr from east to west
and with depth (teble 9), which irdicates that much of the liquid
discharged into the pit »mved only e short distance laterally through
the sandy material before infilltratirg the tuff. The average molsture
¢ ontent of the third horizontal group was significantly lower at the
one percent level than that of the two upper groups, but not significantly

less than that of the fourth group.

[ 6



Group
of
holes
by depth

Middle 2,

West L,

2

Table y.--Averages of moisture content and gross alpha

counts of tuff cores collected at site 6.

Depth
(feet)

2, and k&
3, and 10
14, and 16

2, and 22

6, 12, and 18
3, 14, and 20

10, 16, and 22

Moisture
content
(in percent
by volume)

>

-

Difference
from lowvect
moisture

content (18.%4)

11.2

7.6

2.9

a/ Annlysis by Los Alazos Sclentifie Laboratory.

Least
significant
difference

- v
C

N

Gross alpha
count:s per
minute per
dxy gres:

1,017

51
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The tuff is esttensively jointed (fig. 21), and the tendency
for iiquid to move through the Joints is indicated by higher gross
alpha activity in locel arcas as shown by ilie pross alphe count

of 1,000 per rfimute per dry graz at the 20 foot depth on figure T2-E.

Figure 22-B.--Section througi Site U shoving gross ciphe

activity.

In the east group of holes (fig. 21) the joints becane rore 'm:-.e*'ous
with increasing depth. Several open Joirnts cu the south wall of the
caisson were found helow o depth of 25 feet. liaste water hed penciruted
the fineline Joints 7o depths of at leest 22 feet and subsequentvl)
cliered the tuff cdjacent to the Joint rmizh &8s one-guayter o
one~-hal? inch. Cleys deveioped locclly ard Impeded drainege 3o thut
the jointes retuined water to the extent that the moisture content of

-~

the tuff was locally as ruch as 35 percent (fig. &3, profile I).

of tobt comsTrveted

Figure 23.--Isoiydrul lines of moisture COZ)-G..»A':'%'!'!‘.'.— fron
wihes 8 .

rnoisture readings .in horizoztal access bewes ot 2, A, 1o,

feet the 7 .
and 2( , wenias oclovl wettor. of disposal pit 1 ot Slte o.

The isohydrcl lines cf the June 30 mecsurerents (ig. 23, profile II)
show a latercl moverent of roisture from the disposal pit towards the
caisson area Lefere infiltretio:: tegen. Tals increase in molstur
costent of the tulf probobly was caused bty infiltraticn of soowelt

and by {he avove norral precipitation in June (5.:¢ inches).

\1



The moisture content of chunk sélr:jlcs collected ut various
depths during excevation of tlie cailcson in October 1356 indicate
thct water from the disposol pit had meved nortinrard only a short
digtance. Some water hoad moved throush ithe sandy materials above
the clay layer os indicated Ly moisture contents of 19 end 16
percent, respectively, at the C ond b foot levels. Little or bele}
water had reached the 12 wud 1 foct lovels clilhouri: some hed moved

lateraily at the 18 and 22 {oot depth.



Infiitretion Studies, 195C and 1561

" The flov of water into the disposal pit wos continucus for two
months In both 1560 ang 19561. Both studies vere during the swmer
months vhen the terperature of the vater, and other conditions,

probably were cozparcbie. The dotos and tpproximate rates of flow

of vastes and tap water into the Pit are showm below (Christenson

and Thomas, 1562, p. 201).

Row waste discharge

1966 July 6-July 31

1961 June S0~Aug. 2

The rwisture content

ranged from less thuu:

Isolated ereas having 2

locally during August

in the 10 to 15 foot

intiltretion stopneq (fic. 23, prosrile w

teted a5 a berrier o)

3¢ to more e

éppro:iimately
8,000 gellons
per day

approximately
€,400 gallons
per day

of the tuff durin

Tap water discharge

Augz., 1-Sept. 7

Aug. 2-Aug. 26

&pproximately
6,500 pellons
per dcy

aphro:zimately
75100 gallons
ver doy

g continuous infiltration

2 35 percent (fig. 23, profile IIT).

oisture content of 35 to kc percent developed

zone belov the pit y;

the laterel movement

of water,

» Suggesting movenent throush open joints. Draincge
as relatively slov after

Provavly bectuse the calsson
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The roisture content before the 1961 study after almost o4
months of drainage (rig. 23, profile V) wos about the sane or slightly
lover than before the 166¢ study, nrobebly because of legs rainfall,
The roisture content through July 1961 also wag about the sane ag
during the 1950 study (fig. o3, profile VI), but during August the
moisture content of the turs increased (iig. 23, profile VII). The
high moisture coutent of 45 Percent at a depth of 8 feeot indicotes
that vater drained from & Joint directly into the anrular space ‘around

the access tupe and that wvater nay have been Standing in the hole.

Drainege from this area vas relatively rapid (#ig. 23, profile VIII),

egein Buggesting moverent through open Joints.
Gross alpha activity in water sarples from the & fcot depth

avereged several tines higher than the activity in Barples Trom other

"depths (Christenson anrd Thorias ) 1962). Samples fyan other depths also

¢ ontained relatively high wlpha ectivity,videh indicated lovenent
through joints. There was an inverse relationslip Leticen gxcsc
@lpha 2etivity and the PH of the solution. Total hardnegs and total
5011ds increesed Witk depth, Sucgesting solution eng resolution of

previously deposited noterials.



decp
Beep gceess tubes (fig. 25) were installed in Jioles drilled

= . *~ 35 L ad e
Floure 25.--Plon vievw chowing lecaticons <l decp 2ccesc tubes,

sections thrcugh disposal pit, and moisture content of deep
t

access tu‘oeé‘;g’ite €.
+1#))-in Fobruary 1961. Pre-test noisture
content or gross alpha counts were not determined. High gross alnha
activity of drill cuttines at a depth of ebout 30 feetl in hole MPW-2
as listed below probably was due to & zone of free water perched on
the facles change noted in the wells of the caisson pit.

Bole nuzber 1l 1A 2 3 L 5

per per
Gross alpha cov.mts/(zninuteA

dry grem 2 o 698 3 13 03

The moisture content during Morch and April ranged between 20
i
and 35 percent around the upper pert of the tubes, due in part to
snowmelt ard icpeded dreinege end was about 10 percent or less around

the bottom of all the access tubes except DRI-1A. The moisture at

;dri)/,'n, water wis nel vsed th €he constrvc?

the bottom of access tube DAW-1A mey have been due to drilling water,"
At depth below &bout 20 or 3C feet the moisture content was highest

around tubes neer the northeast part of the disposal pit.

69
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Most of the walter lis:zharged ixtc the dlsposed vit infiliraied
the tuff and rervolated dowawerd within a rouglliy 1,000 square foot
area at the east end of the dispesal pit newr the cailsson (Nig. 2%).

tside the oval shaped areu of maximri Infiliration (fig. 25),

particularily to the rerily,.is 4 fringe zone aucut 20 feet wide cud

- R T e — e . _—
goout (U Leet deep where Percclatirg weter raintoins the roisiure

T

ceontent cf the tui'l slightly abeve {ield capacity.

The mocisture content b rost depths epproacied the pre-infiliration

A\
level about 2‘:4;. ronths aftter discharge of water into the pit was steopped.
The mocisture content of the tufl at IPi-» and b, adlacent to the
wegters aell of the disposal pii, increzsed orly in the upper 20 to ,3":
Teet aller alrpst 2 onihks of ii:filtrai.;‘.on » Vhereas the rolisture content
, &t the eost side of the pit incrensed 1o denths of more than 92 Teex.
‘x ‘ The irregularities in the cﬁrves of meisture conient for access

tubes DPW-1, 14, aud 2 prchatly are due to changes ‘u permeabiliscr,

The incresses in moisturc fron depths of aboul 5 to OC feet at DAW-1

-
= - - Lo

and at ¢ to 4C feet at TEW-3 probably is caused by woter reachling

thiese lutervals through jolnis.



The effects of Joirts ord contacis betwee:: subnmits

_ of the tufs on water rovenenl

Vater noves through the tuff in two vays--by capillary movement
through the pores of tie tul?, and Ly rovermens through open inter-
cornected Joints. Watexr en.tering open inte:conrecied Joints might
move rapidly, downward s through the joints 5 however, if the Joints
are not continucus through contocts between subunit: of the tufl
the wuter might be perched ebove the contect: ard would ‘tcnd 10 rove
laterally.

Liquid wvastes are dischargzed periodicall:s irom a treatirent pliani
onto the Tslidrege Merber in the floor of Acia Canyon. The §ci:;t ol
discharge is abous o quarter of a mile ubove o seep {lowing several
gallons per minute gt the contact of the Tshirege aud Otows Morders

(£4.2¢)

in Acid Ca.n;,ror‘x The liquid wostes are discharged from the piant in

Fipure 20.-<Steteh of Ledid Carnzorn showirg possitie Tmoverent b
water throuzh jointg in the Tshirepe Merder cf +ha Tandeller

Taff and the lnocation of a 8eep arec in fcid Canvon at Slte .

e

slugs and cause intermittent surface flow on the canyoa floor for

i
periods of as rch 2g one hwur. Beiween internittent flows the {icor
of the canyon norcally is dry between the treatment plant and the

secp; flow in the canyon is pere:mial below the seap.

7t- 72



The only known sowrce of weter emertws in the seep arce 1s
the j.iquid waste dfschamzed from the treatment plant. Study of
the area indicates that liquid waste percolctes through Joints in
+he Tshirege Member to the top of the nussive Otowi Member where
it is perched and tien roves, J.ateraj_iy clong the contact to the
seep area.

liguid wmay also be moving along the subsurface contact of the
two menbers to other points of discharge which have not as yet Leen
found. The attitude of the contaoct is unkmown; if it is relatively
level weier could be rmoving underground in all directions from the
point of recharge.

Porched woter occurs alsc at the contact between the Gueje
Meriper and the underlying Puye Conglonercte. Melisilure necsurenent
of parples iroun Sites 17 and 18 from two holes drilled throcugh the
Cunje into the Puye irdicated that <he cortact beiween the units
forms a perching surface for percclating water. At th sites
holes were drilied in the strearbed in emall cenyons tributary tc
Pucblo Camyor. end several yards upstireanm fren the contect between

the two w:its of the tuff.



/
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- The moisture contents above and belo‘w the Cuaje-Puye contact
vere sigrificantly different at both sites (table l(i,). The 60.8
percent average molsture content in the Guaje at Site 17 probably
represents saturation or near saturation and the 34.2 percent in the
clayey top of the Puye probszly represents about fleld cepacity or
less. Apparently water infiltirates slowly across the contact and
iqfrlf'rg-fef

A the Puye after field capacity or ebove is attained
~

in the Guaje. At Site 18, where less water is evailable because of a

spall drainage area, the average woisture content in the Cueje was %0.6
percent, or about half thet at Site 17. The moisture content of the
Puye at Site 18 was correspondingly low.

Sarples were collected at the bese of und beiow a cor.:-pdc‘ted
silt layer ebout 13 feet thick in the upper part of the m:,fe'
Conglomerate, and which perches the strecn in part of Pueblo Canyon
(31te 19). Moisture content of the samples chow thet 1ittle or n
woter infiltrates the silt layer. The moisture content at the botton
of the silt layer was about 22 percent by volume; the moisture content
of the sandy sediments iurediately beneath the layer was about 12

perveat by voluze.



£

Site
lic.

17

Table IR.-~Moisture content, in percent by voluue,

near the ccntact cf the Gua_e Meaber of the Bandelier

Tuff end the Puye Conglcmerate at Sites 17 and 13.

Distance asvove cr
below contact
(eet)

1-2

U=-1

U=1

Moiczture ccrtent
(in percent by
voluwae)
61 L] 0
60.7

542
2.9
31.h

1.9

17.1

73 a

tratigrayhic Unit

Guzie Meuber '
Guaje Menber

Puye Congicmerate

Guaje Meuber
Guaje Mezber
Puye Conglomerate

Pyye Ceiugiomerate
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- Sumary end conclusions

The Dandelier Tuff is divided into three members--the Guaje
Member at the basc, the Otowl Member in the middle, and the Tshirege
Member on top. Vertical density gradi:mnts in the Tshirege Member are

vl k '
caused by chonges in the physical properties of the tuff. ’I‘hegspeci:ic
pevorY
gravity of the Bandelier Tuff decreases slightly with depth and also

fram west to cast across the Pajerito Plaiceeu.

7



The porosity of the tuff ranged from sbout EC percent to about
6C pe_z_-cent aud the deviation from the mean at any particular study
grca vos generally only 2 few percent. Tre higher perosity velues
are within the upper perts Qf the units ond within the upper few
feet of the subt-units. '.T."me p?rosity is invercely related to the
dry unit weight; the dry unit weight near the base of the units and
sub-units 1c reletively high end the porosity relatively low. The

porosity 1o also inversely related to the moisture content at one-third

.

atmosphere tension, waick was found vo be rouzlily the average fleld

canocity oi the tult. Pore-size distrilutiou culves chow thoat etout 20

to 25 percent o the total pore spece transmits St of +he wuter vwhieh

21

poves throuch the tuft, and that tae weiter in the scller oores ives

mostly by the slower procesces ol capillexity and Ciffusian, end

contributes little to the bulk% of the movereut. The averai? pornen-

-
Sk

pility is low--about ¥ to & gallons per day pew squere fuot.
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O Jointing 1s common throughout the Tshirege Member. They cre
narrov end filled with sediments for & few feet below the lend surface,
but are sediment-free ot depil. Joints interconnaczied to cepth in
the Tshirese could provids raths for ropid downvard movemeat of water.
In places, the movement o water through joints would negate the effect
that a bed of low permaavility ~ould ﬁave caused had vater movemeni
been only through pores in the tuff; Nuclides in water moving through
‘open Joints would have a relacively limitaé oprortunity to be ebsorbed

onto tha tuff, as campered to nuclides in water that moved through

the porzs of the tuff.




The moisturc content during percolation of water through
perts of the tuff that contain few Joints or dernsity gradients
was -in the 25 to 35 percent range. Thie range is slightly above
rddway between field capacity and porosity of the tuff. Slight'
changes in the physical properties of the tuff apparently caused
local areas to become nearly .suturated » but generally the moisture
content during percolation through the dbulk of the tuff was substan-

tially less than saturation. Beneath restricting layers, water

¢ ontimied to move in the lower molsture range. The teaperature

‘of the vater, due to seasonal changes, apperently affected the

rate of infiltration at the water-tuff interfoce. The rate of
peraolation exceeded the rate of infiltration when the water was
neaxr Ireezing.

The rate of p'.arcoltstionl in dry soll dec:eased fram about half
a foot per dey during the ITirst dey to less than & quarter of a foot
per 4ay durlng the third day. In a wetted s0i1 the wetted front
roved to a deptlh of 2lmost 5 feet during 2 days of inflltration. The
mexin nolfsture content after 99 days of infiltratlion was about 36
percent iu the soil zone and decrcased to less than 4 percent within
a foot of the top of the underlyirg tuff. The rete of rovement
directly into dry tuff averaged about 2 feet per day during the first
day, half s foot per day during the next 11 days, and about a tenth

of a foo%t per day during the pext 56 days.



O

Water povernent was ronitored by mwisture neser reaaligs to
a depth of about W reet below ¢ disposal pit. later in tie iow
moisture range cpparently roved o depils greuter tluw K feet.
Vater In unimown quantitles zoves shooush open joinls or Joints
enlaiged by sclvents in ilie wastes.

Alternate wettirg and drying of the tudl Jue 1o interiiiient
or 'slug' discharpe of wastes oy cause differeut patterns of
uptalke ol ions than contimocus discharge. ‘ ter the tull has duce
been wetted and drained, the rolsture content rerains 1. ihe 10 to
20 percent renge for & pericd of scveral ronths due Lo nysteres:is,
rmch of the iovenent beiny in the lower ioigture range.  Subsequent
moverent of water through the tuff is rore rupid because the tulf

is alrecady wetted and an energy barrier is rot created ot tlie wetted
o

front.

7



‘ The effective end totel poresiiy, pores slzes, pore sl
| distridbution, and the particle size eech aflect the rovenient of

water in 1he Bandelier Tuff. Their individual and collective
effects com be eveluated relazive o varicus standard nethods of
s+udying water movenent in @ pgrous navtericl, o oh as rolstwre cemntent,
tez:si.ons at diiferent specific conductance wud spesific yield, cnd
permeabillity. The veter retention and vater transrdssion propexriles

y ©F the tuff ure func tions of Jle porosity and tie percent of laxge
‘poxe spaces, which in turn are releted to the dry unit weight and
particle size distribution.

Povnd beneat i an infritradien pré

. . was
Most of the gross alplie activiiy pHes— Baka bl

-y A o D
XS -1:&‘- s e ARE Y

_the “

Tolow &

shac:t Aigiiace bcnea.,nA

of high alpha activity .
local arees m‘.ere vater carried the activiiy cleng Jjeints. Rapid

of water
roveaent Atm‘ou;_;n Joints wos substontisted during wnfiltroulaon stulies.

‘ dep:ir of aboui 15 to 20 feet the olpha activitl wos low, cucept for
o 1]

e relationship beitween gross alpha activity and the pH of tre
solution weo iwrerse. Total herdness and ftotal sclide increases
with deptia, sugresting solution ond resolution of previcusly depcsited

roterials. -

»
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