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fror.l "'est to east across the Pajnrito Plateau ----- 19b 
( ~.,~~is•#! of' luHt',. f:¥'/'WthN .,e;.,_ ,.,&Jt' S#~l'/fl'$ "t' I>At'-

.,.,.. .. ·.~-~:.;..l"~'lo.. .. t - .. 
~~~,,..; 1/tl'"lllu.t?.+fl',.tt' ,.,..,..~u·c'~ t¥i ~A ,,,,s;,,.- -- -- . 2 ~Iff 

·~· ... ~1~ 6.~···-'~~ 

Tuble 6.--?~-ticle-size distribution or samples of tuff .fro~ 

Si~es 2 1 3, wld 6, in percent by weight -----------

~~ble 7---~i'ects oi' trar~piration by t~blewecd plants on 

the IOOis·i:.ure content o:f tuff at Site 5 1 1960 ------ 50a 

Tc.ble 8.--Descripti.·n o1' I:lllterio.l in cc.isson pit et 8ite 6 ---- 63o. 

Tublc :;. --/.veragcs of' moiDtU!"e cor.tent and gross alpha counts 

of tuff cores collected at Site 6 ----------------- 6~a 
T~~le 10.-MO!sture co~tent, in p~rcent by volume, near the 

contact of the Guo.je Mecller of' the Bandelier 7\l.ff 
and the Puye Conclor'l..ernte at Sites 17 and 18 ... r:,,...-=-
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Physical prop·.:! ... ·.:.i~~; of u.nc.i mov:=m~nt of ,;nter in 

th~ B:md~li.~r Tu1'f1 Los Al,unos and S.."l.nta Fe 

Coun~ies, fie·,, Mexico 

• 
By 

John H. Abrahams, Jr. 

Abst:t·.:1cr. 

.R:l.dioactiv~ ·.re.s t.~s f~·om the Los Al::\IIlOS Sci:::nti:'ic Labore. tory 

n'.!nr Los Alamos on the Pc.j:.Lri to Pla.t.e:J.u in no1·th-c~n ~!·al Ne..- Me.-:1 "!O 

- d " are re~cus~ on to -.he su.t•face and in the s .. bsurfac~ "i ~hin the area. ~ 

In the 191+0' s liquid ..;a.~~;'! s ..... e ... ·e proce.ss:d for the rcmov!'.l of som~ 

radionuclides b~t the q~antity of rudio~ctivit; ~~scharGc~ into 0p~n 

in::'il 'tr::'.tion pits on the pl::.te:J.u o;· in to rw. tu~·a.l d.o.--ain<:>t;e in deep 

in 195 .. , s.J.perll:lt:.mt liquids, sep::.ruted from slud.~ec containin~...: most 

discha.rg.:!cl. The sludges ::.re b~~ried on the pl3.tco.u a1't;r being 

mi:.:eJ .. ith concJ.-ete or vertlic~lite and placed in metal b"J.rrels. 

,..( 
.· 



( 

plateau has been diG3ected "uy eru:;7.-vest. t.renclin.•?- ca"l.~ro::is os nach 

The plateau is capped by the Bandelier T'~f of Pleistocene ace 

;r..e·:; is c:;;. lec.nt l,CCO :feet thick r.em- the "restcr:1 na..-c;in of the 

plc::eau a"Y.l thins east\Te...""Cl. to less thnn 100 feet. neo.r t7hi te Rock 

'l'he Sa.."lta Fe Group of ciddle ( 7) Miocene and. Pleistoce!le ( ?) 

age u:lderlies the BD.!ldelier Ttl:f'i' a~ fc:-os the r::.::dr.;. aq-..l!.fer !.:-~ the 

Los Ala."Xle are&. 

Disposal of radioec~ivity vustes ~-e been, fer the moot part, 

on the s~ace ci' or bu...--lcd in the Tsbire~e f\Je:':'.ber. ?-bat of the 

studies described in this report are vi th the Ts!~rege Mer:~er of' the 
' 

Dandeller Tuff' 1 a."ld. reference to tuff in t~ll.s report are to tl1e 

Tsr..irege ur.J..ess the Guaje t:-"'ld Oto".-n Me::bers .:.re :ne:1tione~l. speci!'".:.ca:!.l:r . 

.. 
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T"ne Tshir•~Je Ml?mber of the BM<l)ii~r Tuff contains aub-uni ts that 

4 
probably ~r~ individual beds of tuff. Weter moving throuch the tuff 

is tempcr::.rily perched by variations in vertical pe:rme:J.bility. The 

p0rmec.oility vari~s fran one bed to e.not.her, fr:...m one metlb~r to c.nother, 
e 

and fror.l the BanU(.lier Tu.ff to U!1.clerl~.'inr:; beds of the Santa Fe Group. 
1\ 

Joints {'.re Cc.t:ml8ll tlU'ou._;hout the Tshirec~ Member. The joints which 

ere not filled \.fi th sediments o::· c.l teru tion prod.ucts mc.y interccn11ec c 

ec.:·oss the contects cf s·.~b-:.mi ts and Ill':ly provide paths for rapid 

' m~vcmcnt of •:nter ~•hich n~co.te the effects of differences in the rt:ck 

permeabili t;y. nuclides in \l:ttcr moving throuGh open j uints would have 

e relatively litli ted oppcrtuni t::; to be absorbed into the tuff, as 

cmpt".red t.t; nuclides in "::.ter thc.t moved throuGh t:1e pores of the 

tuff. 

Mcst. of' the cross nlph:.,_ (plutonium) 
c~ c _,,,~ /fin ~~.,.. 

dispos~l pits, excep~ for tuff,. 1.5 or 20 feet benent!1 t.he bottom of 
~o "/,.At',; J.,t'A 

isolated ::>.rcas \!here 'n"tlter- curried the activity throut:;..'-1 joints. T:1ere 
~ 

w~s en inverse relationship bet~een GrOSZ elpha activity UP.d the pE of 

\later percolatin.:.; throu~ the tufr.(C~,.,5.ft,S~I7,~ 7 I>c.,;t;, 1f~ 1} 

.~ 
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The p·:)rosi ty of the t'..lff run:.:~ from ~.bo'J.t 20 p~rcent to e.bout 

60 ~!·cent. The pcrosit;-,· is inver~~ly rel~.ted to tl~e moioture ccntent 

r..t one-third atmospheric ~~(>ncic..,r. 1 which is rm~chl? ti1e ~vcrn;;e field 

cc.p:.'l.ci t.;'t· cf r.he tuff. Ab: .·; ·t 20 to 25 percent of th..? totc.l pore space 

tr-...nsmits moct cf the un.ter ..... hie!'. l!loves thrcu.;.~ the tt~ff. The averacc 

Tee ncistur~ content c-.fter 99 days of infiltr~.tion into P.. pit 
-..$b.rc ••·~tt."' ~ .r • s.;.,, -t.t~ •. ,.,,. 

.;.·nro.t. ·······"''··-···~··r·l·; ··o··.,·. "'::- •··~~~l''in- tttf.&' ,... .... nr•ed 1:-..........,.. e.bo"t 
\.1 -- :''·-~- .......... , ·~-" - _ ... ...~ - .... J .. • • __....,.....~... ·.; .&. - '- .. ~ L.J.."\.Ao..U 'U. 

39 !l·=rce:Tt 11~' volum~ in t.i1e soil :;:.or.e to leE:s thr-:1 4 percent \li:thin 

a. fc.-ot L"'elO\l the ·c.cp of the und·~rl~rint::: tuff. s., I Co•~~ ,.,_,,c40 • -1-A• 
~-"~f tJ~ tAl._,_,~ ~~-~~ Gvt~,/J /H./';/~;4 "' ~~ -r-.~ 

T!:e I:'.oi:::tnre content r~.r:ce1. from less than 1 percent h~· volum..e in ., .. .,. .... 
_ J;t -t .. ,~, d',.s-I',,.J~rel ~, M•,., 

t\!1-'.!istHrh:!d t.uff to <.bo·..lt 2o percent Go£~~·· ;.,+.-.··-J'·-, .. c ..... .:±lt.:.e.:b.:.._:>\ 

~~ ~utfu~>C' · 
t'."!t. · , · 5· -..,. T:."le o.v .::race moisti.lrc content of the undi~ t.urbed tuff 

was J.:?cs tr..::m 5 percent. 

The !!:.cist,:r·:! conte~t c~nrint: perccl:ltion of' 1r.:.ter thr01:~"1 p:?..rcs 

cf' ti'..e tt:ff that ccnt:'.i!!ed fe\l jcints or der:.sit~: c;r!'.dients \!S.S it: t.he 

25 to 35 percent rr~e. ~lis ~r-ce is sl1Lntly ~bove the median of 

f'i~ld ce.!'~cit:,r Rl'ld pc~·ooi·"~· c.f t!:~ ~uff. Th~ ra.te of movement directly 

intu c.l.ry t.~i'f c.vl.!rat:;e.:l uuo·~:t 2 fee.- per da.y durins the firsr. day 1 half 
,,,.~ 

a Zoot ~L'.:ri:~c; tile n~{t ll duj·s, ~:.d. about a. ten~h of a foot per cby 
II 

dt·,rin.:; ~!:lc ne:"'t ;)6 UO.j'S. 'l':lc lilOis·;;.~,u•\! content oi' ·tile tuff during 

r.fi'~;;tcil t:~ rete of infil·~r~:tio:l a.t r.he v~t.er-tuff interfo.ce to the 

e:~~c='lt. ~r..a.t the rete uf pcrcolr.tion ~xceed~d the ra.te of 1r.filtro.tion 

·.then the \tnter wns n~~.r ~::.·cczin·: . 

.. 
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Ia~:·o\.1: .cticn 

It is costly in Los Ale.nros Co;.a1t~r, bt1.t it extends :: short dis ~:::'..'1C~ 

i:1to So.nt::. Fe Cm:nty. 'r:'1e o=~o. comprises '1.bout 30 s~rw.rc r.tilcs. 
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The Pajarito Plateau is part o! the Jeme~ M::luntains volcanic 
-

complex (fie, 2) , The plateau slopes eastward from the Sierra de 

Figure 2.--Map of the ws Alw:os area showing11 locations of sites 
-t, c.-

for studies oft\ physical properties and water m:>Vei!lent in the . 
Bandelier Tu:ff', 

los Valles, vh:l.ch forms the east rir.1 of tpe Jemez J.buntains c eo.lderc.. 

The P.lti tude of tl:.e pla~eau rw-ees :fron abou-t 7 ,eoo feet on t.;~e veGt . 
side to about 6,200 fee"t on the east side at the escarpment overlooking 

the Rio Grar..de. The plateau has been dissected by deep canyons cut 

by strea"!lB flowing eastward from the Sierra de los Valles to the 

south\mrd flowing Rio Grande. The c~ns are 200 to ~00 feet deep 

in the ce..~tral and western parts of the plateau but are as much as 

· 8oc to 1 1000 feet deep at the east side of the plateau where they 

join Uhi te Rock Canyon of the Rio Grande. The canyons are floored 
llol C -a,.,, c. (r)c It-s 

by be¥ook in the vestern part of the plateau. In the middle and 

eastern pc.rt of the plateau the canyons are floored by alluvium, in 

places as much as 8o feet thick. Nearly flat finger-like mes~ 

e."<tend east-southeastvard between the canyons. The :r:1esas are narrow, 
ne'f 

many u half mile 'Wide or less, tat have a soil cover as wch as 9 • 
feet thick. The soil cover thins . .:o.stwu.rd as the ca.eyons become 

vider and the mesas become n.arrover • 

... 
) 
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the Bc.:::dclie!' arc sl'X>\.T.. d.ict:;rur.::~aticall:;; o:: fitr..u-c j. T:1c Bandelier 

I 

.•. ·: .. :~!.' !,:,:.::; t .... l~::!J-:, ~-::-c:-:.. ------------------··---~----~--
i;;; n~.-oi.r·.:. l;r_·~;e feet t!lid: ale!'.(; the ves~.:.ern ca.rc;!.r. of the platec.u.. 

abr..xptly; :!. ~ t~::.: . .3 :::.:s•.:. -::.o ·:.:~c cast a."ld. is less the.:1 100 feet thick 

·The 

Mccbers, 

:.:.:. 

,.-.·. ,__ 

''"r-4 ···r\'' - . .A.;."'' 

'( 

....... 

---·--. ------ -·-· 



'l'be Dain sround-vntcr body a'ld aquifer 1n the Los Al.Dm::>o e.re~ 

is in- the Tschicoma Jbrmation and the Santa Fe Group of middle ( T) 

Miocene to Pleistocene ( 'l) age (fiG. 3) • The depth to the top of 

this aquifer is about 1,200 feet beneath the surface 1n the western 

part of the Paja.rito Plateau, about 1,000 :feet beneath the aur:f'ace 

...yt~ef' /..D~ If/;~ ~,S 
i& t.'le siiil:e F&::ft 0~ t " pJ, :I e=~, ond 300 to ~ feet belov the 

ca.'\Y'On floors. The piezometric surt'oce of the main aquifer slopes 

east-southeastvc.rd at about 6o to &:> feet per mile. ';31e vater in, 

t.!lis ccr.Ufer :no"ve3 east-soutr..cc.stwnrd to ~ natur:ll. discharge point' i/o".) 

t!lc Rio G~..l~c valley. 

'I!:~ Bn!"..delier Tui"f' is e.::xwc t.he n:ru.n aquifer (!'18. 3), but ~ a,/
tlt• e .... d.Jiu-

plece;JJI~ co:..1tabs pe~h...od \oro.t.er (Cr4-zs 1 1~ 'Watcr-supjjl.y Paper 

1'('; ';:, ir pres~- Perched vater occurs nl <iO in the 

oJ.luvlum in th.e cc..""'.J.ns cut 1r..t.o the l3s.!xleliar. 

·e 
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Badioactive wastes from the laboratories near IDs Almoos ere 
_.Nd.t......d.- ~ ~ •• t~g..ct;-
~esel :i' te the surface an<;,subsurface within the area. The 

solid vestee 1 which consist mostly of materials such as metal objects 1 

glassware 1 and garments 1 are b'IJ.rled in shallow pits on the mesas. Sludge 

wastes 1 obtained by concentrating liquid wastes, also are buried on the 

mesas after being mixed with concrete or .vermiculite and placed in 

metal barrels. Liquid wastes are supernatant liquids that have be~n 

separated :from the sludges. The liquid vastes are treated to below 

off-site tolerance limits and discharged into open inf1ltration pits 

on the mesas or into natural drainage channels in the canyons. From 

the early 1940's until the ve.ste-treatment plants were built about 
O.(-il.ot.J'IJ So•c w'-r~ f"O''uco/ ~D,. ~tlfcJVa.l •F C~rt£•1\ nllc./,tlcsJ 

19511 liquid vaetes vere oot treated-+'~~ ~e quantities of radioactivity 
pr:t~t' fo /f/S/ :::. 

discharged were not ~orded. , 
' 'Wat\!r seeping into the rocks from precipitation and snowmelt could 

become contaminated with radionuclides f"rom liquid waste in the 

infiltration pits 1 6:DI:i- in stream charmels on canyon floors, and :from 

buried solid wastes. If' this contaminated water reached the main 

aquifer 1 the contar:Unation wuld spread beyond the Los Alatoos area. 

Ground water of the Los Ala:r.¥:>s area does not remain stationary, but 

m:wes do'Wllgradient and becomes a part of the surface and ground water 

of the Rio Grande valley • 

.. 
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\lc:..tc:- &Je:rcolnti:1G iato t~1e crc>und a:1d C!Olol'll to'\-Ta.rd the main aquifer 
' 

fo::::a.tio!'l pro1)a.".Jly o~~:-=- t~c g:-cntest resistance to '\later movenent of 

U:.!Y for.:-.aticr: bc~vce:: la:~d S'..!!'fo.ce nnd the main aquifer. Because the 

E-.!::•lelier is pcrt1cularl:,· ~s!sta."1t t.o va.ter movev.~nt, the present 

st'..!d:: ""aS cor:ce:-::cd ':it~ t:te !:yd.:rnulic properties and radionuclide 

retention c:hm-~tcr!stic~ of that forrr.e.tion. Reference to tu:f':f' in 

, tl!is repc•!"t vill r.:ecm the T::l~re~e t.~ber u11less the Guaje and o;,ovi 

l.SC:::bers ure r.;e:;.J.;ic::ed Dpccii'!clll.ly. 

The i::ve~:.icc.";.io:n v--....s r~e by t~e United States Geological SUrvey 

t.b1 vers! .;_;~· o:f' C-.U.ifornia, :...Os f.!'lCeles Scie~ific Laboratory, . to 

d~te~~c ~he dire~tio~ n~d rete of r.overnent o:f' vater and radioactive 

vastcz from !n!ilt:-s:tio::. pi'ts end the capacity of the surroWld.ing 

rockS to ::.·eto.in ra.C.icnuclldes. Field studies vere nade by the SUrvey -
durir~ 1958-Gl. The moisture ~~nt and nuclide retention studies 

at Site 6 'ms o cooperative im·estigntion with the Health Division 

{H-'j) c:f' the los Alar..cs Scic~i!"ic Laboratory. lobisture and density 

IaleC.S'.lri::-.c equ!pme:.:t Yere provided a.""ld l!Vlintained by the Los Al.Sl:X)s 

&:!e!ltii'ic Le1.v.)ratory. ll.r. v11lllen D. PltrtJCD.lll, U. S. Geological 

3u:rvey, participated in the co:lS"truction and data collection at 

rost o~ the sites tbat verc studied. 

lC 
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Physical prcperties of the Bandelier Tuff 

· The site nu::lbero, locations, and pertinent information about 
the study sites are Su.Inl:larized in table 1. The average values of 
the physical properties of the Ba..'ldelier Tuff including some for 
the Guaje a.nd oto'Wi. Mer:lbers rlre sUI:llllB.rized in table 1-A. The data 
contained in table 1 was obtained from physical ~sis of samples 
collected from the various sites. The approximate n'lltlber of samples 
collected vere: 

100 sacples from Site 6 
Bo sacples froi!l Site 5 (79 vere I:Disture measurements only) J~ samples froo Site 2 
32 samples froi!l Site 7 {7 tests made on each sample) l2 sa~les frorn Site 8 
1 s~les free Site 9 
6 samples frac Site 3 
6 s~les from Site 1 

1 or 2 sacples frac each of the other sites 

Data from Site 6 are used predocinantly in the discusoion on ve.ter 
retention in the tuff because of the comparatively lQ.rge nlll':lber of 
analyses cadc and the corresponding statistical control possible. 
Results of studies at the other oi tes commonly vere parnllel to those 
~ Site 6, but generally they were not mathematically significant 
bccc.use of the SJ:lal.l nUI:ber of sm:Iples that vere collected or because 
the sacples vere videly scattered. 

11 

·-----· ----·-· ·-· .. 
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Site 
Jlo, 

1 

2 

' 

4 

5 

6 

7 

8 

9 

!/Location 
--

Ml~'k sec. 14, 
T. 19 N., R. 6 E. 

SEts»!- sec. 18, 
T. 19 B. 1 R. 7 E. 

Wiswf sec. 14, 
T. 19 B., R. 6 B. 

fiisw-k sec. 22 1 
T. 19 B., R. 6 E. 

Jtiswf sec. }1, 
T. 19 •• , R. 7 I. 

liame 
or 

Site 

Tshirege Tuft' 
boulder in 

PUeblo Canyon 

Road cut in 
lower part of 
PUeblo Can~n 

LAund.ry pit 

Soil study 

. ,. 
Southeast 
Mesita del 
aae;r 

" " ~ble 1 . -Sites inveljtigated 

1'11&1tion in 
stratigraphic 

column 

Tshir~ge Member of 
JJan.lelier Tuft. 
Stratigraphic 

position not knovn 

Lowe:tt_ part of 
Tshipe Member 

Middle part of 
Tshirege Member 

Middle part of 
Tshirege Member 

IDwer part of 
'l'ahirege llellber 

Description 
ot 

site 

Access holes in boulder embedded 
in alluvium, with water ponded 
against base ot boulder. 

Core holes in northeast-taci.ag 
vall ot road cut. 

Several access holes as much as 6o 
feet deep at different angles be
neath a pit used occasionally for 
disposal of liquid radioactive 
vastef!. Pit partly backf'illed 
with gravel. 

Tvo in1'iltration pits about 2 
feet in diameter and balt a foot 
dee!' in soil about 5 feet thick 
overlyi.ag tuff. Pive access tubes 
} to 5 feet deep in and around one 
pit. Ooe access tube 28 feet deep 
in other. 

Operation 
at 

site 

Core samples of tutt collected; 
neutron meter moisture ~asurements 
made during capillary rise of vater 
in boulder. 

Core S811ples of tutt collected. 

Samples ot tut'f collected and 
neutron meter moisture measurements 
made in access hole. Some vater 
trom precipitation and possible 
overtlov from other pits. 

Unconsolidated samples of tutt 
collected and neutron meter 
moistq,re measurement lllllde in access 
tubes. Coostaot bead of vater in 
one pit duri.ag iot1ltrat1on 
studies. 

Eight access tubes to depths of Dnconsolidated samples of tuff aboltt l!O teet around an inf11· collected and neutron 11eter tra·.ion pit adjacent to the south moisture JDe&BUrelleDta liMe. Vater val: of a 29-foot deep disposal pit. into pit 11etered. POol three--------------------------------------q._uart __ e_ra __ o-.f a ~oot deep maintained. nlsB! sec. 1 .. , DP-Welrt Middle part of Jbrizontal and slanting access Core samples of tuff collected T. 19 •· 1 ft. 6 B. 'fah1.rege Member tub'!s beneath disposal pit back· t'roll horizontal. holes. lb:on-

llll- sec. } and 

JEt sec. "' T. 18 •• , ft. 6 E. 

TA-49 

tllled with gravel. SlAnt. holes sol1dated samples of tutt collected 75 r 99 teet deep. troll slant hole•. •evt.ron lleter 
moisture me&surellellts IBde and 
sample of liquid wastes collected ' during and after 1nt1ltration of 

_ l'IIV ~~s and of tap vater. 
Depth troll 0 - 90 JlD~rous holes in areaabout halt Jlany core sa.plea of tu1'f collected. feet upper part Idle in diameter. ltlat of the Fractures 1D vall.a ot bole vera of 'l'&hirege Mellber. holes (c0111110nl;y 6 teet in •pped. 
Depth t"luu 90 - 275 41fllleter) vere less than 100 feet 
teet llliddle part of dee), but aome small-diameter holea 
'l'ahirege vere aa 1111ch as _j!~_ feet deep. 

JWbftl!- sec. 36, Bortbveat Laver part of One bole 6 feet in d111111eter and Some chunk 8&81plea of tutt T. 19 •· 1 ft. 6 B. Mealta 'l'ahirege Member UolllO 6o feet deep. col.:ected and vaU.a of hole del llue;y _ inspected •a.r cea. Be&a hole Middle part of ODe hole 6 feet in diameter and Sollie chunk auplea ot tu1't stsiaec. 2,, 'l'abiJ'"Se lfember ~qt ItO te~ c1eep. coUectecs. .,. 1? •• I R. 6 I. -· 
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11 

12 

13 

14 

15 

16 

() c 
W{t>'W} sec. 22, 'l'A-50 

j 
.Rectangular pits up to 20 feet Middle part of 

1'sh1rege Mealber • R. 6 •· 1'Bh1re«e Mealber deep for coutructlon of bulld-2'. 19 ll. ~ R. 6 
One cbunk sample of tuff collected. 

-
91{-DE!- see. 9 and 
JiW see. 16, 

Acid Canyon 

2'. 12 B. 2 R. £ z. 
S~isE!- see. 13, 
T. 18 •• , R. 6 E. 

TA-33 

BEbml see. 20, Bear .Admln-
T. 19 B., R 6 E. !stratton 

buildi!!S 

SB!m* see. 17, :Beneath 
T. 19 B., R. 6 E. bridge on 

Diamond 
Drive 

~see. 9, Lover part 
!. 19 B., R. 6 z. Acid Canyon 

JWbNt see. 20, Otovi 
!. 19 B., R. 7 E. 

S~iwt sec. 18, Pueblo 

Middle part of 
1'sh1rege Member 

IDver part of 
Tshirege Member 

Upper part of 
Tshirege Member 

Middle part of 
Tshirege Member 

Alluvii.IID on 0tov1 
Member of 
Bandelier 'l'utf 

Middle part of 
Otov1 Member 

1 • 

Can,on noor and valls. 'l'hree sets of core samples of tuff 
collected 

Small pit into vbich small unconsolidated samples ot tuft 
quantities or radioactive vaste collected to depth of 12 feet 
bad been disch&rced. beneath pit. 

&re boles for foundation Core samples of tuff collected by 
investigation. contractor. 

llortb vall of Loa Alamos 
Canyon 

Seep area dovnstream trcm contact 
I of Tsbirege and 0tov1 Members 

South vall ot Pueblo Can,yon 

!Vo core samples of tuff collected. 

Vial ted slte IIUIIIeroua times to 
observe seep. 

One core sample of tuff collected. 

!. 19 J., R. 7 B. C< 
Site A 

Contact ot GuaJe 1 In dry streambed !Vo samples or tuff collected trom 
7 B. Canyon Member or Bandelier. GuaJe Member near base and tvo 

'fut'f and PUye I ·1 samples ot tuf't collected t'rom Puye 
Conglomerate_ _ __ __ Conglomerate n.e~_ top. 

JWis~ sec. 19, Pueblo 
!. 19 •• , R. 7 B. Canyon 

Site B 

Contact of Guaje In dry atresd)ed \ 2'Vo 118111ples ot tuff collected tro. 
7 B. Canyon Member and PUye . . Guaje Member near base and tvo 

Conglomerate samples of tuff collected trcm 

SibfWf aee. 18, Pueblo 

T. 19 ··~ R. 7 E. Canyon 
Sit 

.• 1 Puye Conglomerate near top. 
Contact of ant bed Int~ttent flov • Samples collected at base or silt 
and underlying 'in jl"eambed J \' and in Wll!erlytns alluv1UII. 

Sl te C alluviUII on canyon 
1 

floor • 1 

; I' !/ S1 te IIUIIbera and locations sbavn on figure 2. I · 1 I 

I I 
I 
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Site 
r!o. 

1 

•.J ... 

3 

4 

5 

6 

7 

7 

Table 1-A.--Physicul properties of Bar-~lier Tuff collected at 18 sites 

and alluvium at one site on the Pajar1to Plateau. 

' (Values given are average for each site.} 

~ite 

1~1e 

Bois ture Dxj' Unit 
content,in vcight,ln 
percent by &'l!l ycr cc 

volw.1c 

~l·ecii'lc 

~ra;·l t:,', 
MUru.l.cd to 

ncarc:::.t 
h:.mdreU. th 

~to i.sturc t:pcc~.f lc 
c•.mtc!lt ut retention 
onc-th'i ru in 1:c:;.·ccnt 
0. tuocplterc !Jy •;clW:lC 

tcm.:ion i , , ,,.~,,, 
IJ 'I y#/VMf! 

-----------------------------
Tfihire;;c 
Tuff LX)U1-
der i:1 
Pueblc.: 
Cunyou 

Road C~lt .i..n 
lmler r;a:::t 
ot Puc.ulo 
Canyon 

5 .1. 

• 'l , .. :; 

Lo.undry 1'1 t ~4.:,; 

Soil Ztudy 

Southeast 
f.lesi ta del 
Bucy 

DP-West 

TA-49 
Dcr,th,O-~v 
feet 

<Lo 

1.0 

23.1 

2.1 

1.63 

1.28 

1.44 

1.}) 

1.~7 

1. 31• 

2.55 

2.56 

2.55 

2.56 
., l 7 ...:..:; 

.. ~-' ~,.==:oo-----· 

DeptH. <)0-2.(') 
fcc~' 1.2 l.iJl; 2.)5 

-:>:: ;·, 
·-:J • .-· 

21.2 7.1 

21.0 12.6 

.!Y14.5 

], 1:•.7 

20.6 16.7 

33.1; 19.0 

16.7 

'l'J~ Spcciac 
porosi t-:r ~·icld iu 
~ ~>crccn'.:. 

R/ 71' 8 
::.::; //• 

1·~.8 

1•3· '( 

119.0 

112.1 

1!8. 'l 

27-LJ 

by •:olune 

1t2. l~ 

52-9 

25.B 

~~}.0 

flit __..._ 

'Coefficient of 
pcr::eab!.l.:.. ty 

( ti0.1 per day ~r 
foot/ pe~: ;.:ooy 

ver
tlcul 

~~ .0 

L7 

2.6 

2.8 

.4 

llorl
zunto.l 

lLJ 

.7 

6.5 

).4 

- ·--------------·------------------------------------- ·-----·----------·----------~-
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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 M:>iature Dry Unit Specific Moicture Specific ~otal Specific C6et'f1c1ent or 
Uo. l1lli:1e content,in vc!.ght., in (;r8Vity1 content at retention porosity jield in pcrtleo.b!lity 

percent by 6JD per cc rounded to one-third in percent percent (gal per da:l ~r 
volume nearest atr.ocphere by volUI!le lrJ \"0 lUCie tootJ per foo 

hnndredth te~~oion 
i#f ~~,.~t-· f ver- borl-
~, v-1,.,& tical zonto.l 

8 Borthvest - 1.50 2.55 14.4 12.5 ~41., 26.8 ,.a .. Nesitn del 
Buey 

9 Beta bole o.6 1.44 2.56 14.5 12.0 4~.6 ~1.6 4.0 
depth o-~ 

' teet 

' ~ 9 Beta mle 
depth m-
110 teet .4 1.,1 2.56 24.~ 11.6 49.1 ~7-5 21.0 

10 TA-50 - 1-57 2.56 - - ,S.7 2"(.1 2.0 

11 Acid Canyon 7.4 
depth o-1 
teet belov 
tloor 

11 Acid Canyon 7.6 
5 feet be1ov 
rii:l 

11 Acid Caeyon 12.7 
0-! feet 
be 0\1 ril:l 

l _, 

l 
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Site 
No. 

12 

12 

13 

1} 

14 

At ..-
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Table 1-A. --Physical properties of Ba-ndelier Tuff collected at 18 sites 

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

Site 
na:c 

loblnture Dr.,· Unit 
oontent,in vc!~t,in 

percent by gm per cc 
volume 

TA-}} 1.6.0 
depth o-7 
feet 

Depth 7-12 5-} 
f'eet 

Beor Adminl&- 1.6.5 
tro.tion bull-
ding;.!/ depth 
0-10 teet 

liear AW:llnis- 10.4 
trotloq. buil-
diQG;S' depth 
10-aJ teet 

a~n~ath bridge - -
across upper 
too Al.m:loo 
Co.I:\Yon 

Specific 
Cl"!I.Yity' 

rounded to 
nearcnt 

hundredth 

-

Mointure Specific 
content at retention 
one-third in percent 
a~~Gphere by volume 

tc::-.olon 
i, ,,,.~,,., 
~, r•l·•~ 

- -

Total bjpecif!c 
porosi t:,- yield in 

percent 
by volUDe 

59.; -

..-
,..........._, 

'Coefficient or 
pcn:JCab!lity 

(gal per day per 
foot/ per foot) 

ver
tical 

5·' 

bori
zonta.l. 
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·~ 

Site 
No. 

15 

16 

17 

Site 
r-.ru:le 

Lower part 
Acid 'Canyon 
(observa
tions only) 

!.!Otowi 

~1~}o Can
yon A-Base 
of 8uaje 

0 
\ ". "' , . ••. •· \ .- .. , • • , . • . . a. 4 • ,.,.... .. •. • ..... a... 4 .a. . ' r • • ' ~ .~ \ . • I a. •· "·' a 

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

and a11uv1"Um at one site on_ the Pajarito Plateau. (Continued) 

J.tolsture Dry Unit 
content,in veigbt,in 
I>ercent by em per cc 
·- "\'Olume 

1.19 

6o.8 

Specific 
~l'UYityJ 

rounded to 
ncareGt 

hundredth 

2.42 

MOiature Specific 
contcr.t at l'CtC!!tior. 
one-third in percent 
at::10:::tJhcrc by vol\.U!le 

tc!:nion 
I l#l ,.~~(" .. ~ 
J"f 1/6/I'Ait! 

Total Spec!f:f.c 
poro:.! t:,· :,•icld ln 

percent 
by voltme 

.. 
50.8 

0 
~ 

' Coeff!.cient of 
pc:rncab.!.lity 

(gal per dey per 
f'ootf per f~ 

·.;er
tlcal 

hori
zontal 

'--------------------------------------------------------------------------------------------------' ~ 17 

18 

18 

Pueblo Can- 34.2 
Sl~ yon A-Top 

"' of Puye 

Pueblo Can- 30.6 
5 •tt.. yon

10
H-Base 

of Guaje 

Pueblo Can- 16.0 
StfC. 

yon"'ts-Top 
of Puye 
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Site 
No. 

19 

19 

5ite 
naoe 

Pu~blo Can,, tt. 
yon c-Base 

" of silt bed 

~pJllo Can
yon"C-Allu
vium below 
silt bed 

"' \ .. .. ••. to •• I, \ fl .. • e I ... • • . - . ~ - I; •• .. • II~ ~ .&.. ' •"• &. •• • a J • • • \ . . . '· .... ...... . 
Table 1-A.--Physical properties of Bandelier Tuff collected at 18 sites 

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

~isture DIJ Unit 
co~tcnt,ln ~c!ght,in 
percent by £'}:1 per cc 

volume 

22 

12 

~pccific 

urnvity, 
rounded to 

nearcGt 
humlred th 

-------------·----
Moir;turc ~pccific 

contc1:t c.t rctcntio~ 

onc-thlru i.n percent 
a t:JO:;phcrc by voll.lllc 

tc::::;lon 
I; ,#N't:#r~ 
~r ,v,#...,e 

Total Spccli~.c 
;,oro::;i tj· ;yicl:.l ir. 

!,)Crccn~ 

by volur.1e 

" 

Cocff!.cicn: of 
pc:-::tcn.:-~li--;.y 

( e;nl pc r da:,· ~er 
footj per fooy 
ver

ticnl 
borl
zonto.l 

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

~ Effective porosity 39-~ percent 
~ Values of contractors 
lj Otowi Member of Bandelier Tuff 
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0 

Porosity 

_ Porosity is the ratio of the volUIJe of the void spo.ces to 

the total volume of the reck or aggregate sernple. The porosity of 

the Tshirege ~ber is as ruch as 6o percent in SOI:le zones, which· 

is uithin the up;>er porosity.:-a."l{;e of fine clays. SUch hir,h porosity 
~ F -1: u-1-f-

ia unusual for consolldeted sedicentj however, Soz:l!>les ~collected ~ 

t~ 'i'a.Ori.a .sa: only a short distance vertically from zones of high 

porosity had porosities as low o.s 20 percent, which is within the 

ra.'"lge of ca.ny consoli:do.ted caterial.s. The average porosities at 

study sites where three or core s~les were collected ranged ~ 

27.9 to !19.8 percent. An analysis of the variance of the porosity 

values indicates that the four different average groups of percentc:{;es, 

significar:.tl:; diff'erent at the 1 percent level. There is a differe:1ce 

of ubout 6 to 8 percent between groups, vhich '0/iy be of r.o si;;r.i:ficru:ce. 

12 



The standard deviations ( &1edecor, 19116, p. 3G) sbov that the 
r8J'l6e- of porosity values of the samples collected c:.t most si tea wus 

relatively s::mll. ~1e rw--· .. 1'!:'! ror..ee of porosities v&S 36.2 to l;8.c 
pe~ent fo~ 38 porosity deter-~r~tions at Site 6, but coat porosity 
deJ.:.e~nr:.n.tions were l12 .1 percent, plus or cinus 2. 6 perce:r~t (table 2) 1 

probably because the aren. at Site 6 is relatively sr~. Tne high 
standard deviations o:f ::;o.::rples collected :'Tor'. the 0 to 90 ar.d th(" S•:J 
to 275 foot intervals at Site 7 are due to the relatively sr:a.ll 
m~oer vf sazples :-eprezenti:ng a thick section of the Tshirege !t'..er.:ber. 
T!1e dil'ferent averege p'orosi ties of the C-20 foot interval a.r.d the 
2C:-liO foot interval e.t Site 9 ar..d the small sta.."'ldard deviation of 
en.ch indicate that the ph~,tsical properties that co:rtrol porosity of 
t~e tu.f'i' m-e different in the tlTO intervo.J.s. 

The ?Orosi t;:_y· values shovn in table l-A are cal.culated total 
pcrosi :.y CI'..d e.re ulightly hig!ler t.ha.."'l the values of the ceesured 
effective; DOrosity. Ef:'ective porosity is the ro:tio of tr..c volune 
of the v-cid spaces that v.i.~ yield or tro.nsm t va-ter to t!-_e total 
volu:-;.oe of the rock or oggregate scmple. Total porosity i::cludes all 
t!le !JOre space in the tuff 1 some of vhich vo.ter co..""lnot oove t!ll"Ow_:;;; 
bec~use intercor~ectio~• be~ween peres is lacking, whereas e:ffecti ·te 
porosity ixludes only the interconnected pol~e f:pace a...~ water cc:1 
~ve betveen udjoinir~ pores. 

13 
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0 

':i:'nblc 2. --Stanclc.l"d dcvio:ti:on a:.1.d deviation f:-o::J :.1car.s 

S«lle11 
of the pcrccr~t porosity at ~ ci tee in 

t.1.c Lo::; Alomo:i area. 

r.~tc Avc:rogc Sta.ndarJ. Deviation 
:k. porosity if de\ "io;t!. 0:1. i'ron r:1cn•1::; 

(fro:! table 
.., 

1 ;:>.8 2.2 0.1' 

2 1•9.0 Ll~ .) 

3 1f).1 1 r· 
·".1 .8 

6 42.1 2.6 .4 

'7 (0-)J f~~ bclo\t I 

I ::;urfacc) 49.4 4.•) LJ 

0 (~~-275 i't belou 

I ~;:.rfacc) 27.9 6.2 2.; 
I 

I 

I .J l1:!.. 3 , -
-~ I 

.... ;J 
I 

;: (J··20 f't below 
~-.u·face) 4;.6 1.0 .8 

( :!;)-1;0 :f't. belo-w 
::m.rl"!lce) 4-:;i.l 1.1 .6 

I~ 
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T:'le misture content of roclt or soil is the ratio of the weight 

of '.rater contained in the sm::ple to the oven-dry s<::l:lple, expressed 

as a perce~tage. 

T-1e r..oisture content of "c.pproxinately 2&.1 Sor:!ples of tuff' collected 

et or just below the surface of the plateau raJ.lBed fro~ less than 1 

perc znt by vol~e in SBI:lples free Wldisturbed areas (natural condi tiona) 

' to -.1bout 26 percent by volU!:le in caq>les :free disturbed areas ( ai:ry 

change i'rom natural conditions). The rr.oisture content of tuff f'ro:o 

disturbed areas was generally less than lC percent ar~ commonly less 

th~, 5 percent by voluoe. 

At rost sites where the n:o:i.sture content of near surface was 

relatively high, the moisture content decreased with depth to less 

tha!1 about 5 percent by voltli:le. An exar.Iple is .31te l2, v~1.ere the 

!.c:!.s ;;:u.~c ~.:onten~ beneath the pit decreELBed to about 5 percent below 

12 feet (table 1-A). 

• 
15 

.. 
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A curve denoting the relative position of the three know 
Oh~-+IJu·a 

mis~e values 1 oven-dry 1 air-dry 1 ond ~A atmosphere misture 

tension, of the tuff at several sites can be drawn to illustrate 

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

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

Bandelier ~ at Site 6. 

shows that the air dry ooisture content of the Tshirege 'l\lt'f' is 

approxinntely 5 percent at 51 te 6. The moisture content at the 15 

atmospheres moisture-tension point is about 8 percent (ooisture tension 

is the attraction oi" rock or soil for water, Baver, 1956, p. 227-2,11) 1 

and is the misture-tension point at which plants can DO longer obtain 

water by capillary mvement. The misture content at the one-third 

atmsphere misture-tension point (approximate field capacity 1 Colman1 

1947, p. ,SO) is about 2' percent. At atmosphere pressures at 

altitudes over 51 000 feet e.bove mean sea level the one-third atms-

phere ~isture-tension point is close to one-half atcosphere moisture 

tension. Tbe approximate 15 percent moisture-content difference 

between the 15 atcosphere moisture-tension point and the approximate 

field capacity point is redistributed at depth and the misture 

content of the tuff theoretically would eventual.ly approach the 15 

atmosphere moisture-tension point if aided by the influence of 

plant roots or movement of e.ir through the rock. The misture content 

of surrounding rocks, the DmOunt of porosity, the size of the pores, 

o.nd the temperature gx:adient all affect the length of time required 

for redistribution to to.ke place. The saturated moisture content of 

the tuff is show to be about 41 perc~nt. 

16 



-!6,. /3lhdellf'; 7u./r (+,1. iJ 
The ple.ceoent of the cu_-ry-7Jshow3 that the tuff at Site 6 is 

between those for o. sO-L"ldy loo.t:l and sond1 which places the tuff in 

a ra~e similar to sandy silt. 

' 
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Site lio. 

,.. 

•.rnule 3. --Cu~·relat.:~on coei'ficlcnt oi' lJlly:.:,icul I)~·odcrtJ..e:::. 

o i: :~:a1 ::>lc:.~ i'ror• :.;i tc::; 2: 6 ·' 1, U!al. d 

__________ .. ____ -
Pl.ur·.crtles I.e vel of I·lu:.~l>cr oi' !JU.Lrs Con·cln t.~<.;!l 

~·~i. ;j1.1.f_:_ca.-.ice c· ;: r:~:;:.olc:; C~'.~ci'fie~ c;1~ 

--~--------------------------
------------

2 

2 

ll-:>i~turc content nt one- ~h:.i.l\.l 

atJJO::.phc::.·c tcmdon ~;ol·rolo.t.cd 

·.lith pol'OSitj 

:-1oL· .;w·c corttent at one- t;hir.l 

;J.t.~~:.;phere tcmn.on COl'l"Clc.tc:t 

•lit:~ spccif:;.c x·ei.icnt.i.or• 

-- ---------------
2 ~'b.u;:;urc con~eut at cmc-thilu 

:l'tr.iOGphel'e ~enfiion corrclutc'l 

\lith ci·t:~; un:l.t "Ye.i.gh·;. 

~tk> 

~tiS 

E:/Ns 

-------------··--·---------------· 
2 :Jpcclfic retention o:...· 

ao~~:.ure correl.D.~cd \llth 

:i?Ql'OSity 

~NH 

10 0.04 

tj .32 

9 .53 

') .:,.:; 

..-..... 

A~Jp::.·oxiuutc lJla:i.l.::..:..; 

c(;c.fl' i.cic:~t r.ccct:~~'.;:; 

j_ .. (J:· ::;l·_;r::~f-· .. cll!~C~ t\t, 

~.:.i::.c ~.i i'crcc.:t lc·.cl. 

0.6; 

.67 

.6"{ 

.67 

--------------· ------------------ ·---------·------------------· 

6 

6 

~·1oi;;turc content at vnc-·\:.hi:::J. S.l 0. Jl 

:l.tl:!c~rlherc tcnc:.on COl'l·clatcu 

\lith r•O.L"OS.!.~}' 

-------------- -----------· 

!·toi~turc coHtent at <mc-thll·,l E./ 
a tl;.u :sph.:re tcru.>ion CUl "l'~lu.t,~::;.t 

. J:, 

·.:j_ t.!k-:.;qlctm·e content. 
_______ Jl.J1ifllfu rlu d 

w 

:.;') - .G:;, 

·----------
3) .)1, 

Av 

.. 
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Site Uo. 

6 

6 

6 

7 

I 7, 

Table 3 • .:-coatinued 

Pro);JCrties Le•:el of rJuuber oi' pair::> Correin::.J.on 
::.i~aificance of :..;ru:;plcs coefficient. 

c; 
!·!oistUl:'c content at one-third - f.Ol 
atoosphe1·e ten::;ion corrclc·~C<l 
uith cpecii'ic reteut.i.on 

c· ;:.I 
f.1oi::;ture content correlated .01 
with m-y unit \Ieight 

1·1oi!>t~.u.-e content at one-third ~ NS 
atz.:lOcphere tenaion correlated 
\lith dry unit weight 

Hoisture content at one-third 
atoosphere tension correlated 
vith poro::;ity 

l-loisture content at om~-third 
atx:x:n:phe1·e tension cor1·eluteu 
'Witil r.;:pecific retent..lon 

J:JNs 

y 
.J) 

') }1.81 

84 • 3') 

39 .a; 

12 .6~ 

..--. 

1\Ij.i.,rox.imate miniL:t:.:-1 
coefficient necec:~l~ 
for f;it;n:i ... .' :.cancc u t 
the 5 l'erccnt lc. el 

0.)2 

-~----------------------------------------- . 
d Moisture content at one- ~hj.rd 

att!ocphcre tenf.iion correla.t.cd 
\Ji th porocl ty 

-' .Ul 12 - .';)j 

c:.------------------
0 Ho.istlu·e conte:1t. ut O!!e-·i;!l.i.ru .::..~ .·.Jl 12 .: .. 6 

--------·-··· ------------

a · atnosphere tension C(jrrelai..t..'<l -0 
>ti.t.h •lry unit \lci~ht . 

[IfoT:'"S'Ign:i.rtcant ------- ----------
~ I c --- ~ ~- _._, . '-'- , . ~, . -' - -· . , ,.. I - -...... • • 

___. 

.. 
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Sm::plco of the Ba.n.dclicr Tuff that uere tcoted for misture 

content at one-third atl.:locphcre ten~ion fell into t'10 ccncral groups. 

T'ne n·•erec;e ooi~i:.ure content o.;. ~O.:.:.!~Jle::; collected ut £::.tc~ 2, 3, 6, .. 
a.ud i'l'OC 0. depth oi' 

,.., ... 
.;....; to ;..0 feet o.t site 9 •;ere 21.2, 21.0, 20.61 . 

a;1d 2-'1.) percent re;;,Fcct.i . cl~·, 1>h.:.ch .- c• about ',, ::.)c:.,ccnt o1' the ...... .,;-

percent a-. cro:::;e of :r.loisture co:1ten·., of the t.ui'i' at ~.i tes ::; and. 6 

-where water had been added to the tuff ir::.ernittently for :,·earG. 

~~e avc:.~Ge~ of sw:ples collected at ~ites 4, 5, G, o.r~ fro~ a 

depth oi' 0 to 20 feet at site) \ie:re 14.;), 14.7) 11;.4, and 14.5 
~ 

24 

res1-ccti:;el~·, wllich is about 5~, yercent of the 24 percent a'<·erage 

of the iiettcd tui'f at nite:> 3 and 6. 'The lX>rosit;y o:.., the samples • 
c;eOJ.ls un:rel2.ted to the::;c difference:; o~· ~h;ture co;:te::1.t!.i, but 

the size o-; the paretJ in the t.u.i'i' r~y be relo. ted l.o tile d.!.l,iercnce.c. 

- _..,. ..... 

.. 
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The z::;ccific :.:;ro.vi.t:,· of the Ban.delle:- Tuff on the Pa~o.rito 

Plateau ::-ll11ties fror: about 2. 511 to 2. 5{31 and noot ·:nlueG ranee fror.: 

about 2.)6 to 2.:;7. The~c 1ulue::: m·c about the specific cro.·:it;y oi' 

tile mjo~· constituents of the ·tuff) ~.;hich are quartz1 2. 5 to 2.81 

and orthoclase feldspar 1 2.5 to 2.6 (Ba\er, 1~56, p. 57). The 

lipecif ic s:·avi ty of particle::; in the 1- to 2-micron range, vhich 

are slightly smaller than the ncdia."l size oi' tuff particles, is 

A decrease in ~pecL.'ic g::a ,_.i ty ~.-:L th depth Gir:1lla:- to that vhich 

occurs at ~i te 7 may indicate differences in vertJ.cal cotlpo&i tion of 

the Tsh.i.re.;e !~embez- (table +A). Th~ ::;pecific gravity oi' the t.ui'f 

ma~1 dec.::ea.se i'rom west to east across the plateau as indicated in 
. 

tel>le 4-B. T'nis apparent decrease in specific g:rovity rJa.Y indicate 

slic;ht cne.n:;es in the cooposition of the tuff or ::>light differences 

in the concent::ation of constitue:1.t:; of the tuft". 

The decrease down\o.-ard at fite 7 and the appa.:-ent decrease 

ea..>t~ro.rd of the specific Bravity ct the tuff :cit;ht lr.dica~e that 

the u1:.per pa.:::t of the Tshirege contains a larger percentar:;e of 

~~ 

feldspal' th3.n do~ the lo· .. :el' part, or :!.t could indicate the.t the lo•..rer 

part contains le!:;s heavy l!lineralo. 
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Dr)' unit weielrt is the '\."eir;ht in air of n given volur:e of 

oven-dry w..ater!.al. 'r.le dry u ... ·a '-""e:i.gh''~ of rr.:y ::-:nterial l..::Q.~- be .. ,., 
calculate<! fror.-1 the forr.:ule. Yd a _i vhere Yd • the dry unit weight 

• v 
of the semple, Wd • the oven-dry weight of the sample in grer--0 1 and 

V • the volume of the sample in cubic centir~ters. 

A statistical analysis of the dry unit veight of samples of 

'tuff shc\Ts four significantly different groups of values: 1.81~ 1 

1.63, 1.1~4 and 1.47, 1.28, and 1.311, similar but opposite to those 

of porosity (table 1-A). Each group (for example, 1.44 and 1.117) 

is different significantly :f'l'-om each other at the 1 percent level. 

~e&~e 39 e~ :eo tl!&t fi~es are ~e!!"~ rnn:3os-

, v~:] 
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The dry unit veight of different samples of a material vary 

inversely to the porosities of unit \-olumes of the samples. A 

difference in dry unit weight and porosity between two samples 

indicates a difference in co~sition. Evidence of vertical 

changes in the cor.poeition of the tuff is sl~vn by the difference 

of the drJ unit weight and the porosity in samples !Tore Site 2. 

A statistical analysis of 28 cores collected from two holes drilled 

into the wall of the road cut indicates thD.t the average dry unit 

veight is 1.28 (table 1-A). The average dry unit weight of samples 

:rrcc the upper hole is higher significantly than those in the hole 

about 3 feet stratigraphically lower in the tuft: 

Dry unit 
' ve1ght ·Porosity 

Location (e;ro per cc) (percent) 

Upper oole !11.30 :!;/ 49.2 

IDver hole !11.26 .£/50.4 

!/ 1 percent level: ch3nces are 99 out of 100 that .figure 
is not an average of random vel.ues. 

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

The nre& izr!Olved is sr-all, a."'ld the difference in average dry un1 t 

veights, though sienif!cant, is nlso small.. 

21 



' Mbisture-tenaion relationship 

J.biature-tension aa used 1n this report is a contracted torm 

ot reference to the moisture content-moisture tension relationship. 

Moisture content bas been deseribed previously. Moisture tension is 

the equivalent nesative gage pressure, or auction, 1n the soil moisture. 

SOU-miature tension is equal to the equiva.lent negative or gauge 

pressure to vbich water BlSt be subjected in order to be in hydra'Ulic 

equilibrium, througb a porous permeable vall or membrane, with the 

water in the soil. J.biature tension is a measure ot the attractive 

torce that rock or soU baa tor water. Tension 1a expressed in this 

report in centimeters ot water or in units ot atmospheric pressure. 
' 

'l'enaion ot one-third at.DlBJlhere, or 344 eentim!ters ot water, is com-

p.rable to field capacity (COllmn, 19471 p. 28o). This value ot tension 

1a uaed trequently 1n the report. 

Mui;Y ot the accepted concepts ot tlov of vater belov the vater 

table cannot be applied directly to ~tot water above the water 

table where pressure on the suspended or IIDVing water ia alvaya leas 

than one at.Dl8];i:lere. 'D1i1 pressure deficit 1a directly connected with 

the surface tension and the curvature existins on liquid and saa inter

:taces vi thin the porous medium (MUler and Miller 1 19561 p. 324). 

ltlch ot the tlov :lD the zone of aeration at misture contents ot leas 

than fteld e&ll6City 1a 1n thin f'1lms wbere resistance to tlow ia great 

(Kemper, 19611 p. 257). Capillary conductivity above field capacity 

1e throusb thick f1lma ot water on the particles C;QWprising the porous 

lledium, vbereas all the e:tfective pore sp;Lce in the zone of saturation 

or 1n laboratory studies ot permeability is tilled vith vater under 
pressure 1 and tlov is predrnn1 nrmtly througb the middle ot the tlov channels. 

22 
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Pore size 

Bquivalent pore size and JIX)isture-tension relationship are related 

( ~~., t:.,p,J/,,.; •/"~ lt•tJ) 
1n the IIBDDI!r ahovn 1n the folloving table. .4 : a I' os .1.. 

Pore di.ameter Tension "'C~..., J A~ fi.;TJ,uj 

{DD) {em of water) ,P ... ~ ..f,,, J ·~,de· 
) = ~ ~c~ /. • .c_.~,..·v. 

0.20 15 I' :jo.~f. -ll"f. 

,,. .. ~·,..lb./ .f 

.10 

·05 

.02 

6o 

150 

'lbe DOn-capillary porosity (pore size sutnciently large tbat 

cap1l.l&ry rise of water is Degl1gible) and the rate of percolation 

through ao1la vary d1rectly vith each otber (Smith and others, 19441 

p. 2o8), thus vater v1ll drain .,re rapidly from tutf conta1.n1Da a 

hJ.sber percentage of large pores spaces than f'rOm tutt conta1n1Dg tev 

large pores even if the porosity is the same. 

Little or DO water can be withdrawn :trom a sand with Dearly equal 

particles and pore sizes untU a certain m1ninnpn tension value is 

reached (Younp, 19601 p. 4027) 1 and then only siiBll. addi tiODal. tension 

is needed to empty J1BDY pores 1 vhereas in the Bandelier 'l'uff pores of 

c11tterent size are randomly c11str1buted throughout each sample and the 

large pores are interconnected by narrov necks eo tbat each a4d1 tion 

of teDBion increases the volume ot water extracted. A tension of 1 em 

(centimeter) of vater applied to some samples, cleeaturated only a tev 

large pores and increased tension drained progressively llJ!Bller pore 

spaces. Moisture 128.8Ul"'eellents were made at tensions ot 15 em, 30 em, 
6o em, 150 em, and 344 em tension on all samples. 'lhia system of 
teDBion 12&Burementa duplicated conditions of continuity of the sample 
e:fm11 ar to tuft 1n pla~ 

.. ·. . 23 
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1he water content of various size pores at varioua tensions are 

shown 1n figures 6A-6F- tor samples of mterial f'rom Sites 11 21 ~, 6, 

and 7. An average curve tor each group or samples is shown on the 

figures and represents a curve calculated from an estiDBted effective 

porosity and 1s used tor comparison with curves f'rom other sites. 

M:>st of the curves are similar but each curve baa sClf!De charaeteriatic 

that distinguishes it from the curves f'or samples trom other sites. 

Table 5 s\DSIIIIlrizes acme of the physical properties of the tuft and 

shove the estimated percentase of pores drained using estillated e:f'tec

tive porosity values. 'Ibe field capacities and porosities given in 

table;!' are al1gbt1y c.U.:f'ferent from those given in table 1-A because 

aU the data vas not used in prepe.ri.ns table 51 and values tor per-

, centage of pores draL~d are rounded because the etrective porosity is 

estimated. 

./ 
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• ,.ble 5·--.....,..on ot vater drained <rom ~moplea at one-third atmosphere ..,.ion vith poroeitJ. 

7 At depthe of 40, 6c, 
and lo4 feet beneath 
surface. 

7 At depthS of -w, -55, 
and 64 feet beneath 
surface. 

36.6 

Water drained from saturated material 

Percent of total 
from pores l.arrier 

Percent 'If total. 

than 0.1 ~ 
from poree ::;,er 

than (1,2 

25 

5 15 

0 10 

0 \ •'• 

Correa-
pondi~ 

figure 
numbers 

-
6-A 

6-D 

6-o 

3 Beneath lawldry pit '•". "r 1 Q.r ------ -.._1~7'-
·~ .• 

6 Upper bal.1' ot caisson 
bole. 47.0 43.1' 

' 
22.C' 20 50 6-c 

7 At depths of 67 and B2 
feet beneath surtace 51.2 47.0 

• 
22.6 20 50 6-o 

2 Side of road cut · .. 8 45.< 2C.8 5 
., 

-6 Beneath a pit 43.9 41.0 17.1 2 5'' .) -F 

/6 Lover balt of caisson 
bole 45.0 42.0 20.1 1 55 6-C 

!I Corrected to approximate effective porosity. 

. 



A comparison of the one-third o.U:x>ephere teru;ion values of 

- ~ 
drill cutti~ and cores collected at site 6 showed that the values 

- 1 • 

".lere reaoonably close but that the dry u..'11t vcight, r.orosity, and 

pen:eabil:!. ty values vere sic;nificantly different. Tl1e follovint.; 

arc averE~,£;es 

Sauple 

core 

e., 
of anal.ysJs on se.."'lplen collected at t'JO de:pths: 

1\ • 

"'"~"'"• '""~c,c ~ 
~ 

,., ~ne-third Dry unit 
dt."llosphere 'reis-l)t 
~ension / 
111 P~I'(~JN-t-

6'1 ll'•lv.-e 

1..;5 

Porosity 
in percent 

4:;.0 

47.4 

Coefficient of 
permeability 

( trfXl per sq i't) 

2.0 

f~£.ofo..~ 
'l'lle !'esu.lto indicate that t.'I-}E!, O.."l.D.l~·see of sanples of drill cuttiilBS 

can11o'c be used for accurate inteT",L'"l:t'e"tation of th~~ .. sical properties, 

a/(l,lv1Jir II~J/V' s .M,. -e4'... m~tstVI"~ ~eurtfl~ t' 6'1! t:l~('- 'f!l11,.d 

·-- - ----------
.. 
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(. Coeff'1cient of permeability 

The e.vera~e values of the perneability of the tuff (field 

coefficient of perceability is the number of gallons per day 

that flovs·throuah a cross section of 1 square foot under a unit 

hydraulic (;!'adient, or t~ a section 1 foot hiGh and. 1 cile 

~de under a ~:-adient of' 1 foot per mile at prevailinc condi tiona 

of water te!:lr>erature. Lebora.tory determinations of the coefficient . F. o~ pemeabili ty ~ (6orrected to a temperature of 6o ~) re.need :from 
0. 4 SPd per sq1 ft (gallons per day per square :foot) in the 90 to 
2.75 foot zone at Site 7 to 10 gpd per sq ft at Site 2. 1 but the range 
at each site ~s sufficiently r~w to assign a general -~ue. The 
lowest average values otperceability coincided with the lowest 

poroei ty 1 o.nd the highest ~lues of' penneabili ty coincided w1 th 

o.pproxil:lately the highest porosity (table 1-A). This indicates 

a gros& relation which may not be true at individual sites. The 

relation betveen permeability and porosity, except for tl1c extremes, 

appears to be randc:cn and cluoter 'W1 thin 1. 7 to 4. 0 gpd per sq ft 

fo~ the perceability and ~. 7 and. 49.8 percent for the porosity. The 

difference betveen vertical e.nd horizontal pemeabili ty in the tuff 

is SI38ll. In general the horizontal permeability is lar3er than 

the vertical per.ceability and is probably related to density gradients 

w1 thin the f'lows 1 or to bedding. 
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JointfJ bave incrcn.~e<l the pe~nbili ty of the Tchireu-c Mcnfoer. 
llea.r- the surt'c.ce of the ~:;e.s joints are fil!.~d ·,:i th cloy 1 but c. t 
d.~pth tbe Joints e.r~ f)oe~ ·of sediment. Th~ widt!1 of joints ranves 
:rrom 0 to c.s n~ch L!.B ;> inches. Most of the jointa arc vcrcical and 
ex~enC!. to t,-reat depth in the Ts~i:-l.!t.;;e. At places, joints probably 
c.re open ~nd interconnect-ed ~hrouch the Tshirc;;e ru10. !'o::-m evenu~ 
i;hrOuG-"1 vhich ... :a·t.er can move rco.di~ to dep-.h. 

Joint spacinG is irre~~ler but widespread. The average density 
, near site 9 is about one joint per square yard. i 

• The Tshirege Member of the Bandalier Tui':f' contains sub-units ,. 
that !Jrooobly ttre individual beds of tuff. Water moving throut;h the 
tu:f'f is temporel•ily perched by veriations in vertical pcn:lenbili ty. 
The permeubili ty varies fran one bed to e.nothc1:, :fran one member 

e to e.nother, and fran the Ba.nd;tlier Tuff to underlying beds of .the • 
Santo. Fe Group. 

.;4 and 35 
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)bvecent of vater in Bruneller Tuff' 

Site 1 - Tsh1rege tu:f'f boulder in Pueblo Ca."zyyn 

A boulder of Tsh1rege tuff et::bed.ded in alluvium in Pueblo Canyon 

vas used :f'or the study of c npillary moveraent of vater l'ro:n a ponded . 
su..-:race. Six holes 3 inches in diameter and a rnaxit:UI:l of 6 feet 

deep '\O'Ere drilled and cored into the boulder perpendicular to the 

steep vest-facing slope of the boulder, c.nd three pair of acce~s 

tubes vere installed during the fall of 1960 (fig. 9). Water vas 

F'_gu..'""e 9·--Sketch shoving isohydral. lines of ~ misture 

content 1 in percent by volume 1 and moisture content durir.g 

capillax"J rise of vater in boulder at Site 1. 

ponded against the lover po.rt of the boulder on the east and north 

sides to provide a constant supply of water in direct contact w1 th 

the boulder at a controlled distance bel.ov the bottcil of the access 

tubes. 

--- ·----· .... -- .. 
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_The pond was filled and n consta'lt head was established on 

September 18, 1960. Nine da:.·s later on September 27 the moisture 

content in the boulder wns about 10 percent about ; feet above and 

vest of the pond {fig. 9), and vas approxii:lB.tely 30 percent near 

W}lteh f.S ~11',.11' ,_#t'~/tl . J~H" • .J:,.t t;jp;~ f'D"" /,-v c/ 
the level of the land surfac!e. On October 6, a:f'ter 18 days, the 

11 

10 percent isobydral. line had moved upward another 2 to 3 feet; 

the 15 1 20 1 and 25 percent isobydral lines were unevenly spaced 

beneath the 10 percent line. The maximum misture content 

measured in the boulder vas about 30 percent on Dec. 8, the 8lst 

day e.f':.er the constant head. in the pond had been este'blished. The 

capillary mvement through the boulder was not a sharp "f'ront" as 

cor.:1rn0nly takes place in the dO'Wlnmrd I:X)Vement of moisture but vas 

Wleven. 

37 
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-The pattern fomed by the isolzydral lines on figure 9 indicates 
hu,./'1 s~.tcJ, .. -e,,J 

that the wter moved laterallyJ
11
it; that pe.rt of the boulder beneath 

. .for 6~11~,. .. , r<e"" 
the land surface -1 before it mo·.red vertically. ['!!hie S1:.\&39, ... s -umt-

tae==boul.der ·.te:e ee'tU:t=ated~-£e"eual--£mrt f!'ea tao pop4.] However, . 
evaporation fro~ the east face of tl1e boulder may have about the 

same effect,. Dh -tlrt' t.s~~t.,•~·l /t11rs. 

During the winter of 1960-61, the pond ws frozen over or 

, empty, and the decrease in moisture content in the boulder -was net 

recorded. In 1961, the J:Ond "WB.S refilled., and a second stud:,; of 

capillary :movez::~ent in the boulder vas na.de. A rnaxi:mll!:l moisture 

content of about ;o percent was measured on Mo.y 11, 1961, the 

49th day following the start of the second study. The faoter 

movement of wter in the boulder, recorded in the second ctud.j·, 

suggests that the boulder was still moist from the first atudy, 

and that the rate of capillary rise is faster in wetted oote::-ial 

than in dry material. 

' '. The effective porosity of the tuff in ~~le boulder, froo core 

analysis, ws ;2.8 (table 1f. Thus, the approxir...ate 3 percent difference 

between the maximum ooisture content reached in the bOulder a..'1d the 

effective porosity may indicate ~1at the capillary fringe was not 

completely saturated under conditions of the study. A s11:;:1t density 

gradient in the boulder may have had sor.te e.Lfect on the mo-.~ent of 

water. The density apparently is hi~~er near the center and cay 

indicate veatherine of the outer layers of the boulder . 

.. 
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Site 3 - laundry pit 

The study at Site 3 was to dcte::.nine the possibility of usii'IG 

the site for a lon3-term infiltration experioent. Since about 1945, 

liquid ra.d.ioa.cti ve wastes from conta-:inated laundry had bee:t discharGed 

~u~tl into pit 1; overflow ~d. to the lower pits 2 a.'ld 3 ~l io'lzi.'iee. 

~ (fig. 11) • The quantity reaching pit 3 was not detc:r:-.1ined 

Figure 11. --1-ioisture content of the tuff' beneath the disposal 

pit at Site ;. 

but is believed to have been small, thus, nest of the noisture in 

the tuff beneath the pit probably is fro~ precipitation . 

. · 
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The noisture co!1teat of sa.~ples ccllcc~ei o.t depths or 3 and 

-.t 
4 feet beneath the south side of pit 3 ~letter ''A" on ficure 11) 

decreased with depth frcr.;t 29 percer:.t to 18 ?ercent, and the 

per-meability decreased from 0.3 gpd per sq ft to 0.006 gpd ~e1· sq ft. 

The decrease in pemeabili ty is not readil:,· explail'~.ed b::,· tl:e pore- size 

distribution curve (fig. 6B) because the percent of large pores for 
. .I\ 

s8J!lples of tuff collected beneath the pit at letter "A" \.'3.C ::loderately 

hig.'IJ. (table 5) , e.n.d the difference i:-. total porosi t:r was snail. The 

low pemeabili t~· I:llly have been caused in part by clooged pores rather 

than b:.-· the 'flhysical properties of tl:e tui'f', D.C indicated ":.l:,• the clay, 

roots, and rootlets associated '\otith the sar..::ples collected. A bulk 

7 
sa.':lple collected at a depth of about ~ feet in hole 2 had a 

moisture content of ;o percent arid becar.e ha-~ when it was dried in 

the ovePe [!3-~· ... ~~-'· 

40 

.. r--



( 

_ Moisture contents as high as ;o 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 1n hole 2 

near the gravel fill, which vas generally higher than at hole 1. 
• I 

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 suoge~t 
6~ ,; - pt '"'f. b/c. 

the presence o~ layers that perch the wter. The high moisture 

content of about 30 percent in hole 1 apparently represents 

another perching layer below 33 feet. The density or the tuff 
h> 

at 30r33 feet is almost 6 pounds per square foot less t~~ above 

or below that interval. Decreasing moisture content above 25 feet 

at hole 1 on ·october 12, 1961, when the moisture content between 
~,, -

3~3; fee~ at hole 2 increased, indicates vertical as well as lateral 

movement beneath the pit. 

Discharge to the pits vas to be discontinued in late 1961, 

therefore additional experiments at this site were not :ur;1~ 

considered. 
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Site 4 - soU stu~ 

The studies at Site 4 vere intended to ascertain the effect that 
cover 

a soil/and the transition zone viU have on the quantity of water that 

JZDVes into the underlying tuff. 'Ihe vertical and horizontal mvement 

of water in the soU was also studied. 'l'he site was near the middle 

of a finger mesa, which sloped southeastward at about l to 2 percent. 

Cores tor natural misture-content deterininations vere collected at the 

. , site on Oct. 10, 1958. 

In:N.ltration testa vere mt.de 1n 1958 and 19591 (Abrahams and others, 

1961, p. D-144). Installations cousisted of two ahall.OII infiltration 

pita sligbtly less than 2 teet in di.ameter, one or mJre access tubes 

in each pit, and a supply of vater. The tests during 1958 were m.de 

in the soU zone beneath pi~ A, and the tests during 1959 were I!B~ 1n 

the soU zone in 1;he underlying tuff at pit B. 'lhe water supply at 

pit A vas intermittent; at pit B the bead vas constant during the 

period of the test. 

.. 
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The ro.te of l)crcolation, nftcr 19 dD.ys of draina.c;c, avcm3ed 

al>ou~ one-hnli' foot per day durin.:; ·the f lr:Jt 3 dc.y:J of i:r..fil t:ution 

( i'ie; 12.-A, J.1rcf!le II). The front becaoe diffu~cd durinc further 

inflltrnt~on ru1d the rate of percolation could not be dete~ined. 

The I:"A:d.I::r.tr.l noisture content after 23 do.ys or infiltration at 

p.:!.. t A ".::l.S o.bout 37 percent at• !>.ole 1 (fig. 12-B, pmfile~ II and III) ; 

the r.-.o1Dtw.·e content of tLc roil coved do\oonward at npproxil::a.tcly t.lle 

sa..'"le perce:ri:. of znturotion. The total porooity or the coil at a 

depth of a'.:>out 1 foot 're.o a:pprox.:L..'1.0tely 51 percent, and at 2 fee';: 

v!as o.p:n.-cxi:JO.tely 49 perce!-:.t, vhich indicated that the r.1oi:::.tiul'e 

cc~ten'.:. of )7 percent probably 1-m.s well above field cc.:;>a.c:!.t~· but 

did not re:r-rccent so. t'..lrc:'.:.cd conditions. 

-
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iJhe rate of 1n1'Utration at pit 13 durino the 99 day atudy 

decreased approxiDBtely logarithmically throughout JJ~Jst of the period. /hi"· 
() 7 , .• 

... foll0118 : Jj {-fl. ==- • 

l.at and 2d days - 20 gpd per aq f't. . 
li-th to 18th days - 10 gpd per sq. :f't 

18th to 31st days - 5 SPd per sq f't 

31st to 51st days - 2 gpd per aq tt 

I ~p 

51st to 69th days - less than 1 gpd per sq tt 

Evapotranspiration vas relatively constant. 'lbe ini"Utrating water 

followed tvo courses; (1) some vent downward; and (2) some vent to 

support evapotranspiration. AB downward rates slowed, and a constant 

rate to evaporation vas JXBintained, the ratio of between the two 

, changed. 



0 The -wetted front rr.o·~-ccl to 3 <lepth of about ) feet du:-ing the 

fil·at 2 days of infiltration at plt B (fig. 13) and to a depth of 

FiG..t.:.'c l;J. --Hoi::>turc content in the roil and tuff beneath 

pit D at Site It dw.·inc 99 days of continuous infiltration 
• 

, de.c.re ~6&. ,;. ~t. 
about 6-.'; feet ,.;i thin about 99 days. T'ne z-a:.;e of t:IDvewent of the 

- .1 
fl'ont ~h;: u.--e llllS log:l:-i thr:lice.l1/. T'ne noizture content decreased 

w::. th depth i'roo a r.nxi:Jur: of about }) percent in the r.oil to less 

~.:.han 1t LJercent a.uo·..lt 1 foot bclo\l the to? of the taff. Arter 8 

nonth~ of CI!I.irl!J.,3e the :x.icture content ·,;au about the GD.!".~o as bc!'ore 

in:Cil t~atior1 s~rted. .. 

; ~ 'Z1e h:.ch :::1oisture content bcnea.t~ the pit before infiltration 

0 
::.·cl.c:t:!. vel;;• peer d.mlr.age in the ~o.ndy surface soil. The Mo.y 19, 1961 

::1casurcne."1.tf: ue!'e r..igh becnu::.c of sno".mel t, end. the Oct. 2, 19(51. 

rJea.sm·e:.oen.ts were lm-: because of l.o".4 precipi mtior.. 
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The wter use pc~· square foot du.riP-G this stucl:; we equi vnlcnt 

to about 4o or 50 yearo or prcc:ipi tat ion on the Pajari to Plateau; 

ho'.Jcver, natural conditions .,..ere not duplicntecl because the oeacoml 

distribution of o.l tel"l'l:lti~ percolation and d...-a.ift..!l{;C could not be 

duplicntcd. The fact that l:o,tcr did not penetrate the dc:~5e tre•1.:i tion 

zone bet1;cen the coil W".d tui'f du.ril'lG the otudy or in 'the i'ollO\Tir1<3 =.reo.r, 

indico.te~ thst the f:iOil ccr>er -will iupede vertical mve:.1ent into the 

~1derlyin~ tuff. Capil~~ rise, evaporation, and trancpi1utio~ ~ere 

perr..o.pa the principal reasons that the wter did not :pe!1ctrat.e t:1e 

underlyil"lG ·~u.i'f 1 r:?.thcr th.a."':. the lOi-J pcr:.::cr.bili t:.· of tl:c t:·a:~::::i t.:.on 

zone. 
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Site 5- M~sita d~l Dut!y. 

Site 5.1s'adJacent to the south wall of n solid-waste disposal 

pit 29 feet deep ~~ near the :aste.~ end of Mesita del Buej 1 

areas on at 

infiltration pit d~!e-tltiO' 

a finger mesa. The study o.t this sit.e was to investiGate movement of . . 
wa.te.i.· and n~clides during contin-...:ous infiltra.C.ion. 

~n infiltration pit, access tubes, and a water-stor~0~ tank w~re 

installed near the ·ed0e of the vertical·wall of the disposal pit (fiG· lj). 

Figure .15.--Sketch s::1owint; rela~ion of infiltration pit and access 

tubes to the disposal pit at Site 5. 

'The center of the infiltration pit ·wa.s 10 feet south of the south edge 

of the ·~ste disposal pit. The upper 2 feet of the infiltration pit was 

shored with wood planks within the soil and fill material, and the lo•rer 

l foot was du0 into the unwae~ered tuff. Water entered the pit through 

a 3/4-inch pipe connected to e value box adjacent to a 31 000-gallon 

storage t.ank. A float valye in the infiltration pit maintained a constant . 
head of wacer of about three-fourths foot. Eight holes 40 feet deep lined 

with plastic tubin6 were installed in and near the infiltration pit (fi~. 15). 

Periodic measurements of water losses ~rom the storage tank wer~ 

made to determine the v~lum~ of water movinb to the infilra.tion pit. 

The infiltration experiment started •hen water was put into the pit 

October 8, 1959. Between December 291 1959 and January 61 1960 the water 

line froze and the pit dried up. The infiltration phase of the experiment 

was suspended until April 201 1960 and then restarted. About December 9 1 

1960 the vater line froze again and the infiltration phase of the ex

periment was stopped, but moisture measurements were made in access 

tubes for several months to observe drainage patterns. 
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Phot.oo-aphic cvid:.mce th&t \•"B.ter -moved into t!le tuff from the -:.:--:-' :-- -

1n£1ltro:c.1on pit ltas a. •Jet patch (fig. 16) t:u~t develo~d on the wall 

Fibure lu.--Wetted er..;:as on south w-o.ll of the disposal pit a1C'< .. --r. 
_ _...-.--- ----- --Site 5 rcsultitlQ 1'-:or:l seepa.:;e fran the-Wiltration pit 10 

feet ba.ck of ~he •.rnll. 

of the dispo!;al pit 10 f~et to tht! north. Evapore.tiou t'rom the w-all 

discharGed water tho.t wcr~ld ho.ve moved deeper in the tLU't' • 

.. 
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~e rate of 1nf1l.tration of vater throush the pit at Site 5 

is shovn graphically on t1gure 17. ~e alope ot the log curve ot 

Figure 17. --Rate of 1nf1l.tration trom 1nf1l.tration pit at 

Site 5, 1959-6o • 

{Ae rate ot in1'1ltration f'or the 1959 stu~ shovs that the rate ot 

1Dt11tration decreased tram about 0. 75 gph per aq tt (gallons per 

hour per square foot) to about 0.2 gpb per aq tt. 

Significant seasonal changes 1D the log curve o't the rate o't 

iDtiltration 'tor the 1960 stu~ occur during the JZX)Dtha of AprU and 

September. ~e steeper parts o't the curve show a relatively rapid 

decrease 1D the rate of infiltration vith time during the months 1D 

vhieh the averase temperature 1a less than about 50 &sgrees. 'Ihe 

' flatter pu-t ot the curve sliovs the rate o't 1D'tiltration during m:mths 
I 

1D vhieh the averase temperature is above 50 degrees • In these JZX)Dth& 

the rate of 1Dt11tration decreased from about 0.4 gph per sq tt to 

about 0.2 mil per sq tt. ~e range of the temperature ot the water in 

the pit, tram Dear f.reez1Dg during tbe vinter to about 8o degrees 1D 

the sUDIDI!r 1 vas enough to cause seasonal differences in the rate o't 

intiltration 1Dto the tuft due to changes in Yiscosity (Horton, 1940, 
p. 417) In addition, eeasoD&l. temperature variances 1D the tutf' beneath 

the 1Dt11tra~ion pit JD!LY have been sufflcient to cause some aDBll 

differences 1D the rate ot percolation. 



~e flatter pert ot the log curve of int1l.tratf.on includes the 

time ot the grov1ng season at Loa Al.am:>a, and it is possible that 

evapotranspiration ot tumbleweed on the soU and t1ll pad consumed 

8liBll amount ot water DDV1nf4 tram the pit. However, vhen mat ot the 

plants vere reD1:1Ved no measurable eftect on the rate ot in1'1ltrat1on 

took place. Several plaDts grov1ng v1 th their tap roots along the 

aide ot access tubes vere kept 1n place. 'llle JD)iature content ~t the 

upper 2 feet ot material (table 7) vas reduced at access tubes 2 and 

~ vbere the tumbleweeda were groving; the JIX)iature content increased 

atter the planta were reiiJ:)V'ed september 1. Tho Jll)isture content at 

all the other tubes remiDed hish throughout the grov1ng season. 

----------- -------- --
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Table 7.--Effects of ~piration by flu:'.:b1rnreedJ' 

plants on the ooisture content of tuff' at Site 5, 196v. 

1900 
Hole Rcoa.rks ~.fu.y 18 Ju."le 2 July 1 July 29 Sept. 1 Dec. 6 

No. • 
l·~isture con~;;ent, in percent by volu:oe 

Tu:ablm:eed at 
side of accecs 

3 tube. 22.5 J.6.!) 12.5 8 .6 2:) 

IJ.\JTJb1e~.-ec-:! o. t 
side of access 

2 tube. 27.5 27-5 33.5 19 14 21 

4 
Ilo 1u:.Jblevc~d 

ne.:.:•by. g) f.b 27.5 25-5 24 

No ~b1eweed. 
( 6 nearby. 27r. 2) 27.5 27 27-5 25t 

~ 
.... •) 

Tur .. il.Jlc".:ccd re-
moved fro!:l 
near access 

8 tube. 20 19-5 19 19.5 15 1C 

~( 
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Table 6.--Farticle-size distribution of samples of tuff 

from sites 2, ;, and 6, in percent by veight. --: 
Total, silt 

Clay Silt and clay Sand Gravel 

Sample N\U:lber 
of Average Range Average Runge Average Range Average Range Average Range Location Samples 

! 2, side of 
>ad cut. 2 - 4.2-6.9 - ;4.2-)8.5 - )8.4-45.4 - 54.6-61.6 

! 3, beneath • 
Lundry 
.bposal pit. 8 11.8 8.0-14.4 )9.8 36.6-4;.2 5().6 44.6-57.6 J£.; 42.4-55.4 1.1 0.2-1.6 .. 
! 6, caisson 
>le. 2 - 6.2-7.0 - 2<). 2- )(). 4 - 36.2-36.6 - 62.)-62.6 - 1.1-1.2 

! 6 1 beneo. th 
.sposal pit. 4 - - - - ;8.4 21.)-49.) 6o.l 50.0-78.; 1.5 0.4-4.2 

I 

j 

,_, 

~ 
J I'"' c. __ 
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a •• ??e"! i:1 tl-..13 tuf!' at Site l. 
fro~ th3 ;;;e.-:e 3et of r-.o!~tu:::-e-'te;:nio::l vulues n.nJ fro~ lc.bor;~:::or:,' . 
de'":.e~..i!lat!c:r.:> c'!' to~~l porc:Ji ~:-· il..'1J. ei'~ective poro.:li ty. 

\· 
\ 

\ 

\ 
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in figures 6-B to 6-D hnve si~:!.l£1!' C:e.!nat,c pro~P.rttes. The position 

of those curves indicates that in these samples approxiF..ately 20 

percent of the pores are larger than o .20 r:m in dilltleter and 40 to 

50 percent are larger than 0.01 r:m. Initial drainage :fro!:1 those 

groups of secples is relatively rapid because of the hiGh percentage 

o:f' large diameter pores and moderately hiGh porosity 1 Ell:l.d. approxil!:.ately 

half the water in a saturated sm:ple drains by e;ruvi ty. The nearly "f;l,.,.., 
oorizontal trend of the %X)isture-~t:s i:) curve on figure 6-c belov ., 
90 em and the nearly vertical trend above 90 em shows that about 40 
percent of the pore space are relatively large ll::ld 60 percent are 

rela.tivel:l small and that there are few inte:rmedis.te size pores. This 

is si.milar to a typical field GC."'ld. The t~e A curves on fig-o..tres 6-B 

and D indico.te there is a relatively constant decreo.se in the size of 

the pores. 

~en~ tc tae BiBS £f f,C~e~ir. ttc t~f ~t 3ite ;. 

at Site 6. 

Figure 6-D. --SW~rtib:::r;;rtnl:r-rei-E~;a,..~"'ttf':'~~~~,r,~~~ ,!VItl/5 

teasiea& to the s17e o~ ~ 1· 
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- :slrcp 
The slopes 

'1 

+rpe B ii,J c 
of ~ curveo on firru.re 6-D for sarmles of the Tshirer:e - ~, ~ -

fO,.t'S -.- -fl 'f' se 
Henbcr at ~i te 7 indicate that the sampleD are Cili! 1 eo-~ alr:10st entirely = 1'1 

~ snall f•:·~ _:e~. The type B curve indicates tllat about 85 perccn-r. 

of the pores are soa.ller than 0. 01 em in diaoeter a."ld do not drain l.J 

gravity J and the ty:pe C curve indicates tho.t few pores are larger thrG 

0.05 rm. These SUI:lples could represent a part of the ':L'sllirer;e tha·i; 

, \10uld be relathel:,· in.per.:eable to vertical tlO'IeJJent of \oi-ater and ,,a::;J~c!::. 

.. 
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The type B curve on fieure 6-C and the type A cur-.res on figures 6-E 

and F indicate that only a scall percentage of pores 0.20 tD in diaocter 
-t~/.1 ~pu• S' drain lnitially and that more than half of the perez drairi by gravity. 
II '{ ,. 

~1e curves for sacples collected at site 6 fall into two groups vith the 
"i 

sa~' material represented by the type A curve on figure 6-c. The c~·es 

of sar:1ples at depth adjacent tcjche diGposal pit (type B curve on fiG. 6-C) 

and at depth beneat11 the pit (type A curve on 6-E) are nearly parallel 

but the steeper slope beneath the flex point on fic;ure 6-E may indicate 

that \i'B.Ste YUter moving through the tuff beneath the pit intermitter.tly 
i $''''+ JtCr"r'ijC. O\ er a period of years has caused aoe:e---c.bRll68S in the size of the pores. 

tf 

':l"~he flat curve (fie;. 6-F) indicatinG an even distribution of pores dceo 

not readily explain ti1e co::1parati vely low specific retention values of 

~le~ of the Tshire~e Meober fro~ aite 2. 
= 

28 
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" The "'ialues listed below show the general relationship betueen 

pore size and percolation rote (Nelson and Baver, 194o, p. 73) and 

indicate that the rate of percolation throu.sh the 0.2)-T.I!:l -pore spaces 

is ~o:::c tllo.n 60 tir.;es that thro~13h 0.02-m pore::;. liiemt:SR7artWa:!e~ 
c~f,, li}f,J 

• ...-.~~ tf.::ne rate of' perc:>la.ti0!1 through tuff havil\3 about 20 perce:1t po:!.·e 
~~" -

Pore cizc 
(nr.•) 

0. 2;A.> 

0.151 

0.122 

o.o67 

0.020 

Percolation rate 
{cc per 10 ninutes) 

725 

335 

285 ' 

153 

12 

space 0. 20 r.zw or !:lore in diarleter and about 50 percent pore space 0. ·:n l.'r.l 

(~b/1 ~ s,-/c ~ J vppU h"'l t of C i I~~ • .,., J,of•) 
or uore in dia::eter a..'1.d hizh in porcsi ty 1 is more tha'1 100 ti.r:~es faster 

_1 5.1 S, ~ I 
tlm11 the rate of I:lO".'enent throuc;h the boulder (table •). 

1 
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Hysteresis 

Data obtained about the moisture-tension relationship during 

the draining or drying and wetting of a rock seople when plotted 

on groph paper produces two.curves that join at two points to 

!om a loop. There is oarked hysteresis betveen the tvo curves, 

a."ld the loop is coi:~mJnly referred to as the "hysteresis loop". 

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

~gure 7.--Hystere5is curve showing the relation betveen coisture 

tension and moisture content of a sample of the Bandelier Tuff 

at Site 6. 

mediUI:l is unique and its results are reproducible (Puri, 1949, p. 428). 

HYsteresis is due in part to-the resistance of vater adhesion within 

the small pore spaces during both the wetting and drying cycle. The 

J:JOisture content on the drying cycle of the hysteresis loop at the 

one-third atmosphere tension in figure 7 is about 22 percent by volume 

·and the nx:>isture content at the setJe point on the wetting cycle is 

approxir.atel.y 14 percent. These percentcges are approxiillo.tely the 

average for sacples froo Site 6. The maxi.Im..u: difference in nx:>isture 

content on the tw-o curves occurs between about 210 co of vater and 

344 cc of water or one-third at~sphere tension. 

... -.- .... --------- ---. ------.--·-



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 samples tested 

consisted in part of &hard.s or glansy cementing material; thus the 

values in t.,_e table ca.:,• be tlisleo.dir..g, because so~e of the variations 

in the sizes of the particles cay be due to the method of collectir~ 

the asl:lples, vhich w.s by augerin,s. The averages of 1.6 percent of 

1:t;;J •lit · · and 55 percent sand from table 6 is deecripti ve of a sandy · 

silt. 

The size or the particles in a. pol'OUS oediUI:I have a direct Jffect 
"' 

on the move:::1ent of w.ter because their nrra.ngement and de~sree of 

pc.ckinl; determine the porosity a.'1d. the pore sizes. \-Tald.ron and others 

( 1961, p. 206) using glass beads 51 to 203 microns in die.:1eter sho~~·ed 

that open packing resulted in a. porosity of 47.6 pel~cent and that 

close pac.kins resulted in a porosity of 26.0 percent. Lutz and 

~ 
Leaoer (19J;, p. 28) shmred t.ha.t permeability increases exponentially 

vith the size of the particles c.nd. therefore Yith the size of pores, 
c~ic. 

as follovs: silt, 0.8 cc per 1:1in ( centir.leterc per ;Jinute); very fine 
A 

sand,. 3. 7 cc per min; fine sand, 14.; cc per min; o.nd medium aa.nd., 

47.8 cc per min. 

.~ 



No evidence \.':'lS .found tl1:lt wtcr :~oved through the aoil and 

!'ill :;>ad and C'.'a!>orated i'ro~.l the c·.trl'acc j_n quantities oufficient 
to o.f:t'cct '~he rate of 1:n.t'5.l tr::~.ti.on in the pit. The :lOistu!"c c-:~nte:1t 

of the up~er foot of the r..o!l ran:;ccl bct•~een 5 a:1C'. 10 percent by 

( '1·' 1 11"" '·-· .,, 1 ··.Ler. ,.";.!O"v' 

cores i~ the !..nhorntor~:. T!le i'ield :perr.:.ea'hili ty ( l':ltc of :ercolction) 
in 'the zo~e or cerntion c~n:.~ot he dircctl:: coTJ~o.~cd 

pit ~ot cnl~· noved dmm11D.!'d but o.l~o 1-:!0·.re:l la.te~.lly .::.r; r.uc:1 a::; 2.. 5 

per::1cal>lli t:·) because the ·.~tc:- :'..o rmbject to forcct: r:o'; i:.:;ol·/cd 
in so:t.ura. ted no,.,. 

5l 
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The vett1ne front tlOYing into the W1Caturated tuff was oharpect 

in ~he eo.rly pnrt of the 1959 study, but it beCll:le thicker and more 
diffUse ao infiltration continued (fig. 18, profile I). Enerey barrierc 

Fig-..u·c li3. --1-ioisture co:1.ter.t a'1d C.en!l::.t~· of tuff ,r, acce::.s tube 1 
• ... S"'t ,. ~ a~. ... c 2, - · 

at the front retard the no·;crJe!lt until the uoizture CO!ltent behind tl1c 

p. 117-118). The thic..~'1e:;s of the zone of t:-e.no::i:::.3ion, the area betwee:l 
the wmettcd tili'f and the r.~ir.llU~ r-oisture contc!l~ att~in~d durir'-3 the 

'-{ 1 . .J?_>/'t>l?tl.l'i- ,. t' " 1 I ~ • .._h ..&. ff 
·.·crt ... cn r:-.c·.-euent, .tdf'!*l" ir .. ;.:;.' 'ro.s e. I unc ·.:..en cr c.::c:-:..r~G ~1 w e ... u • 
The averace rate of movc:.!e!l.t of the part of the i'ront contain.:L1g o. 
noicture content of 2) to 2D perce11t by \-olu::.1e \li:.G about 2 feet durir.,:; 
the firct ~, about half' tl foot per d!l.y dur:.:r..c the nc:·:t 11 ~c, and 
about o. te-:1th of a foot per dey dur:!.nc the nc:-..'t 56 da~!fj, ,;i th o.cldi tio:1al 
movel.Jent in the lover moisture range to a total der:t!l of about 18 feet. 
The rate of oovement of the front in 1960 ·•.:as h1&'1el1 (f!.g. 19, r>ro1,lle II) 
thnn in 1959 probably becouse the roc.tc ".73S wtted e.."ld. fe·..:er enerw 
barriers existed to reduce the rate of ooveoent a."'ld less \."'!lter ws 
needed to reac.'1 field ca:paci t~. (See ~ fie;. 19 and 20. ) . 

' ,, 52 
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The moicturc content ot: 25 to 23 i}Cl'Cent O.?J>R!'c~rtl;~· -..ro.:::: tl:c - ~'1 tv-~ ·p.:l-J~:lll\.1:.1 nttnincd / l'iiJ. 18, profiles II and II!) at Site 5· ?hiG 

r~·ictw-c content is tJevero.l pcrccn·:. above fleld ca:-JO.cl ty 'but. ls 
co:u;idcnubl~· lesn t!m."l !>a·~urat.;.on. The UD..Xil:liL'l ~.:o~cture conte;::.t 

ti-on i:h:..ch ,.T'.ter cl:::-aincd into the underlyi~ l':Ultcr:lc.!) o.l ... ~how,.:;.:"l ·it 
J:lCI.:I al::::o :"Cl)rcsent entro.p:pcd air. :Uovever, entrur;:Jcd ail· ::.hould 
not be a ?roble::J in tlli::. ctudy because of the l£'.rcc volunc of po:::.-ouc 

ini'.!.l t:::-::;.t.;..ac ·.:o.tcr uculd ecc::1pe and not be curro\l!".c",.cd. c·~· co::.p~·ec::;cd 

The ~:o.:.st.urc content oi' the tut'f decreaced ctcaclll~r o.ucve O.!'.. 
.. 

~It; 
appa.:.-cnt dc!tsi t.y C!n."'.Ce a.t. a.'bout 25 feet beneath ".;lle ini'iltra~.:.io!1 

pit to a rc.nue of 5 to 16 I?ercent ai'ter about 9..:. r.10::".:.!1~ C:U.·o.i:-.o.ze 

r:10nths roo~1cd n uoicti.U'c co;,1t.cnt of about 8 perce:-.t. The 3 percc~1".:. 
oot~tioa e:a.cndcd. belo" the 'Uctto::1 of the c.cce::::s ·~~be. 
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"1'he m::>vement of vnter durir~ t!~e 1')50 study nt :~i ,-.e ::; 1 Q.!id 

subsequent drainl'\ge, is sho·.m en i'ieurec 19 and :?G r::.r tr.c cha.::c ~:·.; 

Apr. 20 1 l)UC, after abon7. ~·~;r.-.ontho of t1:r·:inacc . ... 

19-B.--Iooh:fdral 1-t-~~:; of ~oisture contc:rt of tile t' .. li'f, in 

percent by vol:..L'";e, c.lon~ ~r! east-,rcst oec t :on at ;3i i.e 5 or) 

June 2, 1S:.6C',, ai't.er J:;. ~ays cf' !.!li'iltrntion. 

19-C. -- Isohyd.ral. lines of rcoioture content of th~ :.~rrf 1 in 

percent by vol\l!:'lc 1 along an ea:Jt-vcst section at Site ~, --.,~1 

July ~8, 1960, af'ter 99 de.ys cd' infiltrutio~l. 

19-D.--Iso~e.l lines of IT'.oisture conter...t of the ~ui'f, in 

percent by volll:l:e, nlo:1g an east-vest section at Si t.e :; 01~ 

Dec. 6, 1960 1 a:f'ter 2 3C days of infiltration. 

19-E.--Isohydral lines of r\Oisture content of the ~ui'f, in 

percent by volur~ 1 along an eost-vest section at Site 5 on 

l·b". l, .:!.961, after nbout ~ r.:onths of dre..1:Ja.ge. 

patterns of isobydra.l line of 100isture content. 

-- . .5\ .. 



F1gure 20-A.--Isohydral lines of moisture content of the tu~r, in 
pe:rcent by volume,along o. north-south section nt Site 5 on 

Apr. :?0, lS~/ .. , after about ::.;~ months of droino.ge. 

?.0-B.--I:>ohyd.ral li.r.cs of moist:.u-e coutent of the tui'f, in 

percent by volurec, along t~ north-a~uth section at Site 5 on 
June 2 1 l~C, after 1~2 d<:\ys of ird'1ltrat1on. 

?.o-c.--I:>ahydra.l li:1es of moisture content of the tu:rf, in 
percent by volwJe, ulor~ a ncrth-south section at Site 5 on 

July 28, 1960, after ~9 days of 1nfiltrat1o~. 

20-D.--Isohydre.l lines of moisture content of the tuff, in 
perce:1t by volur:1e 1 along a north-south section at Site 5 on 
Sept. 1, 1960, ai'ter 1311 days of infiltration. 

20-E.--IsoJ:tvdrnl linea of n10isture content of the tu:r.r 1 in 
percent by volt.Ur:.e, a1ol"..g a north-south section at Site 5 on 
Dec. 6, 1960, after 230 days of in-~ltration. 

2Q-F.--Isohydral lines of m:>isture content of the tuff, in 
percent by vo1ur.e, along a north-south section at Site 5 on 

Mar. 1, 1961-1 after about ~ n:onths drain~e. 
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ceased. !::: addition, 1soi:zydr:ll li:-:es 131! days after infiltration 

7-:~ e~fect of density gradients in 

the !-,u~·. ~s reflected ilJ. tb:: r::d.!r~ure pat-:.er1: chunges in :f'iaure 19. 

'llf:.e ci fc.: ~- of evo.por-.lt~;.)!: froi:l the wU..:.l of the adjace.'"lt dispcstu lJ:i t • 
is r~::t.l·.!~tc.-.:.1 pl'OClinen'.:.ly in the ~cisi:.ure pctternc in figure 20. · Tb.c 

e:q:-G..>·--1 l:"l,"~ ;-m~ urec. O!l i.):.~ vall oi' t.he disposal pit as outlL:ed in 

,. .• ~-, ... /_ ~~ n~e~ a~ c" t() so1.:e degr~e with the I;·.o.!sture pc:rt-:.e:rns ~ -·c-~ ~ 1\ ~ ~ - "' ,, irl 

'l~ :.e posi_ticns ot ~.::.c .::..c:)h~.-J.rW. lir:cs on i:.ce day in:f'!ltrntior-• 

. ? 1 ••. :.•,;.,.1.3 drai.::ace \li t!1 :10 ir:..fi):~:rt.rt.i\::·:, of \rater fro::.:. the pit. c.re sbC'vn 
~ in.(iH ... ct..i•"•l"\ 

L~ ~·::..:::··~·e::; 1~1 u:1d :;·! • :.?ltc ;;.osi -.;icJ< e:i+.er 1_31; C:.u;.;~,._ is also includ.e1 :.r.. 

',.:,· ~:~-:~r i!: :::~e tu.f:: .. is shown by the 

·~·-·-~ .... u ..... ''>"•-e .. •···• T.!··-l•1 ,..,.q·l· • .-•.· • .-.·~-- .·.··"'". l ....... .r-o_,_~.-:· •. ~._-,._·1. -:-.o sor-.·"' .-:,.._·aree b·J-..... ;J...:......, .•. \;;'" ~-"..,""" ...... ~. -...L.- U"- - .. ...w - .1.· ._ v • ..._ - ~ 

r.: t. cutJ.::.-" ~ c~ 
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_ Water was retained in the tuff to near field capacity betveen 
the- depths of 8 and llJ feet beneath the bottom or the pit npproxit:ately 
3t months after the 1nf'11 tration phase of the e>..--peril:lent was suspended 
1n January 19""~ (figs. 19-A and 20-1). The slight bunching of the lC 1 

151 a.'Xl 20 percent isoh;:.'dre.l· lines to the east in figures 19 A-E may 
indicate oover.1ent dovn dip in the tuff 1 or because of density changes 
at access tubes '~ o.nd. 5. The effects of density grodients vere 

, prominent on the etlSt-vest section at mles !, und 5 and vere beginn:!.IJ6 
to show at a depth of about 20 to 25 teet at hole 2. Moisture content 
vith respect to depth below the infiltration pit was greater to the lt•IN ~u· u1t of--., I 9 "" , -1--south in figw•e :?C. 'I"n~ 111 the turf north of (j,J;,.,,4s -11.,-t w4 o/'t'; the infiltration pit moved tovord the vall of the disposal pit under 

/J t,s,/tl~ ffl~rt D~ CJI.f~r the innuence of forces ~, · ca l:r-y evaporation :froi:l the '<1lll.l of the A n 
disposal pit. The apparent increasing rate of evaporotion fl"'r.l the 
vall. 1 "11th the approach of longe:- and \iarcer days 1 is evident on the 
north-south section. Little or co increase in tx>isture vns apparent 
at depth at holes 6 and 7. F"..gures 19B and :?OB a!Jov app:roxic.e.tely 
the position ar.d caximu!!l extent of the tuff that contained a :ooisture 
content of 20 percent or mrc. 

r.. ... 
/I 

-----··--·-----r· ·-·-- ·- -·-- -· 3- 3 ~-. 



The closing of the :?5 percent isohydral line Wld the constriction 
I 

of the 20 percent isohydral line on 19-C and 20-C probably indicate 

thflt vater evaporated free the vnll of the disposal pit fnster than 

it moved into the tuff free the infiltration pit. The 25 percent 

isohydral line closed late in JWle o.i'ter Go to 65 days o-r inf'iltration. 

The 10 and 15-percent isolzydral. l111es did not odv~"1ce signi:fice.ntl:,.• ::.n 

any direction from the positions shovn on figures J.St-lJ end 20-C, except 

'possibl;;• at hole 1, although the rate of inf'iltratiou decreased only u. 

swall ecount. The 2-percent isohydrel line on figure 19-B shoved a 

tendency to flatten, probably because of a dens:. ty c:;ruU.ient ~'t a d-epth 

of about 25 feet at bole 1. The lover moisture content e:t the upper 

part of holes 2 and 3 vas due to evapotranspiration by the t~blewecds 

, gro\ring there. Figure 20-D shows a continuil\1 decrease ol' the aree. . 
vi thin the 25-percent isobydro.l line and alrx>st total closure of the 

L.: 
t 

20-percent lines bene&th tbe infiltration pit. 

.____ 
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Job!sture n~a.nur~:~r:-~.:> 1 r.ai.e or. Decetlber 6 after 23(.1 duys of 

1nfiltrc.tioi!1 (1'~-~.3· l)-D a.:-ld 2()-E) shov a decrcaae in the misture 

~ontcnt of the t -..(..:.':!' :f'ro::J that of previous r-.easurmr.ents. Although 

the rate r. :: t.:vaporntion i'roc the disposal pit vall decreased steadily 

durir;.s t~1e fall, because of tne decrecsir.oB ter:rpcro.turc, the ro.te of 

1~:1~ltration prouably o.lso uecrea.sed because of the greater viscoai ty 

of the 'mter. The rate of infiltra.tim~ e.t the ~cer-:freczir..g ~~eratures 

:!.n tee pit !r. Decccber vo.s pro~ebl:,· or:ly ~bc~:-4: hcJ.f that durinc; the 

eJ. 

about tbe nncc pocit!~r..s 

except 11: the lover r.:oistu..---e re.r.5c directly 

f.., ,,;.,ltJ,.. c.#ll-t-..-t 

vr.crc e cnlur...~ j or h .feet in d:..c=-.ctc:
/1 

:L'or.: bc}.ov c. .:lcpth CJ~ elloUi:. 30 :feet. 
A 

!. total o£' o.bout ll 1 1C{) c;c.2.lol~D o:::' vr.!.tcr :roved thro~h t'r.c 

in~ltra·!.cd. dUl·inc the sU!'.r.er r;·r.11ths. A •,ro;cer ~'l!d<;et cc.nr.ct. be 

ctllcul&t.c-1, ho'W'evcr, bcc~uce of t!';e l!!"..l-.!:.0'\!r. quc.nt! tiea lost 'by 

m·t.pcr~ti on. 
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Site 6)\ DP-1~est 

- Site DP-l~cst ic within one of the ·origiool dizporol are~~ at 
Los Alamos technlcal area DP-'-?est, and lie:; between the axio and 
the north ric of o fi1~er-ne~a. 

The disposal area coas!sts of four pits about z.:> feet wide, 
100 feet lo1~ 1 and 5 feet deep that were dug into the tuff and 
backfilled l:i th lo.ye1·s of oo.nd and gravel, and connected in pairs 
by buried pi:pe:.. Pluton.!.UI:l wstcc die solved in hydrofluoric acid 

[}r-r ,,./.s Ml ~~-~ "'ere diocba.r(5ed. into the }!its between 194~ and lS/52. ""~ hDf 1"111f~d'· ~1tJ l.tJJ.-tti~crfu w~+~,. ~precipitation E•, .. ~~-i:c ~--= P<et;A:St~o the l).i..ts~--of tl..~ ptf'Set..t .7'f~ ""'""' f"o dW~t ,.,.,e ;.E 4'1 t.Jit'r' /lrot'J ~ The object.i ves •· -··w ··.· :·~ \13ter beneath A 
~ 

a dispo::;al pit ar.d to ascertain if 'W:late J;:roducts :::lOVed u:L th the 
vater. ~ples of -water 1 e:<tracted with r.orous cup a placed 
benenth the pit, vere D.:w.lyzed for ~e:-JiC3l azld. z-acliocheoical 
quality. The I:JCisture content beneath the pit liaS measure<.l i!'l 
horizontal access tubes, nnd in tube:: pl~ced at a.n an;_;lc '!Jen~oth 
the pit to a depth of about 100 feet. 
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0 A cc.isso!'l 30 feet deep 1 6 feet wide und. 12 feet loJ:lB vns 
excavated ubout 6 feet IlOrth-northea!lt of the eastern quarter 
of ,pit 1 (fig. 21). T'ne caisson wv.t; ahored vith planks c.nd 

Figure 21.--Disgrlll:r.lD.tic al~etchea of insta.ll.utioP..s and. cuisson 
nit at Site 6. 

reinforced \Ti th ti.r:bers and cont.a.ir..ed three plctfon;-.s 6 feet apart 
Ve.,..tof Cr>, 1 • • 0 - - ----.:. ~· 

'1\welve pairs of hole:; 3 inches in diawter and 8 to l2 :feet 
lo:Jg a!lll di:>pir-G dowmrurd at about ~:!.r..ch per foot verc d:-dlled at 
:?-foot i=!tervc.ls throu.:;ll the south wall of the cc.isson into the tu:ff 
beuenth the pit (fiG· 21). The upperr.:ost bole wu.s about 6 feet below 

0 the ben: c.nd less tlm.n hal.i" o. foot beneath the bot~ o:f the pit. A 
plo.st:!.c tube approx!.n:atel~· 2 inc!:es in dia.t1eter 'las instalJ.ed in one 
bole of e-ach p31r for roisture nea.:mrei:!ents. T'ne rumular space betweeo: 
the access tube and the val.l of the drilled hole '\oras nat backi"illed. 
The otr..e:::- hole or the po.ir contai:ced. n porous cup pleced at the bacl:: '- tlt1f l.tMS ~•,.1/., 11 ~ ~~~.u.f- Dltt' Af~t~r•SpAt',-e of t:1e hole and connected to ~ vo.cuutl s:rotem. The holes vere ~ A 
bucl::filled around the vacUUJ:l tubes vi th crushed tuff er.Iplaced with 
co:npresoed air. 

--·--· ___ ... 



c 

' 
Eix holec l1 to 6 inchen in dlamcter O.:lcl 75 to 50 :::'cet in 

dept·h ,;c;.-e d::.·lllcd near -~~!C edge or the pit. Fou!"' o: tltc:...e holes 

\IC.l'C lined ,,.1 th pla:tlc ~ccc~::; tuhc:J O.:Dprc:<~-~:ltely t-.o :!.nchc::. i~ 

o!:' the holcz \l.:lL backfill-...:d \rit,h crushed tuff. 

. ·-·-
' 



Conditions before infiltration 

Several f"ncies in the tu:rf exposed durine the construction of 

the caieaon created special problems of data interpretation (sketch D 
on :f'ig. 21). These facies types were nn upper tuf'i'e.ceous sand that vas 

slichtly consolidated and partly veothered ond contai~ed nuc~rou~ roots 
and rootlets (bed A, :fig. 21 o.nd table 'o); a pumiceous tuti' tho.c o:1ppcared 

, to pinch out several feet south of the caisson (bed B, fig. 21) i and 

an underly:l..ng velded tuN' that was weathered, especialJ.y ulong ~c-!.nt 

faces nlo!lg vhich vustes rl.lly have IOC>ved (bed C, :fig. 21). A clay 

zone 6 to 12 inches thick overlies the welded tuff. 



_., 

Position on 
:figure 21 

A 

B 

c 

Table 8.--Description of uaterial 

in caisson })it at Site 6. 

Description!/ 

Sund, ligil,;; oral.l6e-br('l\·tn, ':eatuered Jello'W.ish; con;:;;;.s~G 
of subrt.•<Uld to subangular s:;.lt to coarse gro..:..ns of 
quart.z, srulidine, pw!lice, und minor euount::; of mafic 
minerals, some grains ~itted. 

Tuff, light orance-gmy, "eathered throughout; cuch 
clay present. 

'l\1.f'f, light gray, -weathered yellowish arowul ue vi tr .i..f. eJ 
pumice fragments and adJacent to joints, locally 
weathered into clay, ~eathering core intense in bottom 
of pit; consist~ of ash ~m ~ome mafic mlue~al6. 

~ by \·lill!e.I:l D. Purt;,.'mun 
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The bandir..c efl'cct o.t' tlle one-third ntroaphere tension roisturc -valueo (fig. 22-A) pnrnllel to the clay development (s¥~tch C1 f1g. 21) 

Figure 22-A.--Gection th..~ugh Site 6 shoving banding efi'cct of 

the I'Xl1sturc content a"'~ one-third nt!:losphere tension. 

propcrtie.a o:f the tuft' 1 such u:l po~"'e and pe.rt:i.cle oizes. Sene of the 

va.stco di3cho.rged in the eaot end o1· the d:ioposul pi "c :cay have moved 

; laterally throUBh the sandy r.uterial (Bed A on oketch C nnd. D, :f!.g. 21) 

alor.g the slopir-t; top of the tul'f Wld then vertically into the tu:ff. 

The lover ooisturc values (rig. 22-A) se~ to coinciJe vitb areas of 

tui'.t' in vh1ch tr..c createst orr..ount o:f at.a:!.ning lmd occurred. The stained 

areas r:.ny indicate a d11':t'erent sU:g~ of vce.thering than that at the clay 

le.yer due to alternate vcttir...:; nnd drying cycles. A trend towards 

'ba..""lding 1n the tu1"1' is indicated also by the dry Wli t weight., specific 

retention, porosity values, and by the pattern (rig. 22-B) forced by 

plottir.c the gross alpha cow:t on the section through the study area. 

The InOisture content end gross alpha activity of the cores 

collected in the study area decreased significantly t'rom eu.st to vest 

and vith depth (table 9) 1 vhich indicates that r::n1ch o: the liquid 

discharged into the pit t::OVed only e short disto.nce la.tera.l.ly through 

the oand:,r material be:fore in:f'iltratir..g the tuff. The averose moisture 

c ontent of the third horizontal group vas significantly lover o.t the 

one percent level tha11 that of' the t\10 upper grcups 1 but not siGUificantl:r 

lcsfl tbtll'l tho.t o:f th~ fo'.'!.rth group. 



Group 
ol" 

holes 
by depth 

Firf;t 

::>econd 

Tll.ird 

Fourth 

Eazt 

Middle 

\-lest 

Table )1.--Ave.roees of moisture content and cross alpll::t 

counts of tuff cores collected at cite 6. 
~ 

o, 

6, 

Depth 
(feet) 

2; ru\d 4 

a, and lJ 

121 14, and 16 
• 

li3, a:>, and 22 

o, 6, 121 and H3 

2, J, 111, and 20 

4, 10, 16, and 22 

l·bbture 
content 

(in pel~cent 
·.by volwae) 

2<).6 

26.0 

H3.4 

21.; 

25.0 

2).6 

~\}.) 

Difference 
from lo\lect 
moiDture 

content ( 18. 1•) 

11.2 

7.6 

-
2.9 

-

-
-

Least 
significant 
difference 

$1.1) 

7.2 

-
-

-
-
-

E:J An.ul:J ~is b;; Loti Alw:;os Sclcnt)_·f~c lab~ra.tory. 

Gross alpha 
count~; per 
miiUltG per 
dry cre:...fo' 

l,I . .U7 

~Jl 

2jj 

148 

11&> 1 

563 

482 

............. ·-
.t ._. .., 

.. 
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-The tuff is e:"tcns~.vc1:r jointed (fig. 21) 1 ru;d the tendency 

for liquid to r::ove tlll"Qucl: the joi:1ts is !ndico.tcd by hie;hcr grosG 

of 1 1 0..."'0 pc.r JZ.:1utc per dry gr:::z:. at the 2C i'oot depth on f:!.gu:.-e :·2-B. 

activitv. 

In the cast croup of holes (fio;. 21) the jointo bccOL"'c r.orc nu::-.c:-ous 

vi th incrcooir..g depth. Se'1crnl open jo:!..~ts ei t!:e sout.l'! vo.ll cf ·::.:~e 

caissol'!. wc::-e fotu1d 1::clo'\-T u depth o~ 25 feet. Hustc ~.ro.tcr lU:..U pcnc·::.rc..:tc)ll 

the fir..eline joi::~s -~ clcptbs of at least 

nltered. t:le tuff c.Jjaccnt to the joi::t o.s ::u::h c.s orlc-q;.~CJ.·~.:.cr "'.:r ... 

or,e-r...ali' inch. Cl~:rs dev·elopcd locc.ll.y ~d ::.I'q)cded U:'clr.c.gc 3o ·::.::'-lt 

the joir.ts retcined. w~tcr to the extent thut the miot~e co:rt.e!:::. of 

the ti.U'i" uos loco.lly as r.~ch ao 35 percent (fie. 23, proi"ile I) . 

-n~~J 

tlOisture reoil.ir..gs .!.n borizo::tal a.cces~ ~ u":. 

~-t' fl.t!. 
and 2(-"J!€;,-::1& ~clow;/'cttor.: of disposal pit 1 at 

..., 8 1' 

... 1 /.1 •• 1 

Site 6. 

The ischyd.rc.J. lin eo of' the JU.'1C 30 ccuourerr.ents { !"io;. 23 1 profile II) 

shov o. lo.terc.l 100ver::e!1t of' r..oioture free the di3posoJ. pit to'W'a:-:..~s t1:c 

caisson o.rea. before ir.fil t:-ctio:~ begun. ~'l.is increase in m!stu.rc 

and 'b~· t!1e above norr-cl. prccip:. to.tion in June {3. l:(! inches) • 

.. 



( 
The rnoicturc co::1tcnt of chtL"11-. SL!J:D1_c:::; collected ut various 

dcpth!l. durinc excevo.tion o:r tl~c ca.io:->o:r: i::1 rJCtobcr 1S'59 indicate 
-

thc.t \tute:- from the dispoc::>.l pi "t ho.tl mvc<l ~Jort!n:m~d only a ::;fl..ort 

the clay layer ns indicat~l by ~Disture cor.tcnt~ of 19 end 16 

percent, respectively, at the t und 4 f'oot levels. Li'~t:Le or :·1o 

luterally at the 18 w1d 22 ~oot depth. 
I 

I 
'---- ---·-·---- -- -·- ---·----------···. ·--·------· ----------------------·-· -·· 



( 

0 I~iitrction studico, l~~C ~~d 19Gl 

The flo't-T of wcte:- into the dispomll vi t \lO.S continu~U3 for two 
oonths in both lS-0.:.1 CI>.d 1961. Both studies \Tere during the sur!ller 
mnths uhen the tcr.:pero:ture of the vnter, o.nU. other condi t:ions 1 

o~ \m.r:r'.:.eG o..nd tap wuter into the l)it ll!"e shot.'Tl belolr {Chriotenson 

Ra\1 lVUste disch.c.rc;c 

lS60 July 6-July 31 

1961 JU."lC 30-AUC • l 

appro::imately 
8,coo Gc.llons 
per C.o..:l 

upproxiructely 
6,~00 c;ollons 
per day 

To:p "WO.tcr di:lchnrse 

Aug. 1-Sept. 7 

A1..1.3. 2-i\uc. 26 

app~"'xi:::.atcly 
61 5CC"l callo:ls 
pe:- C.u;t' 

apiJro:d::~S.tcly 
7,100 cnllons 
per do.y 

The roictu..~ co~1te:1t of the tuff d·.1ring continuous il""..i'iltrotion 
ranged f'rom less thu;." )0 to oore th.c.:-1 35 percent (fi~. 23, profile III). 
Izolo.ted c.reus havinc o. J'X)isture conte:Jt of 35 to 4c pe~ent developed 
local} y duriiX; Auguot, Ol.J6eestinc; m:JVeoent throuc;h open joints . Dro.inC{;e 
in the 10 to 15 :foot zone belo\1 the pit ,;no relatively slou af'ter 
infiltrntion atoP?Cd {fi~:. 23 1 ~roi'ilc IV) :pro"vably because the caisson 
e.cted c.s a burrie~· to the l.D.tcrc.l :::lOVeiX:~t of \TU.tcr • 

. 6'( 
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The ro:toture content before the 1961 study after a.ll:lost ~ 

ootiths o~ d...-ni~t13e (fis. 23, pro~ilc V) vo.a about the a£1l:le or aliehtl:r lower thn.'l before the 19SC study, p..-obe.bl:r because of less raini"all. The miaturc co:1tent throuch July !.9Gl also \1'an about the oa.."1e as during the 1960 study (fie .. 2.3., pro:'ilc VI), but du.ril'lG August the oois~~urc content of the tu:.~ inc:.·eo.sed (:t'1g. 2.:;., profile VII). The high misture cor.te.~t of !.;5 p~rcc•lt ~t a t!epth of 8 feet ir..d.!cctes that. vatcr druii!ed i'roc o. joi:lt d:..l-cc.:tly into the anr.ular apace 'around the acceas tube m1d that vater OD.:.i have been st.u.nU:ilJ8 in the hole. Drainage :f'rot.l this areo. w.s relo:t!vely rapid (:rig. 23., profile VIII), oce.in SUGGesting ~vct:ent throUGh open joir~ts. 
Grosa alp!Ul o.ctivi ty 1n va.te~: snr.--ples f'roc the 8 1'cot. dept.h averoccd sc·;arnl tir;;es hi(;hcr ti'..nr. the nct.i·r1ty 1:: om."1ples i"ror. other ·depths (Christenson and Th:Jt:D.S_, 19{)2). Samples :f'roo other depths aJ.so c ontnincd relatively high u1pha act.1vit~·,\Th1ch 1udico.ted L10Veoent throuc;!l joints. T'.nere \fll!l El.!l i::.v~rce relatior~!:::p ue-::-.:cen g:-c::::; alpr.n o.ct!. vi ty a."ld the pH of the ao1utio:n. 'Ibtal l"..o.rdneoa a.nd total solido i;lcrcesed '\lith depth., SUCGcst.1f'lG solution a"1d r~solut!on of previously deposited T:~D.terials. 

68 
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dc~p 
~ %cce::;s tubes {fig. 25) Yerc installed i:n"'holes drilled 

aections thrcuch clispo3a.l pit, a.nrl ooistm·e content of' 1leep 
o.,t: 

access tu~~~%ite~6~·------------------------------------------

Fcbru.m7 1961. ?re-test moisture 

content or groaa o.lpha. com1ts verc not dete:n:rl.ncd. High gross ol"!!ho. 

activity of drill cutti~s at a. depth of about )0. feet i~ hole ~~1-2 

' as listed belc\T probably \las due to a zone of free \lUter perched on 

the facies cha:l[;e noted in the vells of the cllisoon pit. 

Bole nu.~~er 1 lA 2 3 4 5 
pt-1' f.tr' 

Gross a.lpha cou.-·'lt~tlinute,A 
d:r"J gram 2 24 698 3 1~ :; 

The moisture content duri!'lB Mo.rch and April rnnced between 20 

and 35 percent arou.."ld the upper part of the tubes, due in part to 

snowmelt ar.d icpeded drainese e.nd '\TnS about 10 percent or less around 

the bottom of all the o.ccess tubes except DPt1-1A. The moisture at 
S d~i}J,.,., .., • .,,,. w.II/S, 1'1.-i 1/St!J /it .fir' t:tl,<41",.11c-1Mh () -F 

the bottom of a.cceoo tube DPt-l-lA cay have been due to drilling "'lllte~ ~fA~,. "•
1 

At depth belo"'l about 20 or 30 feet the moisture content 'ms highest 

nrc~~ tubes nee.r the northeast part of the disposal pit . 

.. 



( 

~ 
nrca at the ca.st end of the dispc:::wJ. pit ne~:r the caisson {.;~:!.c;. 2~). 

Outsida the ovo.l shaped areu of r::a.xL":r..l:j i!Lt"il~r~:.io!'l (fig. 25) 1 

~,-

--......--. _____ --·---·· 
u'"uout (l i'ec"'.:. tleep ·.:here percclo::i:r:r; vater r:-.a:!.nti.lil:s the rois~urc 

contc:1t ct the tu.i'f slit;~-:.tl:: ubo·.re field capaci t:r. 

T'ne roistu1-e content t:.t r..ost depths e.ppro:::.cced the pre-i.n.f!ltratic:: 

level about 2k r.:onths c.i'~cr diocharec of 'mter i:·:"',;o the pit vas ~topped. 

n·•"'"\.:-~""" W.- •J\,;.., 

0~·, .,~ ·--J 

The i:-:·\.!cuJ.arities i:l the curves of mis"t.tu-c c~;r:.c::t :ror uccess 

a.:1d ut lC.· to ~C feet at tF\ol-2 probably is cuuzcd 1J:.· vctcr rea.cl!.:.t:,c 

.. 
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The effects of joir:t~ :~r~ co:1ta.c ·~c bct"'o."cc:: ot:iJmli tz 
of the tuff on vatt~r r.ovcr.:e.:1t 

\later mv~o through the tuff ::.n tvo \lcys--by capillc.ry mvcnc!'lt 
through the :tJQreo of the tu:r:f, and l>y ::::ov~.cnt. thi"OilCh open i~:te:--
cor.nectod joints. llater ~ntcr:;.113 open inte::.·conr:cctcd jo!nts I:ir;."lt. 
I:lOVC rupidl;:r., dovnvard 1 tb.rou,gh the joints; bowcvcr 1 if the joints 
a.re not continue. us th:roug...i. contacts bct\recu suba.""'..i. t: of the tu:f:' 
the vuter ~cht be pc~hcl ubovc th~ contac~ ru~u ~ould tend to ~vc 
laterally. 

Liquid \J'tlSteo ore discho.r£;e-l pc:riou~co.l.l:,· i'l"''tl a treatt'.ent plunt 
O!!to tbe TshirC(;~ l~:.:hcr in the floor of Acid Cun;'y-on. 'l'hc pci:~"':. of 
discllarcc is u'!Jvut a qu~~er of c. ::.ile above u seep .flovlng scv·cl·ul 
gBJ.lons per cim:.te at the con-t.act o::' the ~hiregc ::\:rl Oto'!i !·lc:::llc:-s (~•t;.:z.<.) 
in Acid Ca.~n. The liqu:!.d '\t<actc::: nrc disclw.r{;cd :fro::: the pl2.!1t. ir. " 

,·.<' 
-'·· 

T'.l:f'f and tl:c locatio:-:. oi.' a ocen c.rca in !cci<l Cru~·:on at :~::. te /5::., 
slugs ~~ cause intercittent surface flov on the c~jyo~ floor for 
periods of ns n!ch as one bour. Bctvccn inte:n:u:ttc:rt .flovs t!le i'lcor 
oi' the canyon non:;ally is dr'J betvecn th.c t:reaW.ent pla..o;t and the 
seep; flov 1n the canyon is perel!!lio.l. belov the seep. 
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The or:.l:;.r known source of wa·::.cr emcr.., · ..... ~ in the seap o.rco. is 

the -liq'J.1d \.-..lstc d!scho.::::-ced .f'tt>t:l the treotr.:cn7. plant. study of 

the urcu 1nd1co.tcs thut liquid vo.~tc pcrcolc.tcD through joints in 

the Tshircge Mc."':lber to the top o!' the nrulsive Oto\ri 1-tc:::ber where 

1 t is perched and tl:~n roves .1otcrally c.lorc the contact to the 

seep area.. 

LiClaid r:.:J.y o.lso be r.::o'\ting along the S1.!bsuri'oce contact of the 

tvo r.lerJ.bers to other poi~ts o:f' dischfU"GC which hove not cw yet been 

found. The a.tti tude of the contc.ct is unknown; if it. is relativel:.r 

lC'.rel "'c:ter could be r.x>vinc u."ldcTBrou:•d in a.ll directlor.s l'ro::1 the 

point of ::.·echar(;e. 

Perched w~ter occura also o.t the contact bet-.::cen the Gue.je 

Mc::•bcr ru::d the ur.derl.yin{; Puye Conclor.:.cro.te. Ho::..s-t.urc occ.~U!"c~e~ts 

of oor.:t'lcs i'rotl Sites 17 and 18 i'rot! two holes drl!.led th.""OiJCh the 

GUD.je into the Puye ir.dico.ted "tho.t the contuct bc"tvecn the u::! ts 

!'olT'...S u r)c:-cbing surface for percclatir-..(; vo.ter. t.t both si tcs 

holes vcre clrilled. in the Gtreru""..l:>ed in arulll co:1:t'O:l!l tributary tc 

P..1cblo C'-lr.yor. a.'1d Dcvero.l yardtl trpotrcm:l !'ron the contact be·c\1ec..'1 

the wo u:"!i t.s of tbe tuff. 
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- The moisture contents above and bclov the Ouo.je-Puye contnct 
0 vere s1{;r..1f'lcantly differe!lt a.t both si tea (table li). The 6o.8 

percent o.verO{;c rJOist.urc content in the OUD.je nt Site 17 proba.bly 

represents saturation or nea.r saturotion rux1 the .;t1. 2 percent in the . 
clayey top of the P..l:,.--c probably represents about i'ield capacity or 

lefis. Apparentl:r water infiltrates slowly acroso the contact Rrld 
i11 fil-f "4-l'~s · · . 

- t.he Puye after :f'iclcl capacity or e.bove is attained 
~ . 

in the Gua.jc. At Site 18, vhel"C less vater is ~vailable because o:f' a 

srcll d:cinage o.rca., the average 1noiature content in the Guaje va::: 30.6 
percent, or about bali' the.t. at Site 17. The r:.oisture content of the 

P~ at Site lB vaa correspondingly lov. 

Saoples were collecte!U a.t the baoe of und oclow a cow~actee 

s:.i.lt la:,rcr a.bout 13 feet thick i~1 the upper po.rt of the Puye 

ConcJ,on.e.:-atc, and vhicll perches the streCl!l in part of Pueblo CO:l:,'Oll 

(Site 19) • J.biature content of the s::.mples Gho\1 that li:t.tle or no 

wnter infiltrates the silt layer. The noisture content at the bot"t.orn 

of the silt le.ycr vas o.bout 22 percent by volut!le; the woiaturc conte!lt 

of the onlldy sedii:lcnts 13.::ediatel:-· beneath the layer vas about l2 

.... 
I'• 

.. 
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' Table Ul.--11o.i.stw·e cu:.7.ent, in percent by vo:u::Je, 

near t!le ccr:tact cf the ~ua .. e l.,c.Jber o1' the fu.ndclier 

Tuff and t>.e ?u.ye Cor(;lcnerate at Site:;; 17 and 1..). 

Site Di~tance a."oove or Molctu:-e ccr:tent Stru t.i,;ro.ph!.c Unl t He. below contact (in percent by 
(.:teet) Y~lWle) 

17 1-2 61.0 

v-1 60.7 Gua.:je Menber 

v-1 34.2 ?~·e Coa:,;lc::.e.ro.t.e .l 

, . 
-v 2-4 2'9·9 

J-2 31.4 GU!lJ e Me.::l>er 

l u-2 1:;;.9 

2-4 17.1 

' 

... ----· . ···--·-· 
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Summary end conclusion~ 

Tll-.! D::md~lier Tl:.ff is d1 vided into three members--the Guaje 

Met:it>el' :J.t th::! base., the Oto'n'i ~mber in the middle., o..nd the T~hirece 

Vertical density &radi.:mts in the Tshircce Member nre . . 

gv t 1\ 
The speci.:.'ic cau.Ged by ch::.nses in the physica.l properties of the tuff. 

1("'7;1y 
~,;,-ra.vi ty of the 'Band~lier Tuff decreo.seq slic;htly with <lcpth and a.lso 

fr~~ veGt to ccot acroos the Pnjerito Plateeu • 

75 
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The porosity of the tuff ranged fror.: about :?C percent to about 

6c pe).'CCl.it n.:.d tlle deviation fror:1 the nean at any particular study 

o.:-ca vc.s gcneral:y onl~' c. f'e-..r percent. T.r.e higher porosity values 

are -wi thi::1 the upper parts of the units c..nd '~thin the upper fev 

feet of the 3U't.-i.ll:dt!3. The !X)rosjty is 1nvercely related to the . 
dry unit vreicht; the dry u=i t ,.,eic;ht nenr the ba.sc of the Wli ts B.!ld 

sub-'J..'>}i ts ic relcti vcly hi13h Emd. the porosity rclati vcly lov. The 

porosi t.y ic also inversely related to the rooistUl--e co:1tent at one-third 

cc.?Ceity oi the ~u:;.·:;:·. PN·c-size c1istri: .. utim.~ cu:..·ves ::::n'.;,\T ~.;.ht:t. e".:Dut ~0 

mostly by the slO'\iC!' proccscez oi' capillc.ri t~; :l:!:d C:.i:ff:....::.-::.:.;., ~nrl 

bility ;;.,::; low--about ~ i:.o 6 (;O.llO:!::> per ll.:l.y pc:.t.• .UC!,UC.l"C fvot · 

.. ( 
\ 
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Join tint; is corJmon throuc:;.~out the Tzhirec;e Member. They e.re 

~~~ end filled ~ith sediment~ for e fe~ feet b~loY the land surface, 

but ar~ se~nt-frce ut dept.h. Joint::; inte:::-conn·~~ted to C.cpth in 

tlle T:.ilih·ese co~1ld provid~ pnt~s fOl· rnpid do-.m;.;ard movement of \.':l ter. 

In placc31 the movcm~nt o:" \..u'totr thro1~~ joints t..rould necate the effcc t. 

thnt o. bed of 1011 perm,;nb!li ty .,rould b:we caused ho.d \Ia. ter :n.overn~nt 

been o:lly thro1.:.~:h port!.J in t:1e tuff. Nuclides in \m.'.:.cr movinG throq;h 

open joints .,_..o·:J.d h.D.ve a rclo ::.ively lim ~ea opportL:.ni ty to be ebsorb.-:::!U. ' 
onto the tuf:1.' 1 as cccpcrcd to nt<.clidea in water that moved throuGh 

71 
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The coisture content durine percolation of voter through 

pe.rts of the tuff that cor.tnin fw joints or density gradients 

vns 1n the 25 to 35 percent ra..'1Gc· This range is slightly above 

t".idvay betYec."l f:!.cld capacity and porosity of the tuff. Slight 

changes in the ph:,"Sicnl prope:-tics of the tuff apparer.tly co.used 

loco..l. areas t.o becooe nearly saturated, but ccnerull:r the r.;oisture 

content dur1I18 percolntion through the bull: of the tu:fi" \laG substan

tiul.ly less than a3turut1on. Bc:::cath restr!.ctine layers, water 

c ontinucd to cove in the lover ::oisture range. Tlle ta::1perature 

o:f the \ro.ter 1 due to seasonal changeo 1 apparently a.:f':i'ected the 

~·a:.c of in:f'iltrut.ion ut the va·;;.er-tuff interfnce. T'.lle rate o:f 

pcr~ola·t:.on exceeded the r.::~.te of ini'iltrntion vhcn the vater vas 

uear :f'reczi:l{;. 

nlC rate o:f percol.::~.tion in dry soil decreased :!':roc about bali' 

a .root per d£.y during the first dc..y to less than u q~arter of a foot 

per ~- duri:::13 the third day. In a vetted sOil the vetted front 

::nvcd to a dep"t!1 of cll:x>st 5 feet during 2 days of ir.:f!ltr.::~.tior.. 1be 

r.lC.:dt:.U."'l r.~!sture conter.:t a...~er 99 da~'S o! 1n:?iltrc::ion was about 39 

percent 1:1 the soil zo!1e D.Dd decrcMed to less than ~ percent vi thin 

a :foot or t~1e top of the u:lderlying tuf'f. The re.te of rovement 

directly into dr-; tuff averoged about 2 feet per da.y du:-1IJG the :first. 

day 1 half s. ~oot per day du.'""ir~ the ne:ct 11 days, or.d about a tentll 

o:!.' a foo~ per day during the next 56 days. 
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a -depth of about :,A; l'cet bclo·,, c. U.i.sposal pit. ',Tutcr in t.l~ low 

roioturc ranee c.:pparcntl~: roved t.o depths g:-catcr tlu.:.: .. ~('; feet. 

l-la.ter :!.:1 u:·ll::1o\lll quw!ti·!:.:!.cs =oves th.:-ouch open .]r;i!1to or joi:~ts 

cnl~t:cd b~t uolvc:r;;s in the- vastcs. 

or • oluc • disd'..arce of vucteo r:.a.y CB.:lSc Uiffel-c~:i:. put tc:Ol!S oi' 

uptul:c o:.' io~ c.ha.n contil:tloua cl!.scllml,;c. After the tU:::.' hCLs o:jcc 

bee!l vetted and drained, t!le t:oistu:.-c co:r.tc1~t rcnli:ls :L. "' ... he lCi to 

20 percent. :-m~e for a :period or scv·cral :.:ontlu:J due ::.o !1ystel'CS'!.:l, 

Luch oi' the l.:.OVC!.!cnt bcinc in the lover :x:>!.Ot\.U"c rru::ce. 3ubseql.le:~~ 

cove:::en-c oi' ~tcr t..~-ough the tuff' is tore rt:.!>iU. bec.:::.uoc "'~he tu:i.'l' 

front. 



( 
The cfi't:ct1·1c C.:1d totc.l 'i'OTCO~.t.:r, pc::-c~ .; .!.zcs, pore o::.zc 

clist~but!.o:., olld the pcrticle oizc cr:.ch n .. f::'c::·::. the mvc:·.-.cnt of 

effcC'i~s cc:1 be evuluc.t.cd. relo::.i ve to ·.rur.::.oas ~i;a::d:.lr-.1 ~t.hod.s of 

tc!!Sior:s ot dL.'fcre:1t 13pccific co!ld~ctc.:&cc 1::.1cl sp:..!.:ii'ic yield, t:."1d.. 

pc:::.cnbility. 

ci' -the tuff' ~:rc 1'..l.nct.io:w of the porosit:,.· rm the pcrcc:1t of lo......occ 

po:-e spxcs 1 ";I:.ich i!1 tu.rn m-oe related to the dry tl.."1i t 'l.."e~eht and 

pc.:-t.:!.clc u!ze dist:r!b'-ltion. 

dcp·:::~1 0f a.bou~ 15 t.o 20 feet ".;he c.lp!:s. activi t:.r v~ loil 1 c:·~f:ep·~ :or 

.-f 1\i.h Glplt• 4C.t1'111"+"J -

loccl n::·c~ ul!c::-c \Toter ca=-:-ied the ~tivit:; c.J..cr.c, jc::..;:-:.s. Rapid 
1\ 

~ .,.-4~,. 

l'X>Vc::LCl!t 1\~il:.~U{;h jc:!..1·1tS \IC.S GU"bGtc.nt::s ted d:.J.:"!~1[: ~~!'i:!.:~~~.:r'.;:_~i;~ S~tl..li e!3. 

The rcla.t.ior.s:Up betvcen crooz clpr.a c.ctivi ty o.nc.1 the pH of tl:c 

solutio:: '\luo i::r.rerse. Totc.l lu:mlness and total zolidc increuscC.. 

'\rl:t.h c!cptll.. S'.~cstir.g solution and rcsolutio:l of p:-c-ricu.sl:: dopes:. ted 

-------- ------ --- -·- ... - . -·· 
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