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PREFACE

As the demand for water rises, it becomes increasgingly important
to develop ground- water and surface-water resources congunctwely to.
_dzstribm;& equxtably the greatest. quantity of water for the least cost.
In order to plan for optlmum use of water msourcea. it is nac&ssdry
to know the quantz.tatwe relationshipe of grmmd~wa.ter storage to the
flow of gprings and streams under ﬂuctuétmg natural conditions, and
to be abie to predict the effects on the hydrologic cycle of man's use
of water and the land. An analytical @pprawh is one of the most .
valuable methods of quantitative investigation. '

The objectww of this investigation were to:

(1) investigate tbe basic principles involved in the concept of the quan-
titative interrelationship of ground water and surface water, |

{2) set fb.p systems of approximate differential equations to represent
the nonsteady plane motion of groun& water in recharged leaky systems
of paired parallel aquifers,

{3) review existing solutions for specxal cases of the aystems of
differential equations, for various boundary conditions, '

{4) detarmme the type and geometry of the stream- ccmnacted aquifer
systems tha.t are present in the Rio Grande drainage basin, and,

(5) state and solve new boundary- valuﬂ problems applicable to some of
the aquifer systeme in the basin.. ‘

“The writer was first introduced to qualitative concepts of stream-
connected aquifer systems by Tolman's textbook (1337) and Bryan's
(1938) explanation of the relationship of the Rio Grande to its ground-
water reservoir. A terminology and classification of aquifer systems
has been estabiiahed herein (see Introduction and Appendices) in order
to ex‘:pr_e'ag the basic concepts of stream-connected aquifers more con-
cisely and facilitate quantitative treatment of complicated geohydro-

logic situations.
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The Laplace, Poisson, and heat conduction types of second order
linear dxfieren&xal equations have been used by Muskat (1937) and oth-
ers in the solution of a number of boundary-value prﬂbiems mvolvmg
: steady flow, steady flow with recharge, and nonsteady ﬂow, respec-

tively. These and other equations with a term mpresénting linear
vertical leakage across se‘mimnfining beds have been used by Jacob
and Hantush (se¢ Lwt of References). Inasmuch as rmmy aquifer
systemsa require concurrent comzderation of their storage, leakage,
and recharge properties, approximate differential equations are de-
‘rived for plane-parallel motmn in an arbitrary system of two parallel,
mutually leaky aquifers receiving areal recharge {see Darwa.tmns)

Differential equations for special cases of flow have the form of an
‘equation for haat conduction given by Carslaw and Jaeger (1959}, The

analytical expressions of the various possible associated lateral bound-
ary conditions in diffusion and heat conduction are tabulated and com-
pared to analogous boundary émnditiom‘for stream-connected aquifers
(see Appendix B). This'table facilitates a review of solutions of bound-
ary-value problems in diffus ion and heat ccmductlon that are a,nalogous
to problems of stream- connected aquifer uystems, a review more |
fraitful than anticipated. More than one hundred solutions were found.
Appendix E is‘an“in&ex to the source material for selected solutions. "
The drainage baein of the Rio Czrande above Rio Salado was select-
ed for field study because this river basin is one of the largest and best
exampma of a stream- cannected aquifer system‘ The optimum use of
the water resources required to satmfy all water .demands in the drain-
age basin cannot be achieved without increased knowlyedge and applica-
tion of quantitative methods. Available geohydrologic data for the Rio
Grande basin are reviewed and evaluated on the basis of the writer's

previous geohydrologic investigations (see List of References). New
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field data were collected where requi"red to provide a better bagis for
subdivigion of the draina.ga baéi,n and for analytical representation of
certain aquifer systems. Portions of these observations have already
been published (Spiegel, 196la, 196lc). Although this paper is.concern-
éd primarily with solutions of the equations derived, a brief summary of
the geomgy is given in connection with a description of geohydrologic
provmces of part of the Rio Grande dramage basin. | |

The Sunshine Valley and Albuquerque areas were mlected for de-
tailed investigation both because of their importance in the water economy'" ‘ :
- of the Rio Gra‘nda basin and bm:a.use‘a, considerable amount of h’ydrolégic
data wasg already available, | &

The writer expresees his deep appreciaﬂén to Dr. Mahdi 8. Ha:;tus‘h ‘
for his advice in the analytical work, for his constant encouragement dur -
ing the investigation, and for the excellent background provided by his
formal courses in ground-water hydmibg‘y. Part of the work was done
under a National Science Foundation Cooperative Fellowship atrﬂaw Mexico
Institute of Mining and Technology. Thanks also are extended to the New
Mexico State Engineer Offma and to the Water Remnrcaa Division of the

U. 8. Geological Survey for their encwragement and cooperation.
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ABSTRAGCT

Ground-water motion in certain stream-connected systems of non-
leaky, leaky perched, or leaky semiperched aquifers is represented
analytically by systems of second-order, linear partial differential
equations, uging boundary conditions representative of one or more of
‘the following characteristics: (a) unlined channel, (b} leaky channel
lining, '(c) impermeable channel lining, {d) prescribed flux, and {e)
finite-capacity méervoir. The differential equations are derived by
integration over a prismatic element of a two-aquifer leaky system
and contain terms for divergence, ieakage, storage change; and
areal recharge. _ |

The principal pre»wéterccurse aquifers in the Rio Grande drain-
age basin of Colorado and New Mexico are in the Santa Fe group (river
gravel, eolian sand, basalt, and portions of an alluvial fan facies).
These aquifers are bounded on 'one or more sides by relatively imper-
meable rocks of Santa Fe (1ater Genozoic) age, older rocks in fault or
sedimentary contact, or intrusive rocks. Lake beds and other fine-
grained sediments within the Santa Fe group locally cause leaky condi-
tiona. New analytic solutions are given for several cases of infinite
closed strip and half strip leaky two aquifer systems, and for a rectan-
gular aquifer closed on three sides and hounded by an unlined stream

channel with uniform gradient.



HYDRAULICS OF CERTAIN
STREAM-CONNECTED AQUIFER SYSTEMS

INTRODUCTION

STREAM-CONNECTED AQUIFER SYSTEMS

A stream-connected aquifer system, as aaf'ined and used herein,
is any aquifervor combination of interconnected aquife&s that is hy-
draulically related to a surface straam network., Most aquifers and
aquifer systems are strea.-m-aannmt:ed. The &irectioﬁ‘ of ground -
water motion may be irreversible, as in the“; case of a perched stream o
or aquifer, but in general it is _rev&'rsﬂ#le. Two or more aquifers in
a system may be interconnected iﬁ #éries. parallel, or mixedvarrange—v :
ment, as illustrated in Appendix C. Two or more adjoining surface
stream networks, each with its own aquifer system, may be interre-
lated by means of hydraulic connections between aquifers of each sys-
tem. The outflow from one or moré aquifers in a stream basin is the '
principal source of the base flow of the streams connected to the aqui-
fers within the basin, apart from surface-water storage xemaéea or
glacier melt-water. . ‘

Meinzer {1934} summarized the early histofy of thought regard- |
ing the origin of the base flow of streams connected to aquifer systems. -
The most important early scientific work appcars to be that of

Mariotte (1686), who actually measured the flow of a large stream and-



found that this flow could easily be accounted for by the infiltration éf
a part of the rainfall upon the land, by mo?ement through the ground,
and by discharge to springs feeding the rivers. Darcy (1856) estab-
lished experimentally the linear iaw of the relation of the velocity of
ground water to the hydraulic :gmdiem. This law, which later came
to bear his name, is the 'ba.aia upm; which Duimit (1863) and qth&rs
derivéd differential equations and their solutions for problems of
gmun&mwatar-ﬂcw to wells and streams, Maillet {1905) reviewed a
number of analytical aoluthna by Boussinesq for the flow to streams
in an important early attempt to put the study of stream base flow

on a quantitative basis.

An exponential flow relation (Maillet, 1905; Horton, 1914, 1933)
has been the basis for neé.rly all work done in this country on base-
‘flow ah#racteriatim of streams and ‘springa. Horton's ideas (Hor-
“ton, 1933, p. 448) on the form of the base-flow curve were report-
ed to have been postulated at about the same time that Maillet first
' presented his interpretation to the Aea.demy of Sciences of Parzs.
Forchheimer (1914, p. 462), Horton (1933, p. 448), and Werner and
Sundquist {1951, p. 203) discussed Maillet's work, but only so far as
to state that he derived the relation Q= A exp(at) for the ground-
water contribution to streams. They did not give Maillet due crédit
for considering a large number of specific stream connected aquifer
problema, based on original analytic solutions as well as on those of
Bous smeaq and Dupmt Among the later solutions is a second base-
flow relation, Q= b/(1 - at) » b and a constant, due to Boussinesq
(1903). Maillet's practical discussion, unfortunately, was limited
to ¢onsideration of an exponential law derived using a process of in-

tegration over an Aquife-ri, He did not use the many solutions ob-
| tained by Baussmasq and himaelf for specific aquifer geometries,

nor discuss the geohydrologic character of the aquifers supplying



‘the springs and streams. Maay m:_hér aquifer system problems solv- |
ed by early European hydmiagiai:s have not been acknowledged in the
”Eyngliah literature on hydrology, péfhapﬁ partly ‘bocmw the empha-
sis of analytical investigations later shifted to the eﬁf«ecta of with-
drawals by wells on water le@ml# in single aquifers. The effects of
water withdrawals from wells on the flow of ipring_ﬁ and streams
and on other aquifers has received comparatively little attention,

In éh& 1930's, and again in the past few years, surface-water
hydrologists have studied the base-flow or low-flow rxh&.mﬁeristica
of atreams, but the a‘pproaf;:h has been l-axfg‘aly em@iricm {see pub-
lications of Horton and International Union of Geodesy and Geo-
physics in the List of :Raiér‘e@sea}. The empirical approach alone
ie ina’dmiuate, particdla_rly for praﬂimiqn of stream flow and water
| levels under ¢hanga& conditions. T‘he b@hévicjx?( of aquifer w‘itemva
must be mvestigamd by analytieai. modet, m* analog studies.

In recent years, interest has been revived in the analytical
B treatmant of stream flow derived £wm ground water, ﬁolutiom to |
 new problems of ntmamq connected aquifer systems have been given
by Baumann, Hantush (1960, 1 +62), Haushild and Kruse, Jacob and
Lohman, Maasland (1%?), ?olabmixwvawﬁowhina (1452), and in
several papers by Werner (#ee List of References). Despite these
excellent contributions, several recent papers have reported that
most aquii&r systems are too complex to be a.ftae._léad by anaiytical
methods., 1t is lm;}ed that this viewpoint will be sh&w:; to be unduly

pessimistic,



ANALYSIS AND TERMINOLOGY OF AQUIFER SYSTEMS

- The detailed nature of the geologic framework i‘n an area is the
most important aingle class of knanadge required to understand
the behavior of aquifer gystems in that aréa. ~Detailed data on the
discharge and dh‘-emical quality of natural springs and aquifer out-
flow, and mapse of the water-level contours of each aqnﬁfer ina éyw
tem comprise the second most important clags, The ﬂmtuatio#s
of water levels caused by natural and artificial factors is a third
claala. | ,

The effects of many of the geologic’ factafs on the recharge,
motion, and discharge of ground water have been described exten-
“sively in the literature; The recharge W; the hydraulic conductivity

K, storage coefficient 8§, and thicknea’a m of aquifers; the vertical
hydraulic cond'uctivity K', and thickness m' of semi-confining beds;
and the grass‘ geomstric parameters of ihe’aquifer system are the
‘pﬁncipa-l quantitative characteristics that must be determined.
Many of these characteristice can be estimated foughly from purely
geo‘lo,gic‘ investigations. “ Data of the second and third classes '
mentioned ébsve are useful in rafining'tha estimates of the aquifer
| cha;?aéteriatica. ' ' |
The spatial éa.nd _téi:npoml values af‘ areal recharge, and spatial
v_alizes of the parameters related to leakage are p:_robably the most
| diificixlt_ factors to evaluate .Quantita.ﬁvely. Quantitative methods of
| evaluaxiaﬁ of the recharge rate (inﬁltratibn')‘ bave been reported,
primarily in the literature of the soil and agricultural sciences.
The quantitative determination of leakage across semiconfining
beds is a reiatively‘ new. mchni'q\xev, although tha‘com:a-pt of leaky
artesian aguifers was recogniged at least as early as 1885, and
analytical work has been done since 1930 (ngniuah. 1949, p. 1),
A statement made by Gilbert {1875, p.‘ 115) #uggeata that the possi-

bility of artesian léakage was rﬂéagmaed much earlier.



Inasmuch as ground water in most aqui-ferm (except cavernous
limestone and basalt) moves at a rate given by Darcy'é law {(Hubbert,
1940, p. 791), v = -K(d/ds)h, the total qlﬁé.rif;ity of ground water |
crossing & given section of an aquifer in unit time is Q = vnA,, where
v designates the normal component of velocity in the direction of
increasing space variable, and A is the area of the section. This
means that if the aquifer coefficients, thickness, and water levels
are known in the vicinity of a stream wnnécwd to the aquifer, the
aquifer outflow to the stream or the aquife‘r” inflow {rom the stream
can be calculated. S‘imil&rl\y, the inﬂaw or outflow can be calculated,
analytically or dthe_rwise. for any arbitrary gradient and thickness
that may be assumed to occur at another time. The qualitative effects
of streams and reservoirs on the shape of -:hé water -level contours in
adjacent aquifers were reviewed by Tolman (1937) and Muskat {1337).

The degree of penetration of an aquifer by a bounding stream is
important in the vicinity of the stream. Howevar, gince m@a‘t. aquifers
have large lateral dimensione compared to their thickness, and since
the vertical components of flow caused by incomplete. penatra#iQh are
usually very small compared to lateral compenents in the aquiici',
the effects of partial penetration are negmctéd herem. - They must,
howevar; be taken into account in most problems of drainage for
agriculmre or engineering works; | A further justification for assum-
o ing full stream penetration is that most streams oénupy valleys con-
taining a thick fill of 'cloarm. highly permeable material, and the
entire watercourse (see definition in the next section) can ummly be
coneidered to be fully paﬁatrating even if the stream channel alone

is not.



The ehannéls, of streams, or the walls and bottoms of Watfarc'oursﬁ ‘
e8, can be classified as either unlined or lined. The water lex?e}.s in
aquifers immediately adjacent to an unli'nedw t:hann-él 'a‘re aésﬁin_ed to
be equal to the level of the stream or reservoir. Lined channels can
be impermeable or leaky, or transmit pré.s'cribed flux of water from
the stream. The analytical expressions for these relatmna' for both
streama and reservoirs are given in the list of boundary condﬂ:mna
included in Appendix B, and graphical represantatlons are gwen in
Appendix C. _

Most of the concepts discussed herein are .rgferred to by the
terms in common use by gmunduwater‘hydroiagiets in-the United
States, as reflected by recent pablicatio'ns {e.g.. Todd, 1959; Ferris,
1959). Certain concepts introduced here or referred to by terms not
in genéral usage aré deﬁnéa belowl. Units are indicated where appro-

"pr‘ia‘te. Paiamatera repréaentéd_ bfy letter symbals are listed in Appen-
dix A, ‘ ‘
-Recha.rgé {L/ T)i-~afea1 recharge, or the water added to an aquifer

by infiltrai:ion from direct precipitaﬁan"upon the land gsurface, sur-
face sheetflow, or ﬂﬁw in closely spaced drainage channels.

Stream recharge {L /T):--the lateral inflow to an aquifer caused by

losses from well-defined stream channels. Includes the subelass of

canal recharge.

Perched aguifer:--aquifer underiain by a less permeable layer that
i8 in turn underlain by a lower unconfined aquifer. The perching
'1ayer may be leaky or nonleaky but must be underlain by an aerated
zone. |

SemiQparéheé aquifer:--aquifer underlain by a lese permeable layer

that is in turn underlain by an é.quiier having water levels higher than

the top of the confining bed (confinéd or semicohiine-d aguifer). The



definitions given byi Meihaer {1923) for perched and'se‘mbpercﬁed
aquifere did not explicitly include leaking aquifers as is done herein,
but are lagieally extensible to them. |

Inflow (L {T}:--the water moving laterally inwaré across a vertwal
gection of umt length at an aquifer boundary. |

Outﬂow (L /T):--the water moving laterally outwé.rd across a verti-
‘cal s.ect-ian of unit length at an aquifer boundary.

‘Aguifer outflow, tétai (L3/ T):--the total outflow of ground water to

a stream or adjacent aquifer from the entire length of an aquifer.

Aquifer inflow, total (L /T):-~the total inflow of ground water to the

entire length of an aquer, from an adjacent stream or aquxfer.
Stream loss (LB/T):--the loss of flow per unit length of a stream
caused only by st‘m'am recharge to an adjacéﬁt aquifer system (both
~sides). o . o

Stream loss, total (LBIT):‘—-totaX loss of flow to a given length of

str’eamwonnected aquifer system, _
" Stream gain (Lﬁfff):»pthe gain of flow of a stream derived from
ground water in an adjacent aquifer system (both sides).

Stream gain, total (LB/ T):wtotal gain of flow from a given length of

stream-connected aquxfer system. .

Potentiometric surface (for fresh water of tmit denszty).»»repiaces

the term 'piezometric surface“, that is the imaginary surface repre-
' éenting the levels (potentials) to which the watér of an aquifer will |
rise in tubes or wells open té the aquifer at various points. Note

that in an a.quifer in which there is a vertical component of {low, the
potentiometric surface is multivalued for pointe along a vertical line
'through the aquifer. The water level in a fully penetrating well rep-

resents the mean of the potentials in vertical sections. Unless



otherwise noted, the term always designates the surface represent -
ed by the potentials corresponding to the ineamin-«vertic:al of veloc.-
ities in horizontal planes. If the water is Saline or underlain by |
saline water, the true potential will be somewhat higher than that
indicated by the water level. o

. Steadx:Q -at the same level or value in time; not changing with time.
Nonsteady: - -changing with time. L | -
Uniform:--at the same lével or value in space.

Transmissivity coefficient (LA/T.): - ’~,hr_ie£ly," fra.nam‘iﬁsivity-; equiv-

alent to the more commonly used term transmissibility coefficient,

both denoted by the letter T (Appendix A}.



DIFFUSION AND HEAT CONDUCTION ANALOGIES

The analogy of the nonsteady motion of géo&nd water in porous
media _ta the conduction of heat in solids was apparéntly first recog-
nized by Boussine“sq (‘ 1877. 'p. ;5:57) in a footnote in his treatise on
hydraulics of stream flow. Slichter (1897), unaware of Boussinesg'
‘wo':rk. expressed au&prise that the analogy had not been noted pre-
vidusiy,' and solved some atéadywstdt'e problema using conformal
fnapping. Slichter also gave a long list of references to early litera.
ture on ground water. Theis (1935), Muskat {1737, p. 140); and
Carslaw and Jaeger (1954, p. 29) also discussed the &nalﬁgy of'grount‘i
water to heat conduction in solids, and Crank {1956) recognized and
applied the analegy of «.;iiffus ion and heat conduction. A number of solu-
tions of ground water problems, previously obtained for problems -
in heat conduction, have been publiahed. principally by Bittinger, Brown,
Glover, Luthin and Holmes, Moody, Rowe, and Theis (see Lwt of Ref-
erences).

A system of 1in¢ar, Wcond order daf{arem:ial equations is derived
herein for the nonsteady plana paralwl motion of ground water in a
leaky recharged aquer system. These equations, { 12k), have the
same form as the equation given by Carslaw and Jaeger (1959, p. 32)
for analogous problems in heat conduction. The analytical and graphi-
cal repreaex_xtat'ians of lateral stream and remrvairl boundaries, as
well aaAM caﬁmiitiona at the interfaces between aﬁuifers in series sys-
tems, are shown in Appendix B and Appendik C. The analagbua dif-
ferential equations and boundary conditions for diffusion and heat con-
duction are also shown in Appendix B. An index to the sources of
‘selected solutions of problems applicable to stream-connected aquifer
systems has been prepared ( Appendix E), and, with App:endiées B
a_ﬁd C, will facilitate the quantitative evaluation of many kinds of aquifer

systems elsewhere.
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CLASSIFICATION OF AQUIFER SYS‘TEMS

Aquifer systems are classified herein as shown in the Appendi-
ces. The geometrw clagsification {Appendix D) is a modification of
earlier ones (Muskat, 1937, p. 727; Hantush and Jacob, 1954; -and
Carslaw and Jaeger, 1959), The Muskat-Hantush de_sxgnatmn "infi-
nite half-strip' was changed to semi-infinite strip to agree with the
terminology of Carslaw and Jaeger, and to facilitate'further sub-
division of infinite- atrip a.quers. The symmetmcal mﬁmte strip
{infinite half»atmp cf the classification given herem) and the infinite
strip with impermeable faces (infinite cloeed strip) occur so frequentn‘
ly. in nature that they are g’iiten’ equal status with the mo(ra general
case of the infinite strip. Carslaw and Jaeger's t‘érm-molag# of the
linear fmi is omitted because thas& problems can be clasaified as
- special cases of the eemi-—infiﬁite or inii_tiiw strip aquifer, The anal-
ogy to radiation from the cylindrical rod surface is taken inia account

by the leakage term in the general differ‘ential equatimi. Carslaiw and’
| Jaeger's linear rod cases also have direct analogies in ground water
(e.g., sandstone channels enclosed in clay).

Although this investigation was limited to the ¢lass of aquifers
bounded by paralle} or pa#pe;ndic:ula:# -planea. the principles and geo-
metrical clagsification of aquiferé-can be extended to inclvude those of
‘cyhnders, wedgea. cones, and other shapes. For example. the upper
basin of the Jemez River (see Geahydrology) can be considered approx-
imately ae a system consisting of a chinder And concentric cylindrical
~shell. | ' ,
_ Systems consisting of iwo or more aquifers‘aré called series,
parallel, or mixed sy_stemﬁ, by analogy to electric circuits. Series
systems designated as "homogeneous -composite’ actually are single
aquifers physically but have segments with differing recharge condi-

tions; each segment may be represented by a different differential



11

equation. Inthe more general case for series aquifers ("'non-homo-~
geneous compesite') the properties of each of the series segmefxts
are diffefent (see Appendix C). The boundary conditions a.ppr’t‘:priate
to series aquifer systemse are also shown in Appendix C. '
Aquifers in parallel can be completely mdep:mdant (nanleaky 8ys- |
| tems) or interrelated by lmear laakage acrms semi- ccmfming layera
(leaky systems; see dmcussmna of leaky artesmn aquers by Jacob,
1946; Hantush and Jacob, 1954). Individual aquera within a parallel
‘system can be saxd to be either perched or semlperched above under~
lymg aquars, depending upon the presence or absence of a zone cf
~aeration below tha perching .la"yer., Although the terms parched and
- semiperched have generally been used with reference to nonleaky
systems, the com:‘epts hold just as well for leaky sya-’te‘msx The dis-
“tinction between perched and semiperched conditions has greater hy-
: drolagm Bigmﬁcan«ce in leaky systems, for in nonleaky syatema the
aquifers are independent whether or sz: there is 2 zone of aeration
below the perching léyer. On the other hand, in a .lgakyrsyfatem' the
rate of leakage from the upper aquifer is dependent upon the water
levels of the lower aquifer‘in the perched case. The semiperched
concept can be extended (analytically, at least) to the case where the
potentiometric surface of the underlying artesian aquifer is higher
than the water table in the upper aquifer--only the direction of leakage

is reserved,
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THE RIO GRANDE SYSTEM

The part of the Rio Grande inciud_ed in this investigation (see
Fig. 3) is separated from adjacent stream baéine (Colorado, Arkan-
gsas, and Pecos rivers, and Egtancia Val}.ey_*) by rocks of very low
permeability. The aﬁrfé,ce ara_inage dividea Eounding this part of the
Rio Gi‘éndé dravinage basgin ganeralw coincide with the ground-water
divides. All the aquifers in the region studied are integrated by the
Rio Grande and its tributaries into a single complex stremﬁwonnacb
ed aquifer system that is 'essféiitiaﬂy isolated except for the dutfléw
past San Acacia. In southern New Méx’iéo_ and western Taﬁms the Rio.
Grande is part of a "guper-system" extending fro‘m the Gulf of Mexico
to the Gulf of California by way of the Mimbres and Animas basgineg
'{.s.authw&ét‘ern New Mexica) axid the Gila River (New Mé*x-.ico and Ari-
zona), '

Thbmas {1951, p. 136 and Pi. I) used the term ''watercourse' to
‘designate a hydrologic unit consisting of a surface stream plus the
uﬁdeflying materials deposited by thé stream, and pointed out that
watercourses may Be hydraulically connected to underlying ground-
 water reéewmim.‘ Such cnmbinati@#s of ground-water reservoirs
and streams or watercuursm"are a special clags of stream-connect-
ed aquifer ay‘stems‘. | ‘

Although the watercourse concept 15 a useful one, in most of the
Rio Grande valley, and in many other areas, the aquifers underlying
and adjoining the "watercourse" (inner valley alluvium) are compar -

able to the watercourse aquifer in transmissivity and have even great-
| er gross stbfage capacity. The mogye general concept of a stream-
comeéte& aquifer system must thersfore be used in quantitative hy-

drologic studies.



DERIVATIONS OF DIFFERENTIAL EQUATIONS

CASE I. NONSTEADY VERTICAL MOTION IN
LEAKY INFINITE CLOSED STRIPS

‘ An elementary example of a leaky parallel-aquifer system
with ve?tical mot ion is illustrated in Figure la. The upper aq-
uifer in the system illust rated is semiperched; analysis is sim-
plified for perched conditions. Such vertical flow systems occur
naturally along many of the mountain streams tributary to the Rio
Grande, and in many other places. If the lateral outflow from the
upper aquifer (Regionl) is relatively small, and the transmissivity
of the lower aquifer (Region II1) is very large, the water levels in
each of the aquifers will be nearly uniform, and the direction of
motion of ground water in the upper aquifer will be nearly vertical.
1f the aquifers are separated by a semi-confining bed of relatively
low vertical hydraulic conductivity, the vertical variation of poten-
tial in the upper aquifer may be neglected (the potential at the base
of the upper aquifer can be assumed equal to the water-table eleva-
tion h,;) . The vertical leakage across the semi-confining bed is
represented by the Darcy law (Darcy, 1856; Hubbert, 1940), quan-
tity/ unit area/ unit time = v = [K'(hj‘ - hz)/m'] (all symbols
used are identified in Appendix A, or explained at the point of use) .

Let the upper aquifer be recharged at a rate represented by W,
. the qua,nfity/unit area/unit time that enters the saturated zone.
Since the recharge to the aquifer must be accounted for by the sum
of leakage and the water going into storage, the law of conservation
of matter can be written in terms of the elevation of water table,
h=:, and the potentiometric surface of the semi-confined aquifer, h2,’
(taking the time derivative positive for water-table rise) as
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Fig. 1. Leaky parallel-aquifer systems.

(a) Case I, vertical motion (highly transmissive
lower aquifer).

(k) Case II, lateral or plane-parallel motion.
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(1) . W= 8_(dh /dt) + (K"/'m')(hl - h,), or
(dh, /dt) + (K'/m'S_)h, = (K'/m'S_)h, + W/S_,

which can be written in symbolic operator notation as

(2) (D, +K'/m'S )b = (K'/m'S_)h, + W/S_.

Solutions of this equation are obtainable for many forms of varia-
tion of the rate of recharge W(t) or for independent gage-height
fluctuations hz(t) = H(t) in the stream or reservoir connected to
the lower aquifer. If the recharge ceases, equation (2) becomes

simply
(3) (D.+K'/m'S )h. = (K'/m'S )h..
t w1 w2

Where there is no zone of aeration between the upper and lower
aquifers (the case shown in Fig. la), and the lower aquifer is connect-
ed to a reservoir of finite capacity (see Appendices B and C, boundary
conditions IIl), the level of the reservoir and lower aquifer (assumed
highly transmissive) may fluctuate in response to the leakage from
the upper aquifer as well as to exterior influences on the stream.

This mutual effect of one aquifer upon another can be taken into ac -

count by writing a pair of simultaneous conservation equations,

i

(4) W= S (dh /dt) + (K'/m")(h - h.) and
: w 1 1 2

(5) @) -(Sa + Lr/L)(th/dt) - (K‘rn')(h1 - h_ ).

2
The condition illustrated in Figure la and the condition where the
water level in the lower aquifer is higher than in the upper aquifer
are the same analytically. In the latter case, the direction of move-
ment is reversed, and the stream penetrating the lower aquifer will
lose water instead of gaining. On the other hand, in the perched con-
dition, where the water level of the lower aquifer is at or below the

base of the upper aquifer, the water level in the upper aquifer cannot
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be affected by that of the lower aquifer. Therefore the rate of verti-
cal movement is governed by the height of the water table in the

upper aquifer only, h2 being replaced by atmospheric pressure, which
can be assumed to be zero. An aquifer underlying a perched aquifer
receiving steady uniform recharge may be treated as if it represented
an independent aquifer receiving nonsteady uniform recharge. The
requirement of a high transmissivity is no longer necessary, but the
lateral flow must be taken into account.

If the water table in the upper aquifer reaches a flat land surface
without a deep drain, a steady state may be maintained wherein the
upward artesian discharge is balanced by surface overflow off the
ponded land surface, or by evapotranspiration if the artesian move-
ment is not too large. If the water level of the upper aquifer reaches
a deep drain, lateral flow toward the drain will occur and the rate of
water -table rise may no longer be represented by the vertical flow
equations (1) or (4) and (5). The conditions of Case I are commonly
encountered on stream terraces where irrigation projects or artifi-
cial recharge ponds are to be constructed, and the appropriate differ -
ential equations can be solved to determine the limits of recharge rate
which would be imposed by the vertical hydraulic conductivity of the
alluvial materials,

The differential equations for the falling-head permeameter
(Wenzel, 1942, pp. 51-61) and for an inflow-outflow tank are special
cases of equation (1). Equations for other cases of vertical flow
downward into the soil from water-filled tubes or reservoirs were
given by Polubarinova-Kotchina (1952, ch. 12).

The total leakage to the lower aquifer per unit length of aquifer

strip is obtained from Darcy's law,

).

(6)  ap(t) = LK /m')(h] - h,

If the transmissivity of the lower aquifer is very large, or if the
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aquifer sirip is very narrow, equation {6) also represents the

approximate rate of outflow irom the lower aquifer to the stieam.

CASE I1. NONSTEADY LATERAL MOTION IN & LEAKY PARALL’EJL~
AQUIFER SYSTEM RECEIVING AREAL RECHARGE‘. '

A general type of leaky parallel-aquifer system w@th dominantly
lateral ground-water motion ( Fig. ib) is one in which the”uppwmoat’
aquxfer receives water by areal recharge and loses water by lmaar
leakage across a semi-permeable bed into an underlying artesian
aquifer, J acob ( 1946) derived the differential equation for nonsteady
radial {low to:s; well in a leaky confined aquifer for the special case
~ where the upper aquifer is held at a steady“tmiform level. Solutions
to this aquaﬁion’ given in Jacob's paper Ami later papers by Jacob and
Hantush can be extended to aguifer systems in whié;h water is with- |
drawn from a well in the upper aquifer, the lower aqﬁifar being mé.ii:_— -
tained at a steady uniform level, providing that the upper &quifef is
relatively thick. Polubarirova.Kotchina (1952) and De Wiest {1761)
discussed leaky aquifer systems and summarized previous work.

In the more general case where the water levels in n parallel,
series, or series parallel aquifers may be functions of time as Well
a8 position, and the upper aquifers r@ceive“areal recharge, ground-
water motion in the system can be represented by a corresponding
system of n simultaneous nonsteady diiferential equations. The:n
eguations .for the kth aquifer, where k = 1( l)n; are based on hyc:}ro -

logic conservation equations of the type

{7k} {Inflow - Qutflow) - (Leakage) = (Storage change)
- { Recharge).
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The bracketed terms, or their equivalents in mathematical notation,
can be called, respectively, the divergence, vertical leakage,
storage (transient), and recharge terms. Where necessary for clar-
ity the subscript k suffixed to the equation number will also be used
to identify the variables and parameters of the corresponding aquifer.
If the number of parallel aquifers exceeds two, the leakage must be
represented by two terms, one for the (k + 1)th aquifer and one for
the (k - 1)th aquifer. However, the discussion herein is limited to
systems of parallel aquifers in pairs only. Therefore in the equa-
tions representing the kth aquifer the parallel aquifer is designated
by the subscript p.

An integral representation is more readily related to the corre-
sponding physical system than is the usual infinitesimal volume-
element representation (see Page, 1955) and also aids in understand-
ing the significance of the classical Dupuit (1863) approximation for
water-table aquifers, as shown below. The integral form of equa-

tions (7k) is (see Fig. 1b)

[_fyf(vx/x N, T)d T ~~fyf U (x 1, 7)d T AN +~/Y2\//{y,,,r)alwé

YO EK Kk

(8k) ..j( v(§ 4, J"cffdi‘] ff\/[?hgﬁc)!‘fc/ﬁ

Xo,_z Ya K,

:jxfy}/:s 25 0,y i g )[\/\/(én A5 dn.,

Xg yD ZK
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Each aquifer is assumed to be homogeneous and isotropic, and the
density and viscosity of the water are assumed to be uniform and
constant. The recharge rates W and the variables Vs’ vs' and h are
assumed to be functions of timme, but the hydraulic conductivities K
characteristic of each aquifer have constant values.

Perform the following operations on equation (8k) to give the
general integro-differential equation for two-dimensional flow in
a leaky parallel aquifer system with areal recharge: (a) differen-
tiate partially with respect to x, then with respect to y, using the
Leibnitz rule for differentiation of integrals, (b) replace the veloc-
ities of vertical leakage by Darcy's law written for the confining

bed, v! = (K'/m')(h - h_ ), and (c) divide by K = K,. The result is
z #fC  pc 8 ‘

z z . ! !
J j%{‘*’x 0TV ““‘K}j ‘%Vyﬁ, Y, 1] (K }//(xmﬁ )(Ah. '/?P“')

(9k)
2
— Qh AL
T %) 5;4;5"(’()}/)5’)‘/?"/,{%)
k%K &

The form of the final differential equations that can be derived
from equations (8k) depends upon the way in which the potential h is
related to the z-coordinate, and upon the values of the integral limits.

Two forms are given below.

Case Ila. Aquifers of Uniform Thickness

The thickness of saturation is uniform for artesian aquifers
semi-confined by parallel horizontal aquicludes, and approximately
so for thick unconfined aquifers that have relatively low water-table
gradients and thickness variations. Accordingly the upper limit of
integration in (9k) is a constant, z = Cp e Dividing (9k) by the mean

aquifer thickness m and interchanging the order of differentiation
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~ and integ:ra.tion gives

k&l ,m}f Wty )at] -~,—<-;,7[ j y(xy,r)df] (/ug hed)

(10k)

//(k/m,(

L BtU Sm;}(,(y) P)t] — Vi,
The two bracketed expressions on the left of these equations repre-
sent the means \éx and ?‘Y of the respect?ve velocity compbnents taken
along vertical sections. The integral on the right side can be closely
approximated by the product (Sk,' l«;l»;a.v)’ whereby the differential equa-

tions can be written

_laeo- I Bg U"an_
K;g 3% Vix . 6))/ Ky Kiﬁk (hkc, ITP,_\
(11lk)
- :§£.éL.h o WUy)
T KmIE T R

Now let h represenﬁ effective average values of the potential corre-
sponding to the mean Veloc1t1es V‘ = -Kk(;al'};ielax)Aand ‘ZY = -KR( al}e/ay)
and let B = Km/(K'/m ). The potentials h and h, can also be
‘closely approximated by the effective average potent1a.1 h , and h
can be: represented by hP » provided that the assumptlons of small -
vertical velocity components and nearly uniform aquifer thickness

are met, 'I-"hus (11k) can be reduced to

9° 2 . /-
Bx? b + Ty e _E}U”k@ m}’f‘f\)

(12k)
K,z"* Seh K,
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which are valid for many unconfined aquifers (except near the seepage

face) and for nearly all confined aquifers.

Case IIb. Aquifers of Non-uniform Thickness

For the general case where confined aquifers or unconfined aqui-
fers have moderate thickness variations due to variations in the level
of the top of.the saturated zone, the upper limits of the integrals with
respect to f in (8k) and (9k) are not constants. If the elevation of the
top of the zone of saturation is represented by z = h: and if suitable
average velocit’ies“}z ) \_ry are chosen, as in the preceding case, then
in (8k) the inner integrals with respect to J' can be represented by
(h;, -z )v on the left, and by S (h - zk)a(I}{e - zk)/at on the right;
thus the conservation equations for aquifers of non-uniform thick-

ness can bhe written

" - [ | _ L -
{0 [ 240% (%, ) - / (b2, )% (xn)dn + fx K27 () §

wafiaiaa <[ s
j[ (-2 3-hal b, n)and s J(w(é mdnde.

As in the preceding case, perform two repeated partial differ-
entiations with respact to x and y, let is = -Kp(ahke/as) and v' =
3 » z

, , ) .. ,
(K'/m )(1&c hpc)’ and divide by Kkto give

(235 + (- T o)) (Y., 1r-2,) Ll 2]

s
(14k)

lyoa .
JKK/Z?)( b b = Sm,(l, ") aa/ﬁm-&)_\/\é?y).

ES
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Now if the vertical and horizontal components of ground-water flow
are not too large, the variables h and h can be approximated by
the average effective function l%e, and hP by hpe’ whereby the pre-

ceding equations can be simplified to

T w2 V5 Al o \F I |
Flhezd, Slherd 2K/ b

ECSETE K,
(15k) - 5
ks ,ﬁ,@xﬁ%& _ EML
v I}y\ ;:Zi:, Kl )

where the products of derivatives in (14k) have been written in the
form (3h /as)(ah /3s) = (3h /as) , ud u/as . (1/2)a u /as
-(3u/3s), and u(3u/at) = (1/2)au /at. |

For nonleaky aquifers, the leakage terms of (15k) are zero,
and the remaining terms in the equations for the independent aqui-
fers are linear in (h (o 2 ) For the more general case of slightly
to moderately mutually—leaky parallel aquifers, the leakage term

can be linearized to give an approximate system of differential equa-

tions by multiplying the leakage terms by

2 2 ‘ 1/
| [he + hpe - (Zhezk - 'thezp - Zk'+ z )/(he +h e)

. ‘
|:D+D —(ZDz -2D z -z +z)/D+D :l,to ive
p K o%p %k ( ) g

m(/) 7:3 L 1”! "Z‘k)
8)( N

(16k)‘\- _ Z/K7m [(he=2) ~Chp - 20)]

[D+D,~(2 Q= 2 Dp2p — 2™ +z,:')/r’D+Dp)]

: . 1
- \ir !?--.(AE'ZK) e 2/4/
T K o Ay
where D and Dp’ respectlvely, represent average values of h an,d

.hpe’ taken over the aqu1fers.



22

Discussion

The general systems of equations derived for Cases Ila and
IIb can be reduced to the corresponding equations for nonleaky or
steady systems by letting the leakage or transient terms, respec-
tively, approach zero. A negative value may be assigned to the
recharge term to represent loss by evapotranspiration or closely
spaced well withdrawals. Of course the recharge term would
normally be zero for an equation assigned to a confined aquifer, and
the appropriate type of storage coefficient must be used.

As described in the discussion of Case I, the direction of leak-
age in the semiperched system may be either up or down. Also
for a perched aquifer, the leakage term of the differential equation
has been shown to contain only one dependent variable.

Direct solutions to the systems of differential equations for Case
ITb are much moré difficult to obtain than for equivalent problems for '
Case Ila. However, the similarity in form of equations (12k) and
(16k) for these cases (both are linear and of the second order) suggests
that solutions of (16k) can be obtained from those for the case of uni-
form thickness (IIa) by replacing the variables 1}<e and hp, by (hﬂ_e - Zk)z
and (hpe - zp)Z respectively, and the coefficients 1/B ", S/Km, W/Km

in (12k) by the new coefficients

- 2 2 |
Z(K'/mwlsl\)/ LDk—k Dp - (ZDkzk - ZDpzp -z + zp)/(DK+ DP)J , S;(S/Kg and
ZW}\/KM respectively (see Hantush, 1960, p. 3848, for an example of
this procedure applied to a particular boundary-value problem).

The outflow to a stream, or inflow to an aquifer from a stream,

is determined by applying the generalized Darcy law to the solution

for potential and evaluating the result at the aquifer-stream interface.



' GEOHYDROLOGIC PROVINCES OF THE RIO GRANDE BASIN

- The Rip Grande unifiea'a large area of Coloradoe, New Mexico,
Texas, and Mexico by gerving as both Burface»water drainage
, channel and. ground water drain for a large area that contams a
‘gxeat variety of gaolaglcal and hydrological subdivisions and condi-
‘tiana." The early _inhabitan:s‘ in the area probé;bly recognized the
relative constancy, purity, and ease of control of natural ground-
“water ,ci;ﬁlw; in 'many places even if they had not formulated a
‘ c«émplet_e set of principles of ground.water occurrence. Most
later investigations and d-evelépnienta of the water :suppl‘iee failed
to reveal fully the complex interrelationships of the natural surface-
wé.t.ur runoff, ground-water reservoirs, and man-made changes in
‘the gré‘undwmter phase of the hydrologic regime, especially in
connection with irrigation diversions.

An understanding of the ‘intefremtibﬁships between rocks of
diverse age and character is essential to the elucidation of the
movement of gfaund water. Such. undaratandmg also is necessary
: for the datermm&tinn of the quantitative relationships of the various

- aquifers that comprise the g,raat,_ ground-water reservoir drained by
the Rio Grande and its tributaries. Many parts of the Rio Grande
valley have already been mapped geologically. Generally poor and
8cattered exposures, concealed faults, faciéa changes, and lack of
continuity of outcrops from one locality to another have caused the
map units and geologic interpretations to vary from area to area.
Differences in viewpoint purmse, and general background knowledge
of the many mdwxduals likewme ha,ve contr ibuted to the lack of unity
in nomenclature and interpretation. |

The geographic names used in this report are those used on the

U. 8. Geological Survey topographic and bage maps for New Mexico
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and Col@ra&o. scale 1:5%, 0{10, 1955 edi_tic:n.‘ ~ The locations of placeé
or topographic features not shown on the published base maps are
identified by section, township, and rahga. The geologic units of the
Santa Fe group referred to in the discussion 6£ various g‘aahydxoiggic
provinces are shown on the c&r‘r‘éiatiéxi chart, F‘igara 2 A«Th’fa names
chosen for the various geohydrologic provinces é.m not proposed for
formal usage in any way, but are used for éaﬁv-znience in discussion
of this large ami complicated river basin.. ’

The part of the Rio Grande basin cons ider%d is a huge horseshoe-
shaped uplmd mas ﬁ. énéla,»_ing a structural and erosional trough ‘
trending generally gouth. The Rio Grande tvroﬁgh is an erosional
modification of a complex suite of at‘rmturali’y depressed soit sedi-
mentary rocks and resistant lava inwf'wds that were deposited from
late Miocene time tb about midclle Pleistocene time. Tlﬁdw rocks are
réferred to collectively as the Santa Fe group (Balﬁwiu; 1956; 1962, in
press), ‘ | o |

The structural trough was developed by folding and faulting of a

| complex assemblage of rocks ranging m age from Precambrian to
middle Tertiary. These rocks now form the rim of the Rio Grande
bagin. One of the most important features of this aasamblage&, 8o far
as the hiﬁt.ary. and character of the later Cenosolc rocks is cqncerned,
is the thick seqﬁeﬁaé of voleanic rocke that blanketed much of what is
now the Rio Grande basin. These volcanic rocks, and the adjacent or
underlying prewvblf:anic assemblages, were deeply weathéred and

:- eroded 48 new or renewed uplifts occurred. The erosional products,

logally accompanied by pyroclastic material and lava flows, were

deposited in closed mﬂimeﬁtar? ba&iim, which although initially dis-

tinct, later coalesced into a much larger aouth»t.rending basin drained

by' a large aggrading river called the ancestral Rio Grande by Bryan

(1938). | o

| The sedimentary basins in which Santa Fe group rocks were

deposited were much more extensive than the present Rio Grande
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structural trbugh as usually defined by Kelley {1954), Tlie basins
apparently were formed initially by subsidence of local troughs
interspersed among elongated 'u,piifts congisting of en echelon step
bloc:ks;, tilted blocks, and alternating horéts and grabens. Some of

‘the principal sediment source-areas, especially for the Miocene and
Pliocene qectien,‘ appear to have beén areas broadly domed by re-

~ juvenated uplift of ea‘riy.'rartiary or older highlands {e.g., San Juan

- Mountains, Tusas-Tres Piedras area, Sangre de Cristo Mountains,
Naczmmntc San Pedro mountaine, Zuni Mountains, Pedernal Hills,

_ and Ladron-Los Pinos mountaing). " Parts of these areas were
cgpped or flooded by extensive middle Tertiary volcanic piles and
related eruptive cehtera and intrusions (e.g., San Juan and Coxiejps
Ranges, Cimarranaunmins. older volcanoes of the Jema_z—ce‘rrillos
region, Datil-Mogollon region). Some early faulting occurred in all
the uplifts and within the sedimentary basins, and‘faultin_g continued
intermittently dﬁring de-ﬁmaition. but most of the faults fhat outline

the present basin-and-range tnﬁagmphy of New Mexico are of
Fleistocene age; sediments deposited during Miocene and Pliocene
time are cdmmenly f'ound faulted down into and preserved in the
‘presehtnday graben and tilt-block structures, but have been eroded
off the uplifted blocks so that the original extent of the sediments and
related volcanic rocks comprising the Santa Fe group must be inferred
in many areas. o '

A correlation chart (Fig. 2) has 'be:en pfepared to show the rela-
tionships of some of the sequences of lithologic units that have been
reported in the Banta Fe group of the Rio Grande basin, Additional
sequences and correllationks‘hm'-e béen given by Baldwin {1‘)56. 1962)
and Spiegel (1961¢). | |

Although locally there are important bedrock aquifers in _tha
‘mountainous rim of the Rio Grande basin, and the watercourses of
the various streams of the area are important nearly everywhere, the

various units of the Santa Fe group form by far the largest ground-



water reservoir. Therefore the delineation of the geohydrologic
provinces in Figure 3 is based primarily on the occurrence of
ground water in the Santa Fe group. '

A. UPLANDS

A-1, Mountain Rim

The mountain drainage basins of the Rio Grande headwaters
and eastern tributaries vary somewhat in details of gmlcgy and
| hyérolagy. but in general the mountain areas are underlain by rocks
~of low permeability. Ground water occurs in fracture apenings and
weathered zones ‘in the bedrock, and in glacial deposits, talue, and
alluvium in the valleys. Fractures and weathered zones are also
generally localized in the valleys, because the yalleya were eroded
in such areas. The areal extent and depth of the vailay aquifers are
8mall, and the speqiﬁc yields of the aquifers are low, so that ground-
water storage is emall, The hydraulic conductivity of valley alluvium,
‘however, may be. véry large. Ground water is recharged principally
from snowmelt in late winter and spring; in some intervals practically
no recharge occurs during the rast of the year.

The movement of ground water within the mountain drainage basins
is complex m detail becalmm‘ of the variable precipitation, high relief,
and irregular distribution of recharge and aquifers. The gross pattern
congists of areal recharge to bedrock aquifers in interstream areas
and minor siream valleys, and movement and outflow to alluvial or
glacial drift agquifers in the main Valiaym (watercourses), Perenmal
streams in the valley watermurms are maintained by the aggregate
flow of numerous springs from the alluvium or adjacent bedrock. Most
of the ground water of the mountains becomes the base flow of the main
suriace streams within the mountain region iteelf. Relatively little |

ground water moves out of the mountain ranges by direct subsurface
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outflow to adjoining aquifers in the Rio Grande trough. ‘The ground-
water yield of the mountaing can be e»stimated from Bydrag’r‘aphs‘af
the gaged streams and the yield coefficients calculated from nearby
gaged stream basing (Spiegel, 1962). The small amount of ground
water that discharges into the Rio Grande trough by direct subsur-
face outflow from mauﬁtain»frant gully areas can be esti'méted,by
applying unit ground-water yield data to areas not drained by per-

ennial streams.,

A-2. Upper Rio Chama

The Rio Chama basin above Abiquiu Dam (about § miles up-
stream from Abiquiu} ig almost enﬁrel‘y underlain by gtratified s
sedimentary rocks of Mesozoic age. Sandstone aquifers locally
furnish water to artesian or yc'm-n.ta.ct springs, but yields ‘are usually
small, Variations in spring flow aé.n be analyzed analytically by

‘treating them as flowing wells at cénéiam: water level. The water-
course aquifers in most of the area are gay&ble of absorbing and
carrying most of the outflow from Bedi;oék springs, hence when there
i# no snowmelt or direct runoff, most tributaries of the Rio Chﬁma
are dry, except for short reaches below important bedrock springs.

A relatively small area {similar hydrologically to the northern
part of thé Mountain Rim discussed above ) yields most of the base

‘flow of the Rio Chama, principally to the Brazos River and Rio

' Chama above Chama. The headwaters of the Rio Ojo Caliente,

tfibutary to the lower‘ Rio Chama, and Ria de Los Pinos, tributary
to the Rio Grande main stem, are inc_luded with the upper Rio Chama
even though they contain extensive areas of equivalenté of the Santa

Fe group (Los Pinos Formation; see Fig. 2). This was done because
aflinauffic‘ient }mowledge of the charécteristics_of the ;aqﬁ,ifers in

-thig area,



A-3. Upper Jemez River

The upper Jemez_River area is geblogically complex, but can’
be divided into four géneral regions (Fig 3). The prinmpal ‘
aquifers are in the Valles areé {A-3a), a czrcular regwn whmh is
the caldera of a large volcano (Ross et al, 1%1, Titus, 1961). The |
caldera ‘Eiiiirig is surroim&ed by a rim of volcanic rocks (Valles Rim,
A.3b) representing the pre-caldera volcanic sequence. These two
regions a?e drained by two headwater streams which furm; a neaﬂy
circular drain, and join in the southwestern part of the caldera rim
to form the Jemez River

| Mesaa flanking the caldera xi‘m on the west are underiain

- principally by Mesozoic roé.ks that yield some water to localized
8 prings. These mesas and the Precambrian cores of the adjoinmg
 San Pedro and Nacimlenm mountams are chamfmd as the West Mesas
sub-province (A«Bc) Mesas flanking the east and south sides (A-3d)
of the caldera rim are underlain princi‘pally. by volcanic rocks.
Numerous springs furni.fsh‘_a small perennial {low to the many streams

that incise the volcanic rocks of this area, |

A-4. Rio Puerco

Most of the Rio Puerco drainage basin is underlain by Meaozoi‘c
gedimentary rocks, like the Rio Chama basin, but the area has fewer
springs and perennial stream rem:hé.s because of its generally lower
altitude and precipitation. Otherwise the accurr_enée of ground water
in the Mesozoic rocks is similar to that of the Rio Chama basin. A
few small uplifté are underlain by bl&er focka, and are similar hydro-
logica.lly to the Mountain Rim p:mvinee (A-1).

The Rio Puerco ared is divided into three subwprovinces on the
basis of the hydrologic characteristics of the Permian rocks that

occur principally in the subsurface. In the Upper Basin {A-4a) the
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‘-Perx‘nian section, principally sandstone and siltstone called the
Cutler formation, has generally low transmissivity, In Biuewater
-Valley (A-4b) a gypslferous limestone facms called the S5an Andres
formation w an important aquifer. The natural aquer outflow is in
the bmad valley soui:hea.st of Grant& An extensive area of basalt
flows in the southev'n p.».'rt r::f this pmvmce alao cpntribute$ grcrund-
water Gutflow to this valley The San Andres formation is also
prasent in the southeaatern pa.rt uf the dmmage basm, but in general
‘contama highly sahne wa‘cer. The high sahmty is due to restrwted
mrculatmn and cantammatian fram saline deposite in umlerlying beds

of the Yesm formation. ’I‘hw area is called the Acoma Mesas (A-4c).

‘B, SAN LUIS VALLEY

Allr‘th‘e important' headwaﬁef wibutariés' of the uppér Rip(Gran’de
in Colorado enter the river in San Luis Valley, which i_é heére defined |
| as the broad valley bouﬁded by relatively impermeable Vrkack‘éfof the
Bangre de Gfi“sft”o“Mountai.nﬂ on the northeast, San J uan Mauntains on
t'h‘ie' west, anci the San Luis Hills on'the south. The Rio Gr‘a,nde _
watercourse breaches the impermeable barrier of the San Luis Hills,
| The _Sé.n Lais Valley is one of numerous tilted and dm#nfaulmd
areas that arigim?ed by a éompiex stteiﬁn of en echelon mrmm faults,
sets of step-fauited blocks, and alternate minor horsts and érabens.
The aone of normal faulting, of which San L#is Valley isa part, ex-
'tends’ northward through central Colerado and Wyoming, as well as
southward. However, the region of continuous ground-water reser-
voirs in Pliocene and Fleistocene rbcks in\t’égrated' by the e,rd_-s,"xanal
valley of the Rio Grande ends at Poncha Pass, where the Sangre de
Criste Range is juxtaposéd agamst a aamhern extensmn of the

ﬁawatch Range. ' |

‘I‘he San Juan Mountalns 1mmedxateiy west of San Lais Va.liey
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a&a essentially c:ox;tiima’tions of the belt of northwest «trending en
echelon fault blocks represented in the Conejos Mountains (between
Tres Piedras and Chama) of New Mexico. These fault blocks dip
gently to the northeaét and ea&t' so that in travelliﬁg eastward, one
rwea in the section from Pr e cambrian rocks through the thick
sequence of Tertiary recks shown in the generalized gection for
San Luis V‘auey (Fig. 2, col. 7). ﬁedxmenta of the "Santa Fe forma-
tion'' and part of the Alamosa formation form a ie,,a.ky artesian aquer
system that underlies the entire San Luis Valley

 Use of both surface water and ground water in the San Luw
Valley affects the quantity and quality of {low of the Rio Grande that
ie available for use downstream. Natural recharge from direct
yrecipitation on the valley {loor is very low; however a large area
is irrigated by surface water, so that the unconfined ground-water
reservoir underlying the valley is recharged principally by irrigation
return and infiltration from stream channels debouching into the

valley. Most of the recharge occ:ur's during the late spring and early

| gummer months {April to June) when the streamfilow is darived from

snowmelt runoff from the exceptionally high mountains mmmmg the

- wvalley.

The direct tributaries of the Rio Grande that enter the San Luis
Valléy from the west are th.;a:R_io Grande main stem above Del Norte,
j Al‘é.mosa Creek, and Conej'as River (including the Los Pi;ms,a}n‘fi San
Antonio Rivers which drain small areas of_New Mexico}; these three

fatfeama contribute the greater part of the water of the mkxtire San
Lauis Valley. The upper part of the Alamosa formatmn ia the prin-
cipal unconfined aquifer of tha San Luis Vu.lley Part of the M.amoaa
formation and the underlying "Santa Fe formation" are leaky arteaian
aquifers which are racharged by downward leakage fram the upper
, part of tha Alamosa formation in the alluvial fans of the San Luis
' Valley. The artmian aquifers discharge by upward leakage to springs

and into the sediments underlying the lower slopes of the fans, and to
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flowing wells. _

San Luis Valley can Be‘ﬁividﬁd into thraeﬁa‘ubprevincaaz_ two
that contribute waﬁer to the R‘io Grande {A},amoéa Plaine, B-2, and |
Trinchera Creek, B-3) and a. third, the ClesedBaéin (B«l), that
does not now contribute water to the Rio Grande, Thé cycle of
precipitation, recharge é.nd runofl, and ground-water discharge can
be analyzed separately for each area, although they are hydraulically

connected,

B-1. Closed Basin

Thér Closed Basih is that part of San Luié Vallay north of thé
Rio Grande thai is a fsiased topographic basin, It is also enclosed
hydraiagxcally almw a streamlme divide in the potentmmetrzc surface
-of the unconfined aquifer (Powell, 1958, Pi. 8). This streamline
divi&e nearly caiﬁcidas:with the topographic divide. The Closed
Basin is a unique part of the Rio Grande trough"in that it is a large
shallc»w lake ba.sin that has not yet: fueﬁn iniegrated with adjacent
‘basms by a,ggradatmn or erosional breachmg Otherwise it is mmﬂar
to clder ba.sms such as those in the Norm s Well and La Ba;ada areas
{8piegel, 196lc, p. 133), the Abiquiu area (8mith et al, 1961) and the
Gabaldon Hills of eastern Valencia County, New Mexico (nea.r T, 6 N.,
R, 2W.; Wright, 1‘946) ‘ .

Under present conditions, the Closed Basin does not contribute
either surface water ér ground water to the Rio Grande, and ali water
“-falling on or divert\éd_inﬁg the area of interior drai_nage is discharged
to the atmosphere by ev_.a.pat’,ranspiratién.*_‘u‘rith the exception of miﬁor
amounts of waste irrigation water along the scmthvbmder of the area.

Most of the flow of the Riﬂ. Grande above Alamosa is diverted
northward onto the Rio Grande aliuvial fan, the northern portion of

which lies mostly within the Closed Basin. This artificial surface-



‘water mm?w and attending grwndmwm;er recharge to tEe Closed Basin
have raigsed water levels greatly in both fhe»eurteﬁian and vsh&lléw
aquifers, This has in Vt‘u‘z'*n increased the flow of ground water to the
lowest part of the basgin, an area of about ten townships of shallow
wat-'er‘_ tab‘.}.aé,_ s&lin’e soils, and lakes. This area is called i:hé ”sump
_ area.' Various plans have been proposed to drain surface water or
~ ground water from“the‘(?}_l‘oa&d Basin area into the.“ﬂ'i‘o Grande so that
the large area of saline soils in the *'Eﬁmpam#“ may be reél&.inﬁed for
agriculture. R |
_ | A north-south line through the axis of the‘ "sump area'' separates
‘the Closed Basin into a western part ‘(Bwla)v and an eastern part {B-1b).
Most of the ground-water radharge occurs in the western part, but
water from the eastern part would also be removed fmm.storage by
a ’deep drain such as has been préposed by the Bureau of Reclamation
(Pawell‘; 1958). In the "sump area, ' the water levels in the artesian
aquifer are above land surface, and é:a from 10 to 50 feet higher than
in the shallow aguifer (Powell, 1958, Pls. 5 and 8). A,lthough upvéard
::i-%e'a.k&ga from the artesian aé;uifer ie discussed qualit-a,tiiely in the re-
' port‘ﬁy Powell, the leakage was hdt taken into cqnsidez‘*at’ian in com-
putingthe steady drawdown and discharge of an open drain proposed
for water salvage an& land reclamation in the "sump area.”

The ﬁ@nsteady water levels and outflow from either aqﬁifer can
be predicted by solving the appropriate boundary-value problems for
the ea.ste:m and western portiﬁns of ihe Closed Basin, using methods
similar to those used in Problem G below. However, additioné.i
geological and geochemical information regarjding- the character of the

artesian aquifer under the '"sump area' is necessary.
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- B.E, Ammosa Flains

‘The Alamosa Plaine extend {rom the northwest margin of the
San Luis Hills to the low surface-divide between the Rio Grande and
the Closed Basin portion of San Luis Valley. Physiographically the .
‘area west of the Rio Grande is thé southern portion of a single }iuge
coalesced fan f_arm@& by the Conejos River, Alamogsa Creek, and the
Rio Grande. |
Recharge occurs principally irom surface-water irrigation, but
‘inflow also is contributed by str@&xﬂ losses to the higher slopes of the
' ailu{rial fans. The water-table aquifer probably lcae-éwmer to the
' arteman aquifer in the higher parts of the a.’ilumal fans, but gains
water in the lower parts. Tha arteman water discharges to three
l&rge spmnga. numerous small Bprmgs. ‘hundreds of flowing weus.
evapotranspimtmn area.s along the streams, and by upward 1aakage
into the shallaw wﬂewtable aquifer, so that it is difficult to make
. quantitative estimates of the total artesian discharge. The gain in
graund«water bage flow of the Rio Grande from Del Norte to the gap
~ through the San Luis Hills {below the mouth of the Conejos River)
‘simuld reflect the exceas.of natural discharge over the sum of con-
sumptive use and storage changes in the Aiambaa Plains aubprcwince
of the San Luis Valley. 'I’ha western eubprovmce of the area can be
repremntmd ana,iytma.lly as a segment M 2 composite infinite half
strip in which the western part is rechargad The eastern part
discharges water by evapotranspiration and by dzreet aumow to the
Rio Grande.



B-3. Trinchera Creelk 34

The drainage basin of Trinchera Graek is small and contrzbutes
very little surf&ce water to the Rio Grande beeause the seVeral
headwater stream bramchea drain a low saddle area in the Sangre de
Cristo Range to the east, Few ground-water data are available, but
it is probable that artesi&n conditions are preaent at least locaily,
in the reach from Fort Garland to the northern tip of the San Luis
: Hills. Qutﬂaw from the aquifers occu:::-e in the lmwer part of this |
reach, but the quamtity is probably small The baundarws betwe@n
graund water in Trmchera Creek subpravmca and the adjacent
".A.lamam Plains subprevince (north) and the Baaalt ?Lateaua (south)

are probably streamlines controlled in part by local b’edrock highs.

C. BASALT PLATEAUS

| The Basalt Piéteaua ground-water province is a large portion
of the Rio Grande trough in southern Colorado and narthern New
Mexico in which sedaments and thick basalt flows of late Santa Te
age filled an extensive basin formed by erosional modification of a
downwarped area under-lafin by sediments a.nd volcanic rocks of the
Santa Fe group, oider volcamc rocks, and an mtensive Precambrian
terrane: The sequem:e of basalt flows has been warked out in detail
mﬂy in the extreme ‘western part of the pravince {see Fig. 2, col. 4).
| The iater baaalta. called plateau basalts hemiu. are important agui-
fers only in the northern part of the provmee. where some of the later
- flows of the sequence are below the level of the Rio Grande or its
’tr’ibumries Earlier lava ﬂaws are apparently poor aquifers, and in
much af the provmce the pla.teau basalte are relatively thin sheets
overlymg or mterbedded with sedxments that furm the prmc;pal aqui~-

fers,
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The northern boundary of the parmeable plateau ba.sa.lta appears
to be the south ma,rgin of the San Luis Hxils Basalt is reparted in
the subsurface from Antumto to Alamosa, Calnrado, but if it is an-
- aquifer in that region, it is probably more closely related hydr‘élbg#
ically to the San Luis Valley province than to the Bagalt Plateays.

The western limit of the Basalt Plateaus extends fram near San
Miguel, New Mexico, on the Los Pinos rwer, southward tg abaut the
middle of T. 30N., R. 10 W., New Mexxca. thence southaa.sterly
along a fault zone that represents tha western boundary of the Rio
Grande structural trough, to near Tres Piedras. The fault zone
apparently trends southward from Tres Piedras to the vicmity of
Taoe Junction, wlmre it is offset westward almast to Rio Tusas and
QOjo Caliente, The basalt flows are apparently above the water table
south of the vzcmzty of Tres Piedraa, but the underlying sedxmem;s

of the Servilleta formation {see Fig. 2) transmit water southward
from the northwest part of the pmvmm. The aouthwest boundary of
the province is probably defined at least in part by a buried 1mper—
meable bedrock barrier that extends from near Ojo Caliente to
Rinconada. Gerro‘Azul (Precambrian quartzite; see Winograd, 1‘959)
in'sec. 21, T. 24 N. » R, IGIE. » represents the :high-eat peak of this
buried ridge, and is the only known outcrop. Ground water is moving
in a generally southerly direction in this area, so that a streamlme of
ground-water flow may be taken as the effective hydrologic limit of the
southern part of the western subprovince, even if the physical constric-
‘tion is only a partial one. _

The plateau basalts extend several miles east _of'th-e Rio Grande in
the entire province, from Culebra Creek, Colorado, to the Picuris
Mountains (above Embudo, New Mexico). The flows dip eastward and
are covered with a thick sequence of alluvial sediments that form
important semiperched aquifers. The region east of tba Rio Grande is
considered as a separate subprovince because of the presence of the

upper aquifers. The east limits of the basalts are not known, but the



overlying -sediment.a_ are cut of { abruptly by the front él_fault of the
Sangre de Cristo Mountains, and this £ault is considered t entat ively
to be the limit of the basalt s as well as the alluvial sediments.
The south boundary of the eastern subprovince is sharply def ined

| by the north boundary faults of the Picuris Mountains, since the
Precambrian rocks in the range south of the fault are a continuous
barrier from the Sangre de Gristo Mount aing proper to the Rio
Grande. The Rio Grande divides the Basalt Plateaus into two
parts, the Western and East ern plat’e‘aus. each of which ig divided
into subp rovinces on the bagis of the charact eristics of the aqui-
fers and boundary condit idns. The conc¢lusions in this section are
based in part upon t he bagic datva accompanying a report by Winograd
(1959). | |

C-1. Western Plateau

The zone of gaturation of the West ern Plat eau is in the extensive
basalt fic;ws of the Servilleta formation ( see Fig. 4, col. 4)in the
,.narth&in par‘t of the province {Chiflo Plain, C-la) and in sediments of
the Servilleta formation and underlying Cordito member of the Los
Pinos formation (see Fig. 2) in the Central (C-1b) and Carson (C-lc)
plains.' Locally, perched zones ‘ai saturatibn are present in the basalt
‘sequence or recent alluvium. | | |

This area is a lava plateau surmounted by volcano-like hills, most |
of which are older than the plateau lavas. Some hills are of older ba-
salt and other volcanic roc¢ks, but several are of Preéambrié&ﬁ’rqck.
The pre—'baaalt topography and structure of the province is unknown but
is probably very c:bniplex:. Ground-water movernent in the basalt flows
and underlying sediments is controlled by the pre-basalt tépégraphy.
| pérticularly Cerro Chiflo, Guadalupe Mountain, No AgﬁaMoumain,
Cerro Airg. Cerro Montogo, and Cerro Azul, and possibiy Dormilion

Peak, Cerro de los Taoses, and Tres ‘Orejas Peak { see Winograd,
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1489, Fig 7). The western subprovince is divided into three subareas
segﬁarated by streamline divides thai are primarily controlled bv‘these
and other pre-bagalt ridges {see Fig. 3). |

Gerro Chiflo is one of several hills of older rock (Winograd 1954, -
pp- 13, 37} around which the plataau basalts flowed, but is apparenﬂy
the only one into which the Rio Grande has eroded its c«myon. Cerzo
Chiflo forms a natural barrier to ground-water movement {rom the
northwest, aithough in most plaées along the streamline from thxa
northwest that terminates at the mountain, the aquifer is p14obably
continuous with that in the plateau basalts of th&northa@stétﬁ part of
the Central Plain, The terminus of the streamline forming the south
bqundary of the Central Plain was selected at approximé\taiy the i;:oint'
where the base of the 'plateau basalts (basalts of the Servilleta farma~ :
tion) dips below the level of the Rio Grande. :

The yl&teau bagalts are present under the Carson Flain, but are
above the main zone of saturation, which is in the underlying &ediments. :
‘These gediments have not béen mapped in the Carson Plain, but equiva-
ients h&\%g been described by Butler {1946} and W'mograd {1959, pp 35{
37; samples from wells 25 N. 10 E. 4,222, 25 N, 10 E. 4.244, and 26
N. 10 E. 6,200 described on pp. 59-61). An eolian facies has been B
observed within the Santa Fe group and the Los #inos formation in a
few surface exposures near Ojo Caliente (szegel 1956) and Vallecitos
{Butler, 1946; Barker, 9,5«‘:‘3)' Similar sand is more extensively ex-
posed south of Ojo Caliente and near Embudo, on the west side of the
Rio Grande. Wells in Vallecitos penetrated as mucu as ‘1‘59 feet qf
fine-grained, well-sorted, orange-colored sand (Spiegel, 1954), and
some of the sand described in the well logs by Winograd is probably |

also of eolian origin.



G2, Bastern Plateau

The Eastern Flateau i crossed by a number of perennial streams
draining the high Sangre de Cristo ‘purtixm of the Mountain Rim pro-
vince. I:r-igaticnreturn.and natural :echaige {inflow) from these
streams have produced extensive perched and semipeéchad zones Qf
saturatién {upper aquifer) in the thick alluvial sediments overlying
the basalt sequence. ' )

In the northermost subprovince {Costilla Plain. G-2a), the ia’aku

",age is relatively large, apparently because of thé_ large values of
vertical hydraulic conductivity in this area; hence water levels are
relatively deep, even in the upper aquifer. The recharge to the ,
Costilla E’.ia.in and the northerﬁ part of the Chiflo Plaiﬁ is insufficient
to maintain the water levevl‘s in the basalt {lower aquifer) at or above
the level of the Rio Grande and Costilla Creek, because of the ex -
éramely hi‘gh traﬁsm‘isaivity {hence low water-table g;r@iamé) of
the platyaau basalts in this area. The southern boundary of the Cos-
‘tilla Plain is a streamline terminating at the point at which the Rio
Grande becomes a gaimng stream (mtarsacts the potentmmetric
‘surface of the basalt aquiiw)
Sunshine Valley (C-2b) is simzlar to the Costilla Plain exeept

' that clay beds, probably deposited in a lake createﬁ by lava dams,
'form a semipermeable layer bmém the alluvial sediments and ba-
salt aquifer (Winograd, 1959). The southern hydrologic bétmdary of
Sunshine Valley is a streamiiné terminatiﬁg at Guadalupe Mountain,
_ and the mountain itself. Winograd (195%. p. 12} interprets Guada-
lupe Mountain as being one of the gources of the plateau basalts, but
the log of well 29 N. 12 E. 21.411 gﬁrgn by Winograd (1959, pp. 63-
64) indicates that part éf the mountain coﬁs igts §£ gray and pinkish-
gray andesite like that at Cerro Chifio, These rocks form an im-
pea;meable barrier .seyara:ﬁng Sunashiﬁﬁ Valley f:bm the Questa Plain

{C-2c} to the south, Grouné»water outflow from the highly permeable
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basalt aguifer occurs in springs in the Rio Grande canyon between

the south line of T. 31 N. and Cerro Chiflo.
The Questa Plain (C-2¢) is a small area south of Sunshine Valley

that was included with the adjacent valley in an .investigaticn by‘
Winograd (1359). The Questa Plain is bounded by Guadalupe‘ Mountain

on the east, and Red River on the south. Ground-water outflow occurs
to springs in the ca.nyans of Red Rwer and the Rio Grande below Cerro
Chiflo. The water level wntoura given by Winograd {1959, P, 12) for
both the upper aquifer and hasalt aquifer were redra.wn (S}aaegnl 1960a)
m take into account data on springs and wells along Cabresto Creek
and Red River, «iﬁ weil 4;,33" tlw impex;meabla.inére of G'ua.dalupe Mountain.
The reﬁultmg map is similar to that given by Winugrad and is therefore
R not rapraducad here. The prmmpal modxfwatmn is that the eaatern
| part of the &treamhne termmatmg at the Gerro gaging M:atmn (sec. 20,
9 29 N, » R, 12 E., appenw Cerro Chiflo) is ahxfted northward This
interpretatinn inereases the size of the area mferred ta mn&nbute
ground water to the sprmgs in Red River and the Rio Grande below

Carro gagmg station. The enla.rgad rech&rga area is more in accord

‘with Winograd's (1"95?, p. 39) computatmn of the gmund ~water out-
flow to the various reaches of the Rm Grande and Red River. The

| accurrance of gruund water under the Quasta. Plain is gimilar to that

" under Sunshine Valley, exwpt that direct outfmw fram the upper aqui- -
fer is entirely below Cerro Chiﬂa. ' '

The Canyon Rim subpravmce (C—Zd} nf the Basalt Piateaus is a
narrow strip of baaalt from Red River to the Pmurm Mounwms. The
section of basalt exposed in this area mcludes lava flows and inter-
bedded sediments that are older and m“ permaabl-e than those that
form the basalt aquifer north of Red River. Therefore this area acts
as a ba.ri-igr. to the ‘zﬁovemen& of ground wag.'t'e-r m the adjacent area to

the east, and only a few springs discharge from the basalt.
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The Taos Valleys (D-2e) is the designation given ;b the area of |
alluvial sediments in the rectangular strip bounded by Red River, the
Sangre de Cristo Mountaing segment of the Mountain le ’(A‘-l)‘.
Picurie Mountains, and the Canyon Rim (C‘-Zd). The éraa ie ctmssed
by numerous arroyos and several large streams and aa’wci&tedr irriga-
tion works. All the gtreams lose water to the alluvial sedime’nﬁs at
‘the east edge of the area. Numerous large springa discharge .g%ound
water to Red River, Arroyo Hondo, and Rio Taos at the west edgé of
~the area, but a complex irrigation system makes 11: very dszmult to

analyze the ground-water condltwns quantxtatwely

D. ESPANOLA VALLEY

The Espanola ’?ailey province is the area occugiad by the Santa
‘Fe group in the mv)er Rie Chama valley and in the R‘id Grande ,:wrall.ey
from Embude to the mouth of Bland Canyon, about 6 miles above
Cochiti.  The principal j:re -watercourse aquiler is the Tesuque for{
mation (}?‘ig, 2, col. 2}, which is the lower part of the “Santa Fe -
" group in this area. More permeable beds higher in the section are

generally located in interstream areas, above the water table.

D-1.  Abiquiu Badlands

This area is underlain principally by a facies of the Santa Fe
group derived from the deep weathering and erosion of a volcanic
terrane. Locally the unit contains pyroclastic material, but most of
the materials are fluvial and lake deposits characterized by a fine-
 grained matrix of clay and silt. The misnomer Ab'iquigx tu:ff applied

to these depos itsvby Smith (1938} is ihe source of much confusion in
| interpretation, and the word “tuff" will be enclosed by quomt.icm marks
or replaced by? the words facies, {ormation, or member in the follow -

ing discussion (these remarks apply equally well to the Picuris “tuff"
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of Cabot, 1938, along the eastern side of the Espancla Valley pro-
vince). The L%iquiu “tuff'' becomes coarser northward and grades
into the Los Pinos formation {see Fig. 2, col 3); it also interﬁng"er's'
eastward with nonvolcanic detritus probably equivalent to the Tesuque
formation east of the Rio Grande. The Abiquiu "tuff" generally has
very low transmissivity, and the watercourses incised into it are thé_

most important aquifers in the province.

D.2. Black Mesa

The Black Mesa province-is located between Rio Ojo Caliente
and the Rio Grande, just northeast of the mouth of the Rioc Chama.
The thin basalt cap of Black Mesa probably does not contain ground
waﬁar because the recharge supplied as the result of precipitation
on the mesa is probably small, and the underlying mdirhenu, in
part eolian sand, are relatively permeable. Thus the area is a
conduit far ground water moving southeastward from tributary water-
courses of Rio Ojo Caliente to the Rio Grande. However, the satu-
rated zone of the Santa Fe group {Tesuque equivalent) is infe_rr-ed to .
have low transmisgivity because of the moderately high water-level
gradients in the area (Spiegel, 1961b). Alad. the outcrops observed

‘around the base a_f Black Mesa are generally fina—graimd_. poorly

sorted sediments.
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-3, Barrancas

The Barrancas subprovince is a large area of nearly continuously
exposed ancient alluvial fan deposits df the Tesuque formation. Most
of the detritus is from Precambrian rocks, but locally there are ba-
salt flows and lenses of fine-grained volcanic-derived sediments (the
Picuris "tuff"; see discussion of the Abiguiu "tuff" in the Abiquiu
Badlands } equivalent to the Bishop's Lodge member of the Tesuque
formation (Fig' Z, ecol. 2)' Some true pyroélastic ma'tariavl is pre-
sent in the vzcinity of Picuris, but elsewhere the volcanic-derived
material was weathered and erudad from former exposures of tuffs
- that were spread over parts of the Sangre de Cristo Mountains during
middle Tertiary time. |

‘The north bQuhdary of the subprovince is the Picuris Mountains,
the east bﬂundai‘y ig the Sangre de Cristo Mountainsg, and the ﬁ&st
baundary is the Rio Grande, except in the extreme south. From
San lidefonse southward, the west ’baundary is drawn through a line
of basalt voleanoes trending nearly southward to La Bajada Hill.
This part of the boundary is ifxfefred to be a leaky interface because
of the discontinuous water 1évela;.gin wei‘la of the area caused by the
basait‘m intrusions (Spiegel, 1962, Pl, 22; see alao cmmpiiatian by
Titus, 41%1, Fig. 1), The south baundary of the province is a stream-
line located approximately under the long ridge just north of the city
of Santa Fe. | |

A characteristic feature of this province is that the thick Tesuque
formation dips westward at a ste@p_ex? angle than the water -level gradi-
ents. A series of step-like discdntinuities in water level is caused by

the presence of tilted beds of alternating high and low transmissivity.
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D4, Santa Fe FPlain :

The Santa Fe Plain is hydrologically somewhat similer to
t he Barrancas province except that grdumi«-wm er outflow occurs

at an impermeable barrier exhumed by Santa Fe River. The

Tesuque formation is the pr‘mcipal aquifm, even thaugh it is
overlain . uncanformably by the Ancha [ormat ion neariy mrery
where, for the Ancha iormation is generally alw*w the water

table (8piegel,. 196L1).

D.5. Pankey's Pasture

The hi gh mesa east of W'ﬁiﬁe Rock Canyon {onthe Rio
Grande between San lldefonso and Cochiti), like the southern
end of subprovince {D-6) described below, is ﬁndwiain by a |
thick section of basalt flowe and sediment 5. Thé area does mnot

~ contribut e much ground water tothe Rio Grande. -However, if
the proposed Cochiti Dam were constructed at the lower end of |

White Rock Canyon, the area would have a large capacity for

bank storage.

D-6. P‘ﬁye Mesas

‘The exposed section in the mesas near Los Alamos consists

of an extensive deposit of welded tuff overlying coarse-grained,

well abrted {but not saturated) sediments of the upper part of the
Banta Fe group. The Tesuque formation is exposed m the lower
slopes of some of the mesas and is in the subsuriace under n.xosf:‘
of the area; it is the principal aquifer of the area. A thick section
of basalt is interbedded in the upper part of the Santa Fe group

{ Ancha equivalents, Fig. I, col. 2} inthe southern half of the

province.
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E., SANTO DOMINGO VALLEY

Nearly all of the Santo Domingo Valley province is underlain
by a thick axial river gr:;_well facies of t he upper part of the Santa
Fe group {Spiegel, 1961a; 176le).. This unit represents the de-
posit s of an anceatral Rio Grande of la.fé Pliocene to early Pleis-
tocene ( ?7) age. The axial gravels mterimger lat erally with an-

cient alluvial fan deposits derived from the bordermg uplifts.

Numet@us beds of white rhyolite pumme ash and cmders interbedded -

with the axial gravel and eqmvalent fan ‘deposits md:cate that vol-
canism occ:urrad concurrent ly with the stream depomtmn The
_great thickness ( more than 500 feet}) and vertical uniformity of the
gravel unit also suggesf that the basin was sinking at a raté nearly
equal to the rate of se&i‘nﬁenta.tion along the axis of the basin. The
basalt sequence of White Rock Ca‘m}éh is inﬁterbédded with the river
gravel unit from Pena Blanca northward - The baﬁndary betWe‘en

- Banto IDammgo Valley and Eapanola. Vaney was chosen at a group of
bagalt intrusive centers near the mauth of Bland Cany«m. about
eight miles north of Cochiti.’ South of this boundary the sediments
form the greatexj part of the section, but northw‘ard_ for about ten
miles the basalts prédomiuéﬁte The rest of White Rock Canyon is
mostly sediments with mtarbedded basalt flows.

The transmissivity of the axial gravel unit is so 1arge that
water -level gradients in it are very low. Consequently the Rio
Grande loses water to the axial gravel unit. This inflbw to the
axial gravels moves westward and then follows southward along a
tr ough in the water-level contours {Spiegel, 1961b; see a_lsq Titua,
'1361). The ground water in this t'r ough returns to the Rio Grande
| watercourse in the viciﬁity~ of Algodones, where the base of the
axial gravel unit rises above river léval on the north limb of a broad

anticlihe‘involirin‘g the Santa Fe group (see Spiegel, 196le, Fig. 1).
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¥, LOWER JEMEZ RIVER

The geology of the Lower Jemez River area was mapped

{Spiegel, 1961c) in order to determine the reason for the close spac-

ing of water-level contours (Bjorklt_md and Maxwell, 1961, Pl. 1b)
near Bernalillo. A section of more than 500 feet of fine-grained

sediments, called the red member of the unnamed lower formation

‘of the Santa Fe group {see Fig. 2, col. 1) is folded into a broad
- southeast-plunging anticline which impedes the southward movement

of ground water in the /overlying wdimezﬁté of the Santa Fe group in

the area upstream {rom the anticline. The ‘upper unnamed formation

has been removed by erosion in most of the Jemez River valley pro-

per, and the principal pre-watercourse aquifer.is the lower member
of the lower unnamed formation. | B

The Jemez River loses water into the lower mezﬁber th:dugh~
out its course from San Ysidro to Jemez Dam. North of Jemen
River this ground water moves eastward under Santa Ana Mesa (the
region between Borrego Arroyo and the Jemez River) into the Rio .
Grande watei-céuraé, apparently by upward leakage across the red
member. South of Jemez River, the ground water réplenished by
Jemes River moves 'southeastwaid and apﬁarently leaks upward
into the upper part of the Santa Fe group and the Rio Grande water-

course.
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G. ALBUQUERQUE.BELEN PROVINCE

The Albuquerque-Belen province is defined 'herejin as the seg-
ment of the Rio Grande trough £zj§m‘ the vicinity of Sandia Pueblo
southward to the Rio Salado. Apé.ri from the wateréaurae. of the
Rio Grande itself, the pr *ncxpal a.quer ig the upper uxmamed fmr-« '
mation of the Santa Fe group, {Spiegel I‘?élc). which consists of
an axial river gravel deposit and related eastern and western
facies (Fig. 2, col. 1). The importance of these ‘chre# related

sedirnentary facies to the hydr.olégy and g-eo_lcigic; history of the

Albuquerque-Belen province had not been recognized by previous
workers, a.li:haugh equivalents of the river g’ravela were reported
in several localities (Herrick, 1898; Bryan, 1938; Denny, 1940a, |
1940b). o

- The Alhuqqerque«B’glen valley was aep&rdﬁ‘ed from the Saato
Domingo valley by Bryan {1938) on the basis of the valley constric-
tion c“aﬁaed by erosional resistance of the basalt flows of Santa Ana
Mesa. However, the gebhydfol_ogié ‘boundary b'etivaen the Albuquerque-
Belen and Santo Domingo valleys ig actua.lly formed by the red mem-
ber of the _Santa Fe group described in the ’pfe-ue&ing section. - This
unit, although equivalent to red sediments mapped by Bryan and
Mé:C.a,_nn (1937) along the Rie »Pueréa westv of Bernalillo, was appar -
ently not recognized by them along the Rio Gfande. The sauﬂi'bbund-»
ary of the province is formed by r‘élative}.y impermeable rocks in

fault blocka that constrict the valley near the mouth of Rio Salado
(Spiegel, 1955). '




47

The Aibuquerque-ﬁelen‘ geohy&rblog_ic province can be co’msider&d
approximately as a clcé.sed’ rectangular-strip aquifer system divided
into a nufnber of north»tfen&ing substrips parallel to the Rio Giandé,
which flows through the province from norv‘th to south, The hydrology

of this province is discussed in greater detail in a later section,

&




SOLUTIONS OF SELECTED PROBLEMS

Many of the aquifer systems in the Rio Grande basin can be repre-
sented, at least to a good approximation, by one or more of the boundary-
value problems previously solved (aée Appendices). For two imp@rtant
areas, Suﬁshina Valley and the Albuquerque-Belen Valley, the existing
solutions are not sufficiently good approximations. B@ﬁndary.-—value prob-

lems applicable to these two areas are stated and solved below,

SUNSHINE VALLEY

The geohydrologic data available s‘ugge'st that in Sunshine Valley the
upper acjuifer ie semiperched on the underlying lake clays and basalt
aquifer and that the east side of the aquifers ie bounded by Precambrian
rocks. Although some outflow occurs irom both aquifers at the west
gide of thé strip, the exact nature of lateral out-flow from the upper
aquifer is unknown. According to the classification presented in Appen-
dices C and D, the area can be reprg'ngented analytically as a segment of
 an infinite half-strip pa.rallel—a.quiiw‘ system. Before discussing the
present conditions, hawwer, approximations to the cmditiam that prob-

ably existed in prehistoric times are considered in Problems A to D.
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Discussion of Problems A and B

In the natural state, recharge to the upper aquifer wase prinfeipé.lly by

infiltration of streams debouching onto fans along the eastern part of the
- aquifer strip, and princig&ﬂ? from local precipitation in the western pazft".
The configuration of the natural water table in the upper aquifer was de-
pendent upon the areal distribution & values of recharge, aquifer trans-
missivity, and leakage coeficient. Inasmuch as the natural recharge ';vas
probably much less than the recharge incidental to the present surface-
water irrigation systems, the water levels in both aquifers, in the natural
state, were much lower and flatter than at present. The top of the zone of
saturation in the upper aquifer may not have been high enough to permit
direct outflow of ground water into the basalt upon which the alluvium rests
on the west margin of the valley. The ground water in the uppﬁr aquifer
probably moved nearly vertically downward ac’rosé the underlying lake beds,
and laterally through the highly transmiassive lower aquifer. This system
can be approximated by Problems A and B, in which the transmissivity of
the lower aqui;iér_ is considered very large {infinite}; that is, the slight |
| glope and fluctuations of the patentiometricz surface are neglected. Letter-
deaignatiaﬁa of the Problems are omitted in the eqnatimx mxm‘bérs, but

are retained in cross-references and subsidiary equations in the text.



PROBLEM A

Nonsteady vertical motion in a steadily, uniformly recharged,
leaky, semiperched aquifer overlying a semiconfined highly trans-
missive aquifer, after initially zero head difference; water level of

aquifer maintained steady.

I
T h, (0)=ha(t) =] H,
= (hl(t) rising)

O [TTITITTITITIO
o (-]
]I:oo oD"o

(]

O o [ [s]

a7 4 o %

O— = x L
(1a.) (d/dthh. + (K'/m'S )h. = (K'/m'S h_ + W/S
1 w1 w2 W

(1b) hl(o) = HZ.

Nonsteady solution:

(2) hl(t) = I—I2 + (Wm'/K'|{1 - exp[_—(K'/m‘SW)t])

(3) (t) = Lw(l - exp[—(K'/m'Sw)t]) = qZ(L,t)

qlz

Steady -state solution:

—_ — 1 1
(4) hlsm h1 (=) = HZ + Wm'/K

(68)  a,_ = qll,=)= LW



PROBLEM B

Nonsteady vertical motion in a leaky semiperched aquifer overly-
ing a semiconfined highly transmissive aquifer, after cessation of

steady uniform recharge; water level of lower aquifer maintained steady.

A T T T - (hl(t) declining)

O ——n
o0
N
st
]
I
N
I
N
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ST 777777777
0 —> X L
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(1a) (d/dt)hl + (K'/m'S )} h, -h )= O
W 1 2
(Ib) h{(oc)= H. + W m'/K'
1 2 o

Nonsteady solution:

(2) hl(t) = HZ + (Wom'/K')exp[_(k'/m'SW)‘c]

(3) qlz(t) = LWO : exp[-(K /m Sw)tjr qZ(L,t)
Steady-state solution:

(4) hls = hl(oo) = HZ

(5) q,(L,=) = O

C‘llzs -



52

Problems A and B give solutions of the approximate diiferential
equation derived in equation (1) of Caae I of the Derivations for, re-
spectively, the rate of rise of the water table during steady uniform re-

~charge, and for the decline of the water table after ‘the;vcauat-ﬁem of
steady uniform recharge. In bﬂf:h problems the som&ibm are obtained
by deﬁermiﬁing particular golutions K? by the symbolic operator method
{Miller, 1941) and noting that the general form of solution of equations
{A, B-1a) is hl = ¢

~ tical leakage are obtained by using Darcy's Law in the form 9, {t) =

. amp(m %) + ﬁp ‘The expressions (A, B-3) for ver-

(h «h }fm' Steady- state solutions for aquifer water level (A, B *4)
 and antflnw (A, B-5) are obtained by letting the time. approach infinity in
~ the uorwspmxding nonsteady expreaaicms.
| The type of aquifer system treated in Problems A and B is also :
present in many of the stream valleys of the. Mountam Rim of the Rio
- Grande, and in many other streams with terraced alhwial valleys fill-

ing erosional or fault-block troughs in relatively xmparmeabm bedrock.
Pi-dmems A and B using differential equation (1) in Case I of the
Derivations are equivalent to boundary-value problems using the differen-
tial equation (12k) in Case Ila, wma the baun&my eamiitiom (a /ax)h(o) =
{s3/3x)h(l) = O, since under these conditions (3 % fox ‘Mfx)= Oifh__ is

pe
uniform.
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Discussion of Problems C and D

Many of the irrigated aquifer systems in the Rio Grande Easin.
especially in the Mountain Rim, consist of a closed-strip perched upper
aquifer that leaks downward to an unconfined infinite half «strip aﬁuifer in
which the transmigsivity cannot be ‘assumed in;fmxte In such cases, tha
lsakage from the upper closed-strip aquifer may be considered to be a form

‘of nonsteady mcharge to the lower aquifer. Bolutions have been obtained
for two nonsteady cases, one for an increasing amount of leakage (Prablem
- C), the other for a decreasing amount (Problem D). These solutions can
“also be used to approximate the outflow of the basalt aguifer in Sunshine |
Vaﬂw if the lateral outflow and areal 1¢akaga variations of the upper
:aquifar can be neglected. . | ' |

For example, if the upper a.qnifa:r is recharged uniformly at a ateaﬂy
rate, the downward leakage, or replenishment to the lower aquifer, will
‘be proportional to the exponential function of time given by e:quation {A-3).
Problem C represents this case. The .nonsteady co-ixﬂgnmtien of the wa.t&

“table in the lower aquifer‘m given by equation (C-3), and the resulting in-‘-’
creasing outflow to a stream incised into the lower aquifer is given by eq-~

~ udtion (C-4). As time becomes very lé.fge. each of the infinite series in
(C-3,4) approaehei gero; the remaining steady-state solutions are the aa‘.hie ,
as for a single aquifer recharged at a steady uniform rate (Jacob, 1943). |



PROBLEM C

Nonsteady motion in a perched-aquifer system consisting of a leaky,
perched, infinite closed strip receiving steady uniform recharge, and a
lower infinite half strip replenished by leakage from the perched aquifer;

lower aquifer connected to a stream at steady level, upper aquifer initi-

ally dry. l l l
'%12 ! h\l\{” W= W_(steady)
I

71 h; (0) _
O/r||||I|J'||||||II W(t)—WLl (Mt)—lﬁ

ol Wa(t) AN o T EXPi- )

where M = (K'/m'S });

h .......... h( W
Tz/_ﬂzg,g__z_x’_”__ HL see Problem A
O lrrIIIIITIT T I T T T I

0 ——X L

Upper aquifer:
(lab) (d/dt)h, + (K'/m'S )h., = WK ; h.(0)= h = O
1 w1 W 1 p

Solution of (lab) given by (A-2,3), where HZ = hp = O
Lower aquifer: ‘
2 2
(22) % hox"Ih, = (LK@, - (W,/T,), W, = W |1 - exp (-MD) |
where M = (K'/m'SW)
(Z2bcd) hz(x,o): H

b Bty = H 5 (3/x)h,(o,t) = O
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PROBLEM C-Continued

Nonsteady solution for lower aquifer:

X 32 . (~) COS/\/X exp[/\/ ﬁﬂ}
(3) At H+(W/2T/L{ 3 ﬂ?,}: RN T

A exp-Mt] Z )" ros N
MSm  Lx (I-NRM)

m__w exp [-/VZEL]
(4) 9.4 WL{ e 2; (21 ) (1- V28 M)

W, T exp[-Mt] i 2 mt/)
[.MS (1-N2#/W)

Note: W= A =11 on's,)

Aquifer outflow for large M:

) 2 ‘
(5a) czz(gf)f—-\/\/o/.{/w EZE e?/ozaﬁ/)fﬂ}

=0

(5b) zZ(L/{) = a\/\/o(%t‘)lhi(*)m{ﬁ—’/z_ cerfe [%gzg}’é_]}



PROBLEM D

Nonsteady motion in a perched-aquifer system consisting of a ieaky,
pe‘rchéd,' infinite closed Strip (after the cessation of steady uniform re-
charge) and a lower infinite half strip replenished by leakage from the
perched aquifer and connected to a stream at steady level; both aquifers

initially at a steady state in equilibrium with steady uniform recharge.

1 ’ h; (o)
ht)

LI L VI T TTUTTITITId
T T W T "o
he(x, 0) |
hg Y v T
?.h.z.ﬁs,,t_)_”__;;-f_h Hy
O lrrrrrTIT T I I 7T T
0 —— X L

O—
A G N

Upper aquifer:
(lab) (d/dt)h1 ¥ (K'/m'Sw)(hl - hp) = O; hl(o) = W (m'/K')

o
Solution of (lab) given by (B-2,3), where hp = HZ = 0

Lower aquifer: »

(2a)  (3°fox")n, = (1A)af)h - (W_/T) excp(-Mt)
(2b)  hy(x,0)= b (x)= H_ +W_(L° - x)/2T
(2cd) ha(L,t)z H (B/BK)hZ(o,t)-—- o)

L;
Steady-state solution for lower aquifer:

2s . L
(4)  qy(L,d=q =0

zS8
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PROBLEM D-Continued

Solution of (D-2) is the sum of solutions of (D-5) and (D-6) below:
(5ab) (3°/ox")a = (U)(e /20 w(L,b) = H,
(5cd) ulx,0)= u_(x)= H_+ WO(LZ - x%)/2T; (3/3x)ulo,t) = O

(Solution given by Jacob, 1943; Carslaw and Jaeger, 1959, p. 98)
(62b) (3%/ax")v = (1A)/at)w - (W_/T) exp(-Mt); v(L,o0)= O
(6cd) v(L,t) = O; (a/ax)v(o,t) =0

Solution given by Carslaw and Jaeger, 1959, p. 132)

Qutflow solution for (D-2):

8WLL T ()" exp (~NPRL)
Ml =5 (Zmt1)

n :B

W)™ tan LAY ™ exp (- mt)

2V, T ()" exp (-N hY)
SLL

MR = N*

where N = (2n 4 1)qf/2L and M = (K'/m'S).
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Similarly, if the leakance coefficient (K'/m') of the perching léyer
is very large, the recharge approaches a constant value rapidly, and
the nonsteady solution (C'—_3} reduces to that given by Werner (1953) for
steady uniform recharge. Carslaw and Jaeger {1959, p. 130-131) give
the golution for steady recharge in a form equivalent to that of Werner's,
 and also in a form more convenient for computation for small values of
time, as well as in a non-dimensional graph. Equations (C-5a) and
(C- Sb) give the outflow in both forms for this steady renha.rge condition
M very larga)

The solutu:m for the more general case of Problem C is obtamed

from a general integral form {Carslaw and Jaeger, 1959. p. 131, eqn.

I 2 corrected by the factor {1/4) in the exponential term) by using the non-

B steady recharge expression W (t )= W (1 - exp(»(K'/m‘S)t‘ -) in place of

the general function Aft'). Thxs aulut;on is gwen by gquatxana {C-3, 4).. |
~ Problem D repre-aents‘,ihe conditions in the lower aquifer in a system

, vqf the@ypa‘daécribed in the previous problem, after both the upper and[
lower aquifers have reached a steady state and the uniform recharge on

. .the upver aguifer has ceased. As shown in Preblem B, the water level

- and Vertical leakage of the upper aquifer dec:rea.ea at a negatwe exponen-
tial rate determined by the values of the leakance and storage: coeffxments
and the previous recharge rate. If the upper a,quz.fer is not recharged again,

. ultimately all water will drain out of it, a8 well as from the iowsr aquifer,
and the equations reduce to the final steady equations (B-4,5) and (D-e;&), :

| This problem, stated in equations (D’-l, z), is solved by summing the

solutions of the two problems given by equations {D-5,6), Values of the |

- former solution are given in nondimensional graphical form by Carslaw

and Jaéger (l%*‘%; Fig. lyed). The nonatea_dy outilow to the stream is

- given by equation {D-7). Note that in the limit as M approaches‘ ihiiniﬁy.’ |

the’ outflow solutiorx for Problem (-1), gwen by equation {D-7), appruachea

that for (D-5), since the second and third terms of (D-7) approach zero.
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Thus the {irst series of (D-7) is the outflow solution for the pmblém given
by equatians. {D-5). |

In many areas the natural cycles of seasonal increase and Waning_af
precipitation or irrigation water supply can be agaprmi’mated by exponen-
tial curves of the type employed in p:&obiama ¢ and D. Hence in such
areas the solutions of these problems can be applied to single aquifers of
infinite half-strip type by choosing ;approprmtqvalues of the éaafﬁcianta ;
W and M. |
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Disgugsion of Problem B

This problem closely resembles the actual para;uel‘-aquifér system
of Sunshine Valley as it was before the completion‘ of irrigatiéﬁ wells,
and after a long period of operation of the surface irrigation system.
The principal unknown physical feature of the Sunshine Valley aquifer
system is the nature of the west boundary of the upper aquifer. The
hydrologic features related to the physical problem aré {a) the amount

- and paths of the lateval outflow where the upper aquifer werlam onto
the basalt, and {b) the amount of water lost by avapwtrampiratioﬁ ‘

" irom the area of shallow ground water along the western margin of
the vauay. ,

The validity of estimates of aquifer coefiicients and areal recharge
made on the basis Qf well gmrformaa and surface stream inflow can
be checked by using the eatimms& vajues in the solution of this problem
(equations E-Zab) and comparing the calculated values of water levels
along sections across the aquifers with actual water levels, In the
Sunshine Valley aquifer system the two expressions for discharge,
equations (E-3ab), can not be uma separately to check the aquifer
coefficients in this manner because the outilow of the upper aquifer,

~ other than that due to evaportranspiration, is underground.




PROBLEM E

Steady flow in a leaky infinite half-strip parallel-aquifer system
consisting of a uniformly-recharged unconfined aquifer overlying a
leaky artesian aquifer. The water levels of the two aquifers are

maintained at steady nonequal levels at the stream boundary.

P
io h\“\ IR h

h|(0)=HaT :

I

hz(O) = Hb—?—-.__.r.‘_a_(._x_) ———————— S
[TII T TR ©

JIlN

N

JT777 77777777777 77777
0O — > X L

(12) (dZ/de)hl - (n,

2 2
(1b) (4 /dx )h2 + (hl - hz)/B

2
- h,) /By =-W /T,
2

,= O

(lcd) (d/dx)hl(L): O; (d/dx)hZ(L): O

(lef) h_ (o) = Ha; hZ(O) = H

1 b



PROBLEM E-Continued

Solutions:

. iz
\/\/0 * 1\ cosh(r* ) (L~x)
(2a) A ) =lHyH) - (5%) (5‘+B) cosh (g +[-;,)”‘* L

N L2 | By ‘ -
(s ) A= L A ) S

{
Py wy &7 WGt dp) (L)
(2b) A, fx)=[(Hi )+ (B - ) J(B *FB;) ZZ;/)EZIL*-*-\.)IIZL

(g e (4 — L~ [ A+ (555 YT+ He

Outflow solutions:

) £ B
(3a) cZ,N):—TBH.z“HA) (551:55 )(swg ( )

&553'&
gipt) L

(2

'fanb(

(3b) CZL(O):”TzUHb’”/Lé) (2 i W)]([ 51 B, )(5 :51)

= s
fanh(BEe) L

l.
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The solution of Problem E is obtained ‘by writing (E-la) and‘ o

{E-1b} in symbolic operator notation, eliminating h., and express-

H

ing the resulting equation in h_ as

Z
¥ 2 2 2 s L ol
(24 pip’ - (/B 4 u‘sg)‘] h, = (W/T,B)),

which hasg a sblwtio‘n in the form

(E-5) h, = a sinhm (L -x)+a

1 cosh r_“Z‘L -3x) + a

& 3
where Hp is a particular'éolution of (E-4) and the mi are roots of the
bracketed expreasion in (E-4). A gimilar expression for hl is found
by substituting (E-5) in (E-1b). The four cosfficients a, are evaluated

' by using the four boundary condition equations (E-lcdef).
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Discussgion of Problem F

A physical situation represented by Problem F :may arise where a
buried stream channel penetrates two parallel aquifers and the intei'f _
layered semi-confining bed, and the stream valley has been refilled by
coarse channel deposits to above the top of the semi coﬁ:fining bed. T'btf!

- Rio Grande, as well a8 most other streams draining regions glaciated‘ '
during Pleistocene time, does have highly permeable channel filling.
However, the prmenée of an extensive parallel- -aquifer system of the

- type illustrated in Problem F is not knawn on the main course of the
Rio Gram:‘la, although short reaches of the Rio Chama and other tribu-- -
taries probably {ulfill the condxtmnu required by this prablem. Dn the

_ other hand, Problem F can be combined with Problam Eto gwe Prablem

G, which represents present nonsteady conditmm in tha Sunshine Vaney
agquifer system. :

The analytical representation of Problem F is given by equations

(F-1). The pair of equations (F’wlab) is an example of the system of

general second order linear differential equations (12k) in Case lla
above, in which the recharge term is zero for the lower aquifer (Region

Il in Fig. 1b and Problem F). Taking the Laplace transformation of (F -lab)

with respect to the time variable, under conditions (F-led), results in
(F-"“ab). whare the transformad dependent variables are mdicated by
h (x p) and h (x,p)

!
L
.
:
:
f
]



PROBLEM F

Nonsteady motion in a leaky infinite half-strip parallel-aquifer sys-
tem consisting of a steadily and uniformiy recharged aquifer overlying a
leaky artesian aquifer, the bpunding stream and both aquifers initially at

uniform level.

oow ol I
*n‘l’/#ﬁ—— ) |
hl(o,f)=ha(0’f)=o m/..zxs)

T | hy{x,0)=ha(x,0)= 0
LT T Y T T TToITTd

il

INOSONSANNNSNSEKN

r7777777 77777777

0—> X L

(12)  @%/ax"Ih, - (h - B,)/BT = (/K3 /3t - W/T,
(1) G /ax“Ib, + (b - B,)/BS = (Ui, )2 /athh,

(1cd) hl(x,o) = Q; hz(x,o) = O

(1ef) (3/3)h(L,t)= O;  (3/3%)h,(L,t) = O

(1gh) hl(o,t)z O; hz(o,t)= O
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PROBLEM F -Continued

i ((F—lab)} using (F-lcd), in operator notation:

(2a) LDZ—(p-J-kl/Bi)/liEl ,-I-(l/Bi)ﬁ‘2 = _W/pTl

(2Db) (1/133)131 + [Dz—(p + kZ/Bi)/kz]Ez = 0

I/ ((F-l)l , with (F-2ab) solved for 1—11 and 1:13, in operator notation:
C 7 * = N
z2_2 2 4} - L 2 ]
{3a) ':(AIAZ - 1/B1B2) - (A1 + AZ) D +D hl ={D - AZ-f(_W/PTl)
= AZW/pT1
2_2 2 4:'— 2
(3b) [(AIAZ - 1/B1B2) - (Al + AZ) D +D hZ_ (W/pTlBZ)

(3cd) (afax)hy(L,p)= 0  ; (3/px)h, (Lp)= 0
(3ef)  hfo,p)= 0 s hy(o,p)= 0
2
where Al = (p+ kl/Bl) kl,
Ay = (p+ kz/B‘;)/k2
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- PROBLEM F-Continued

General form of solutions of (F-3ab):

(4a) ﬁl(x,p) = a, sinh ml(L -x)+a

(4b) Ez(x,p) = clsinh ml(L-x) + e

2cosh mZ(L - %)

+ a sinhm3(L-x)+a

3 4b::osh m4(L - x) + H

1

2cosh mZ(L-‘x)

4+ c sinh'mB(L -x}+c

3 cosh‘m4(L -x)+ H2

4

where

_ 1/2 2 2.2 1/2}1/2
y = -m, = (1/2) {(A1 +A,) 4 [(A1 - 4,)° +4/BB;

m

1/2

1f

my = -m, = 1122 {(a) 44, -[(a, - 4%+ 48282 ]1/2 } 1/2

H

1]

2 471 2.2
) [P -QD“ +D ]‘ (A,W/pT ) = (A,W/pT )/(A A, - 1/B]B})

H

2 471 2 2 2_2
> [P - QD" +D ]’ (W/pT B;) = (W/pT B)/(A A, - 1/B|B))

2.2
P =(AA, -1/BB}), Q= (A + AZ)

Coefficients in (F'-4ab):

(52)
(5b)
(5¢c)
(5d)

(5e)

3= 33=¢ = ¢c3=0

c, = - ZI:IZ/'(mz - mz) cosh (mZL)
Cy = mi I:Izl(mf1 - mz) cosh (m4L).
3, = Bg( g A e,

2y = -Bylmy -A,)c,
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PROBLEM F-Continued

Solutions of (3):

- f’;: P Z N - ) P
(62) %(){/f\) - /}(Z’% % priri Y _./4’.2_ _/g:'//‘/i}? / o5 P g &4 ')C_)'
(”’7<f‘” */ﬂ?-:')  coshvn L )
4 (G A = BIH i) Coshoany /=X
[/4442 - iy ¥ ) 50-?4(/"4#[.)
+ A BT A

(6b) ﬁl(’(’f’):/;lz— ik 7//-1. (054 ,.v;‘;,-)?”/z__,x) n M Jz_ cosh U oy (£-x)
("m, N »—/H’f,,"—) cosh (/AML L) (/74'.’9,2 _M7L1)CO:A(M4 L)

Outflow solutions of (3):

oy Fylo,p) = T Tlmgmme 4L BEEN /(e m?f] €onif,. L)

P [on2 o™ B A) Vo —om, ) ] Eoonlifons L)
F T [fomg om0 5.7 1 ) oy o omy) Vo lang )

- 77 [(M¢ 3""-”#% 5L2 /'?L )//mg? b *’xﬂf,,z)]{ﬂuA /Aﬂ.}( A«)

(7b) “g: T /C}.PJ = = 7; [(/*!ls[ ??,4»'!');”//'1)///’*4‘7—,/7”11)] f&,ﬁ’l\ AW; 4)
t7e [/ ”» ,3‘ Ag f‘n - )// /,m,“ - ,y;hl")]ézm‘ ({ﬁﬁy Z /
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PROBLEM F-Cont inued

Approximate outflow solution of (F-1) for small t:

€ X [‘ *V' f:]
(8a) qi(o0)=" Lbﬁ){[‘:ﬁ’/ﬁ “‘J[[/ tfui/a/ ]

. " oo / exp ['_...(a b'f"/\//)t]
—[(b-c)E, /B, —(b-3)] MZO (a-b +N) }}

- e xp(=(: mzj SEETT - expl(e- b +1z) fj}
(8b)  Falot)= (L;"\E/?\gbﬁ{ [/ ?24»/\(/: [[ f: “br Az Z J

“ o 2 [la-b+N,)t
R e )

Mz

Approximate outflow solution of (F-1) for large t:

(9a)  qu=(ZLeg Tte A (A ){€XP(*3t)+€Xp[—ft) G, (1, cmtselg,)

- \2\/&8‘?81){(2‘: +2 ){Lk’;,) —expl-fF +Ny l‘]} (2. +1K ﬁﬂi[ﬂexﬂf‘(ﬂ/"ﬂﬂ }}
| Re m_

9*”) (‘F +Nc1,)

M=

Mz

“ [~(arpy)el] & /wexp[%“/%)t]}
(9b) fa2000= Z‘?é”%i H/ exfgmjj MJJ“[{ (F+ AL) )

Nate:r N <(Zmi VTR /4L"
Ny = (2w )T R, /4L

Ny =len+l) T/ 2L7A,
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Equations (F-2) can b:a‘ solved for ﬁl and Eg to give the fau:gth.order

" linear differential equations {¥ -3ab), to which the boundary conditions
(F-lefgh), transformed, can be adjoined to give the boundary value prob-
lem (F-3). For values of Ai’ A 20 Bl,' and B that yield four real and
__dmtmct roots m, of the a.umlia.ry equa.tians fm' the hamogeneoua equa-
tions carresponding to (F-3a) and (F 3b), the solutions of equations
(¥-3a) and (F-3b) can be written in tha form (F -4a) and (F-4b), respec-
tively.

The pa,'xrticulaxf solutions H 1 agd ﬂ?, qf the ‘nonhbmagenebua‘equatiana
{F-3ab) were obtained by expanding the inverse operator by long division
‘in the symbolic cperator method (leker, l%l), as indicated in (F 4) |
Note that Hl & AZBZHZ

The unknown coeffxmentﬁ a, and €, m the salutmxw {F-4ab) were

, i
eva,mated by using conditions (F- Scd). where a,=a; 8¢, =cy= 0.

Ueing these values, the expressions (F—éah) for h‘l and ﬁé were substi-

_tuted into equation (F-3b} to give an equatién from which'mlatianahips
| betwmn‘l‘ag and ¢,, and between a, and ¢,
conditions (F-3ef). All the mefficiéma are listed i'n‘nqdations‘ {F-5)},

were evaluated by the use of

and the solutions of the transformed problem (F-3) are given by equa« |
tions (F éab) :
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' The lateral outflow from each of the aquifers was obtained by apply-
ing Déxdy‘s law to:the golutions of the transformed pr‘obm 'giving the |
outflow solutions (F~‘?ab). The inverse tranéiorms‘ qf both the water -
Vl‘m.rel and the outflow expre-‘s,sions are very difficult to obtain because‘

the ﬁguan‘i;ities mi'and m, ¢contain fourth roots of the variable p. Some
gimplifying assumptions are made to facilitate the inverse transforma-
tione, and only the sutflo_vé solutions are considered.

The roots m, and ‘mz can be gimplified in two ways, one for large .
values of the variable p (corresponding to small values of time) and
another for small values of p (corresponding to large values of time). .'_
The inverse transforms of the resulting approximate forms of the solu-

tion are obtained by use;iqf tabulated transform pairs and operations.
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Approximetion of (F-7ah) for Small Values of Time .

From the fo;rm of the roots m, and m, in (F-4) it is apparent

2 4
that for sufficiently large values of P correspondmg to &small values
of time, the constant term (4/B ) can be neglected Approx1mate

values of the roots are then s1mp1y m, = -(A )]'/2

I:l/k (p= k /B )] 1/2. The denommator of each of the terms in the
outflow solutmns (F- 7) then becomes (m4 - mz) = -(A - Az) =
-k (p + b), where k3 and b are defined in (F- 7c) below.

The first term of equation (F-7a), represented by ql(o, P), be-

comes

, B prd  tanllL /8 Ne+ )"
(F-7C_) ?I(O’P) f ﬁ /b(fa-l-b) (F +a)'/1.

where k; = (1/k) - 1/k,), a= 1;.1/13?, b= '(.1/13? - 1/BS)/k;, and

c= kleZ. . The other terms are obtained similarly. The inverse
transform of (F-7c) is obtained by the use of the convolution property
(Churchill, 1959, p. 323, op. 7) on the functions f (p) =(p+c)/plp + b),

_ and f (p) = [tanh (Lkllz)(p + a.)ll ]/( + )1/2. The inverse transform
~ of the function fl(p) is given by Erdelyi (1954, pair 5. 2(5)). The in-
verse of fZ(P) is obtained by the use of the delay property (Churchill,

1959, P <323, op. '11) in conjunction with the inverse transform given

by Erdelyi (1954; pair 5, 9(34)).
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The transform of the term given by (F-7c) is

) ot SBlE=tL . +’ o e,
0 e WAL [Ea6-02 Ay O nk

where 91 (;) is the theta function (Whittaker and Watson, 1927, Ch. 21)
s 1

(F-7¢) B,(4)= 2) exp|=(2a+V' ?‘?.t/‘I-LZ]
Mz

After performing the integration indicated in equation (F-7d) this term
can be written as a sum of two infinite series. These series added to
those obtained by using the above process on the three remaining
terms of (F-7a) gives the result shown in (F-8a).

The approximate inverse transform of (F'-7b) is obtained in a
similar manner, using the inverse transform given by Churchill (1959,
pair 12) instead of Erdelyi's pair 5.2(5). The result is given by equa-
tion (F -8b).
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Approximation of (F-7ab) for Large Values of Time

From the form of the roots m, and m, in (F-4).it is apparent

that for sufficiently small values of p, corresponding to large values
of time, the term (A1 - AZ)Z in the inner radicals of the roots can be .
neglected, Approximate values of the roots are then m, =
[ (A +A +2/B ]1/2_ ~[(k4/2)(p+g)] 1/2, and
L(k /2)(p+f”Z ; wherek4: (I/k +1/k ),
g = (l/B + 1/B ) /k4, and f = (l/B - 1/B )2 4. The'denominator

of each of the terms in the outflow solutlons (F—’?) thus becomes

(mi - mg) = _Z/BIBZ' The first term of equation (F'-7a) becomes
e
(F-8c) ‘o )= WHEB, B, (p+c) fzmh[!_[ﬁ /2) [P""’ff) ]
-8c¢ € 0 P ,él(zﬁ.q_) 2’ p (f’ + ?)llz_

The other terms are obtained similarly. The inverse transform of
(F-8c) is the sum of two parts, the first obtained directly from a tab-
ulated inverse given by Erdeyli (1954, pair 5.9(34)) using the delay
property. The second part of the inverse transform is obtained by the
use of the convolution property on the functions fl(p) 1/p and f (p) =
[tanh L(k /2)1/2(p + g)l/ZJ/( + )1/ , with the delay property. These
two methods are used to obtain the inverses of the remaining terms of
(FF-7a), and the second method is used for both terms of (F-7b). The

resulting solutions are given by (F-10).
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mscnsaiqn of Problem G

‘An increasge in the average annual recharge to the Sunshine Valley
aguifer aystem, as would oceur if surface reservoirs were constructed
in the adjacent mountains or if artificial spreading worke were con-
structed, would cause a rise in water levels and an increase in the
agquifer outflow. A khowla&ge of the rate at which the iﬁcmase& a.;quif&r
outflow would accur would be useful to assist in planning for increased
water uses downstream. Froblem G is the analytical répr@semuian of
the $mihinev'Vaney aquifer system during such a period of increased
recharge, The imnstemiy solution of Problem G is obtained by adding
the transient solution of Problem F to the al;éasiy»-atate solution of -

Problem E.



PROBLEM G

Nonsteady motion in a leaky infinite half-strip parallel-aquifer sys-
tem consisting of an unconfined aquifer semiperched on a leaRy artesian
aquifer. The water levels of the two aquifers initially are at a steady
state in equilibrium with recharge Wo’ and are maintained at steady non-

equal levels at the stream boundary during steady uniform recharge at

the rate (WO + W).

L Wo+w | 7

\'\\U‘ﬂ"’/# ;

hi(0,t) =Ha = hix,0) T ;

- n PRI /

nebho ] ;

hz(O,f):_l:lb:*_,-'——“" 'qu(x’o) 9

.

|||JL|||H|||||||]1|_/
TITTTTTTT7 77777777

0 — > X L

2 2
(la) (o /axz)hl -(h - h)/B = (1/k)3/athh, - (W _+ W)/T,
(1) (37 /3x )b, + () - b,)/BS = (1/,)(5/3t)h,

(lcd) hl(x,o) = hls (eqn. E-2a); h,(x,0)= h s (eqn. E-2b)

2 2
(lef) (a/ax)hl(L,t) = O; (a/ax)hZ(L,t) = O
(1gh) hl(o,'t) = Ha; hz(o,t) = Hb
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ALBUQUERQUE-BELEN PRQVINCE'

Comparison of the contours of water levels (Spiegel, I%GB;BjWk-
lund and Maxwell, 1961) with the geology (Spiegel, i‘}&lc) of the lower
Jemez River region suggests the interpretation that the close spacing
of the water level contours north of Corrales and Sandia Pueblo is due
to ihe low transmissivity of the red member of the Saanta Fe g::o.i;p in
this area. Although nuz&xermfm failts were found in the area, the out-
crop pattern of the red member of the Saﬁta Fe group is controlled
principally by a hroad anticline, the axis of which plunges gently to the'
southeast along the Jemez River., The broad outcrnp belt .mapped on
the wuth gide of the Jemes Rwer is the trace of the smxth limb of the
amticlin@ on the gentle slopes in that area.

The Rio Granda watercourse crogses the subcrap of the basal con-
tact on the highly transmissive upper unnamed iorma.tmn of the Banta

~Fe group in the area betwean Corra}.es and Sandia Puﬁblc. The abfupt
change in $pacmg and aha.pe of the water- levei ccmxuurs nearby sug-
gests that the subcmp of the contact contmueﬁ eastwaxd_benea-th the
yaunger‘ fan depmits and wewtward beneath the terrace deposits and
cover west of the Rio Grande. South of the area mapped the outcrops

are generally poor and wa&el‘y acattered but from (a) the aoutherly

dips of the exposures ma.pped west of Corrales, (b) the work of Bryan
and McCann {1937), Wright {1946), Denny (1940), and Spiegel {1958),
a.nd (c} the flat- Iymg attitude of nesarly all the Santa Fe outcropa nbserv»
ed along the Rio Grande valley in the Albuquerque-Belen province, it |
is concluded th‘a’.t"fha'upper unnamed formation extends southward to the
Rio Salado along both sides of the Rio Grande valley.
| Although the eastern and weutém facies of the 'uxmamed upper for-
mation are poorly expdae& in the Albuquerque-Belen p;avince;_ the axial
river gravel member is locally well exposed and is sufficiently distinctive

in lithology to trace along the east bluffs and ti-ibuta.ry arroyos of the Rio |
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Grande valley. The presence of the river‘gravel is also inferred from
well data east of the Rio Granda valley floor. The axial river gravels
apmrantiy interfinger with the eastern facies (alluvial fan deposits)
near the eastern boundary of the province, and with the western facies
near the west side of the Rit;- Grande watercourse. The western facies
in the Aibuquaxqﬁe-Belen province represents the coalesced deposits
of broad alluvial fans that descended into the ancestral Rio Grande
valley from the northwest. These deposite are generally better sorted |
than those from the smaller and steeper fans comprising the eastern
facies, and may have been deposited by perenniai streams tributary to
the ancestral Rio Grande. The western facies and axial river gravel
facies and Rio Qiande- watercourse form a single highly transmissive
aquifer called the Albuquefque aquifer for wm}enienm in discussions
below, ‘ ’

A system of agricultural drains transects the Albugquerque-Belen
province parallel to the Rio Grande, forming mutual hydrologic bound-
aries of the various sub-strips into which the drains divide thé prov-
ince. In general, the principal drains are (a) the ;'iverside drains, one
on each side of the river, and (b) the interior draina, one ofl.each side
of the valley floor, between the riverside drains and the bluffs or side-
glopes bordering the inner valley floor (Nat. Res. Comm, ’ WSS).
Locally there are other drains, and the interior drains mnnwt with the
riverside drains at intervals. The riverside draing are the principal
controls of the water-table elevation in the Rio Grande valley floor. |
The slope of the drains is approximately equal to or somewhat lese than
that of the river and the valley floor itself, that is, about 4 % fest per
mile to the south. The level of the drains fluctuates only slightly during
the winter when the entire flow is ground-water outflow from the Rio
Grande watercourse, At times during the summer the drain level may
rigse two or three feet because of local storm runoff and irrigation

waste water.
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The strip between th:e riverside drains (the river channel itself) is
sometimes completely dry when the upsiream {low of the ﬁia Grande is
entirely diverted at Angostura Dam (near Algodones), but usually th_ére
is some durface flow covering a portion af.th‘e' channel. The areal re-
charge to this strip a-ffordad by infiltration of thé rivar water moves

k laterally to the riverside draine, which have been excavated to a depth
of geveral feet below the adjacent river channel, Steady ﬂaw-in seg~
ments of each of the two halves of this narrow strip can be treated
approximately by the method given by Kirkham (1950) if the slope of
the river and associated draine is neglected, For exampia,: duf'mg the
spring snowmelt, water covers most of the channel for several months,

if the drain is assumed fully penetrating, the nonsteady solutions given

by Brown {1959) and Glover {1960a, p. 21) can be used to determine the
approximate rate of recession of the wa.teér table in the channel after

the cessation of gurface flow (additional references are given in Appendix
E, under the classification of infinite half strip with initially uniform

water levell.

The narrow strips of land between each riverside drain and the

corresponding interior drain can also be considered approximately as
pairs of infinite half atrips,. These strips are, in general, irrigated ’
during 8 months of the year, and an approximately steady state is
attained during most of this time. even though the irrigation applica-
tions are intermittent, 1If, as in the previous paragraph, the slope of

“the drains is n&gie.ct.ed, the component of nonsteady flow in the direc-

tion of the drain ?;'ereapanding to each half-strip can be treated by the
methode given by Maasland (1959). o | .
Most of the Albuguerpe-Belen province, and hence most of the water

in storage in the Albuquerque aquifer, ig included in the two outer rec-

tangles between the interior drains and the fault boundaries on the east
 and west sides of the province. These outer rectangles have small re-

charge and do not contribute much water to the drains in the inner
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valley under natural conditions. However, they could contribute sig-
nificant quantities of water under artificial conditions {e.g., increased.
recharge from lawn irrigation, or lowered water levels in the valley
floor}. |

- Theis {1938, pp. 283-284) applied a solution of a problem in heat
conduction in a gemi-infinite plate to the case of rapid drawdown of
water levels caused by construction of the interior drains in the Rio
Grande valley. This method of calculating the approximate cutflow
irom the aquifer neglects the slope and partial penetration of the drains
and the effect of other hyarQIOgie boundaries. These assumptions are
valid for the ﬂhart period (less than ten years} in which the in&reaae-of'
drainflow is a significant quantity, if the outflow frowa only the side of
the interior drains away from the Rio Grande (mesa side) is consider-
ed. The actual flow of the interior draine ,ih the Rio Grande valley,
however, is the sum of the outflow from the ground water on the valley
floor between the interior drains plus that from the mesga side of the
inﬁeribridraiﬁs. The method of analysis of the drainage of ground
water presented by Biown_- {1959} can be applied to calculate the drain-
flow derived from the valley side of the interior draine. Bmwn's
method of analysis was intended to be used in the case of a rectangular
aguifer bounded by four drains at uniform level; such areas are also
preeent in the inner valley of the Rio Grande.

No two ~dimen§ ional solutions were found for the boundary eondi-
tions that apply to the rectangular Albuquergue agquifer as a whole,
although the methods discussed above can be used for some portions
of the province. Some steady solutions were obtained for the case of
a rectangular aquifer closed on three sides emd bounded by a stream
with a constant gradient. Two oi these solutions are given in the

fnii;gw ing problems.
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Dié&ussion of Prubiem H

Equations (H-1} give the analytical representation of two-dimen-
sional ‘gifound—fwat‘ex ‘motion in the.Albuquerfquer aquifer east of the east
side inﬁe:ier drains. The solution is obtained by summing the Fourier
series solution of equation (H}la, xfe&-uced) obtained by the mgihﬂd of

‘separation of variables, with a particular aoluﬁ@n of {H-la) obtained by_' |
the symbolic operator method { Miller, 1941). The sélm:ion for the bound-
ary conditions {H-lbcde) is given by equation (H-2), and the expression

for the outflow per unit Ien_gth of stream is given by equation (H-3}.




PROBLEM H

Steady two-dimensional motion in a rectangular aquifer with three
impermeable faces and one face bounded by a stream with constant gra-

dient, during steady, uniform recharge.
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(1bc) (3/3x)h(L,y) = O; (3/3y)h({o,x) = O
(ide) (3/3y)h(x,R) = O; h({o,y) = Cy
(2)
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Discussion of ?febl‘em' 1

Equatzons (I-1) give an apprmmmate analytical representatmn of
two-dimensional ground- water motwn in the Albuquerque aquifer west
of the Rio Grande, for in most of thxs area the recha.rge is extremely

small. The solutions {I-2) and (I-3) are obtained by the use of Fourier
series or by lefting W = O in Problem H. The water-level ‘canto‘ur‘a:,
are anti-symmetrical about the line y = R/Z because of the cosine fac-
tor iﬁ the infinite series. Thus the stream loses water in the reach
R>y>R/2 and gains water in the fga.ch R/2>y >0. The amount of water
circulated from the losing reach to the gaining reach is obtained by
integrating (I-3) over one of the halves of the stream course, giving the
expression {I- 4)

Unfortunately the solutions for this prnblem {and especially for the
precedmg one) are difficult ta uge for more detailed a.nalyszs of the water
levels and stream gains or losses in apecifm reaches‘ A large number
of type curves piotteci for various values of the aquifer parameters would
be required to use field water -level contours and streamgagmg data to
substantiate the order of magnitude of aquifer coefficiﬁntu computed from |

well teata.



PROBLEM 1

Steady two-dimensional motion in a rectangular aquifer with three
impermeable faces and one face bounded by a stream with constant gra-

dient, in the absence of recharge.
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 SUMMARY

The three most important contributions of this work are given
below.

(a) Analytic representation: Published solutions to diffusion, heat

conduction, and ground-water problems which are relevant to stream-
connected aquifer systems are indexed, and a new general approach to
analytic representation of aquifer systems is presented. Tables,
figures, and clarifying definitions are provided to facilitate discussion
of aquifer systems and the gelection of existing solutione applicable to
new iield problems. Systems of approximate differential equations
for leaky plane-parallel flow in systems of paired aquifers are derived
from hydrologic considerations and related to equations of diffusion
and heat conduction. |

(b). Ge_ahxdrologx: The author's studies of the ground-water geology
of aquifer systems in the Rio Grande basin of Colbrado and northern
New Mexico are summarized. Geohydrologic provinces of the Rio
Grande basin are delineated and described, principally on the basis of
the occurrence of ground water in watercourses and the Santa Fe
group. The presence of the highly permeable watercourse aquifers
along most of the streams gives them a sufficiently great effective

. penetration into subjacent aq\zifers to permit the assurhptian of plane -
parallel motion in the analytic investigations.

{c) Bolutions of new analytical problems: Nine new analytical problems

pertaining to stream-connected aquifer systems are stated and solved.
The relation of each of these problems to a portion of the Rio Grande

basin is discussed.



APPENDIX A. LIST OF SYMBOLS

Subscripts Explanation
a, b Denotes that the potential is measured at a boundary.
c Signifies that the potential is measured at the face

of the semiconiining bed.

e ‘ Signifies that the potential ie the "effective average'
{potential earrmpon&ix;g to the mean velocity in

vertical section).
i ‘ The ith guantity of a set.

k=l Denotes the potential or aguifer coefficient pertain- |

ing to the kth of n parallel aquifers.
L,o Value at a fixed point.

P Denotes the potential or aquifer coefficient pertain.
" ing to the aquifer in parallel with the kth aquifer of
a‘pai:r of mutually leaky aquiiera;‘_fbr a perched
aquifer, denotes the atmospheric pressure (zero)

at the lower face of the perching layer.

8 , General space coordinate; in Problems, signifies

steady -state solution.
t R Time.

X, ¥, Z Coordinate axes,




- Symbols; units

H; (L)

M

h; (L}

h¥; (L)
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Defined in equation (¥-7¢}.

Unknown coefficients.
Defined in equation (F-3),
Defined in equation (F-7c). -

Leakage coefficient.

‘ Constant.

Defined in equation {F-7c).

Upper limit of saturated zone (in Derivations,
Case II).

Unknown coefficients.
Partial derivative mparator@ |

Defined above equation (F-8¢).

Defined above equation (F-8c).

Hydraulic pétantial at a stma_m' boundary;

particular solutions.

- Laplace transform c‘ufk a particular solution.

- Hydraulic potential, head.

Laplace transform of potential.

- Potential 4t the water table.



Symbols; unite

hav; (L)

K, K5 {(L/T)

ki (LE/T)
L; (L}
L‘R; (L)
M .
m, m'y {L)
5 (L)
m,

3
N,

i
B

Q, @ t>m

a; (L°/T)

R; (L)
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- Explanation

Mean pai:antial in a vertical section,
1/2
(-nt/Z.

Hydraulic conductivity of an aquifer and semi-

confining bgdf respgetively.
Hyéw_@ulie diffwivity. (T/8) or (K}'Ss),_
Width of an aquifer. |
Width of a ‘msewéir.

Defined in equatibn (D-7).

’I‘hicknéaﬁ of an aquifer and semiconfining bed,

mupekqtively.

Mean thickness of saturation of an @quifer.

Roots of an awi‘liary equation.

Defined in Jequat‘im; (F-9)

Image of the time vari&?ké in L;pia.ce transgforms,
Total aquifer inflow or muéf_low.

Aquifer inflow or outflow.

Point on the y-axis.



Symbols; units

5,8,8
a' "w

5,i (1/1)
T; (L5/T)

t; (T)
t'; (T)
u, v; (L)

v; {(L/T)

v!3 (L/T)
W; {L/T)
X, ¥\ 2

: 0}

89

Explanation
Aquifer- steré.ge coefficients (dimensionless).

S, general coefficient; Sa"-‘ storage derived

from expansion of aquifer and water; 'SW. stor-

age coefficient for unconfined aquifera.

Specific storage (storage coefficient for aquxfer
of unit thickness).

Aquifer transmissivity (transmissibility), equal
to {(Km).

Time,
Current time variable of integration.
Hyd_ralili{: potentials {Problem D}.

Effective or bulk irelucity-of a fluid in a porous
medium, defined ag the volume of fluid passing

a unit a‘r‘e& of grose craasg‘aection per unit time.,
Vertical velocity in a se‘i"ni’cunﬁning bed.

Areal recﬁarge.

Coordinates in the reétanggiar Cartesian system.

Xi, Eta, Zeta; Cartesian cc‘m'rdina_te axes used in

Case Il of Derivations.

Theta function.
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SINGLE~AQUIFER SYSTEMS MULTIPLE-AQUIFER SYSTEMS
CONFINEMENT CONDITIONS

Unconfined i
Nonleaky ¢ onfined) (Confined) Nonleaky Perched Wy
L L
Bt 0 h _L;_h_‘—_ 52 0

. n Y

Leaky Perched

%lg(h,)‘,wz= w(x)

Leaky (linear) X h
VessiiiiaiiiziaiTs .
—IBz(h) & Leaky Semi-perched Inh ‘Q’
I Y B T T T LT T T 17 | T:k\\.
— (hy=hg) e
B; P .

BOUNDARY CONDITIONS

L UNLINED CHANNEL IV INTERFACES BETWEEN AQUIFERS
(a) Steady level H He IN SERIES
A
h(o,y,2) = H &_ " A
H ¢ e — K, "%—XI(U)=K2_S—‘X_Z(G)

(b) Unsteady level

H
J’&« {a) Continuous levels at a .
h(o,y,2,t) = H; I h T
TITTTTTTTITTIT Homogeneous (K,=K,) e S
!
IL LINED CHANNEL Nonhomogeneous (K #K,) S S——
o] a
(a) Impermeable h h, (@)= hs(a)
oh
ox -0 by
(b) Leaky interface at a . -
(b) Prescribed Flux | R hy
as "5‘;(0,}/) :577777777777777‘ I/III///IIII////Ir :
(c) Linear Lateral Leakage Hy! K, B:. = (Ky/mg) (b =hg) g

Ky, / M~__h

I INITIAL CONDITIONS

II FINITE RESERVOIR

' HRhLR_a- h (a) Upper aquifer (I) h, (x,0)
(a) Unlined initial [T
h, (x,t
he Hg, 10 Current __.Q_L‘)_\\
OI// L7 TT T ..
O e (x,0)
(b) Lower aquifer (L) Initial el
{b) Leaky lining Hp——=LR = Current | hp(x,1)

_a_h= %(Hth) lh\ ///////-/A"/l;“/h;;

ox |
O rrrrrrryrrrrrrrr

o—= X

APPENDIX C. BOUNDARY AND CONFINEMENT GONDITIONS



TYPE OF FLOW

CLASS LINEAR PLANAR »
(Section) (Plan view) 3-DIMENSIONAL
h y 7
h(X,r) 1‘ ,h(X,y,’r) h(X)yIZJT)
Infinite lo X v
11/6 7 7 X
X
Y z
h h(X t h(X,y,Z,f)
Semi" T * ) Ito h(X’y’f) X y
infinite
(¢] —X X
Yy z
hix,y,z,t)
Infinite h(y, ) oy
Quadrant y
O Jrrrrrm 7777777777
0 —x X
Infinite Closed Prism
h
Infinite m-Dtot) | p hixy,) ,
Closed J l X T
Strip ,l!I;IXIIIHIL E !
(Leaky) X
’ Infinite Half Prism
Infinite hi hix,1) YA 4h(x,y,t)
gl ]
Strip u
Q ——X O\ix u
Infinite Prism
hi_h(xt) o \h(x,y,f)\
Infinite L « z
Strip T
TR .
‘xx i
)A/b Rectangular Parallelopiped
h(x,y,f)l, o
Rectangle \

Note: This class can be
used to represent
two-dimensional flow
in vertical section.

APPENDIX D. GEOMETRIC CLASSES OF AGQUIFER SYSTEMS
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