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ABSTRACT \

A conéeptual hydrogeologic model of the Palo Dulo Basin, Texas Panhandle, subdivides
the basin into three hydrogeologic units: ti‘xe shallow Ogallala and Dockum aquifers, the
Permian evaporite aquitard, and the deep confined, underpressured Permian and Pennsylvanian
brine aquifer. The first permeable units beneath the thick Permian evaporite section are
‘Wolfcamp strata composed of carbonates, shales, and arkosic sand and gravels (granite wasn)
with average effective permeability values of 8.9, 0.0001, and 8.6 md, respectively. Groﬁnd

waters in the Wolfcamp aquifer flow to the northeast toward the semi-impermeable, granitic

Amarillo Uplift. This anomalous hydrologic condition (flow toward a low-transmissivity barrier) .

may result from the presence of highly permeable granite-wash deposits that flank the uplift '

and function as "hydrologic sinks."

A two-dimensional, vertical-averaging finite-element model, incorporating the different
lithologies and their different permeabilities as well as leakage through the overlying evaporite
aquitard, has been used to 'simulate the observed potentiometric surface of the Wolfcamp
aquifer. The conditions that best simulate the observed Wolfcamp pdtentiometric surface are a
combination‘ of specified head and no-flow conditions along the uplift, permeability values
greater than 260 md for the granite-wash deposits that flank the uplift (in contrast to the

average value of 8.6 md), and an increased permeability value of 50 md for the highly porous

carbonate zone. The best estimate of the vertical permeability of the evaporite aquitard is’

0.00008 rﬁd.

Treating the whole deep-brine aquifer as a single permeable unit beneath the evaporite
aquitard, ground-water flow is to the northeast toward the uplift with a slightly larger west-to-
east component than that found when éonsidering only flow m Wolfcamp strata. The conditions
that best simulate the averaged potentiometritisurface are‘those from the best simulation of
Wolfcamp strata, with, mcreased!.permeabmty values of 260 md for the Pennsylvaruan granite-

o TR l}\. 5 kZ tne

wash close to the uphft and 250 md for the mgn—porosrty Pennsylvaman car‘bonage@.




GENERAL GEOLOGIC AND HYDROGEOLOGIC SETTINGS

The Palo Duro Basin is a Paleozoic depositional subbasin of the larger Permian Basin of
southwest Texas and southeastern New Mexico. The bagin is bounded on the north by the
Amarillo Uplift and Bravo Dome, on the south by the Matador Arch, and on the west by the
Tucumcari Basin and the Sierra Grande Uplift and on the east by the Hardeman Basin (fig. 1)
The transition between the Palo Duro and the Tucumcari and the Hardeman is poorly defined.
The detailed stratigraphy and depbsitional systems of.the basin have been discussed in several
research reports (Gustavson and others, 1981; Handford, 1980; Dutton and others, 1982). A
simplified stratigraphic column consisting of different hydrogeologic elements and hydrogeo-

logic units is defined for the study of regional ground-water movement and mass transport in

the present work.
Major Hydrogeologic Units

Table | summarizes the stratigraphic and hydrogeologic divisions of the Palo Duro Basin.
The hydrogeologic elements were designated according to| their relative water-conducting or
water-retarding charactef. The hydrogeologic units are ;composed of one or more of the
hydrogeologic elements, and represent assemblages of vertically contiguous strata that have
different primary . lithologies, but have the same general hydraulic properties (Bassett and
Bentley, 1983). Some of tne 'hydrogeologic elements are composed of a sequence of relatively
high and low permeability lithologies, reflecting the heﬁerogeneity and compiexity of the '
system. Nevertheless, there are three major hydrogeologic units overlying the impermeable
crystalline basement: the Deep-Basin Brine Aquifer; the Permian evaporite aquitard; and the

- shallow Ogallala-Dockum Aquifer.

Deep-Basin Brine Aquifer - 1
The Deep-Basin Brine Aquifer is composed of the pr%-?ennsylvanian, Pennsylvanian, and

Wolfcampian (Lower Permian) strata extending from the top of the Precambrian crystalline



rock up to the top of the Wolfcampian dolomite. The aquifeti* is generally composed of shelf and
shelf-margin carbonates and fluvial-deltaic arkosic/nonarl%osic sandstones interbedded with
basinal shale (mudstone).

The pre-Pennsylvanian strata contain three depositional unitsg a basal clastic unit; a
Lower QOrdovician, predominantly dolomitic unit; and a relatively thick sequence of Mississip-
pian carbonates (predominantly limestones). These units are not"continuous, but occur in
various combinations throughout the basin (Dutton and others, 1982). The crystalline basement
deepens toward the southern center of the basin with the deepest part occurring just north of
the Matador Arch in Floyd and Motley Counties (fig. 2). The same trend is observed for the
structure contours of the top of the Mississippiah system (fig. 3), but with a smaller slope,
indicating that the p-re-Pennsylvanian strata thicken toward ?loyd and Motley Counties. Th;e
thicvkest pre-Pennsylvanian sequence is, however, encountered in the faulted, northeastern part
of the basin. ‘The thickness of.the pre-Pennsylvanian strata can be determined from the
structure contour maps of figures 2 and 3.

The Pennsylvanian and Wolfcampian strata are the most laterally and vertically extensive
elements of the Deep-Basin Brine Aquifer with four genetic stratigraphic units of (1) .shelf and
shelf-margin carbonates, (2) fan-deita, coarse arkosic deposits (granite wash), (3) deltaic-

nonarkosic sandstones, and (4) basinal shale. The depositional patterns and total thickness of

the Pennsylvanian strata were strongly influenced by regional subsidence which was actively

shaping the basin geometry. The northwest-trending area of thickest Pennsylvanian strata
occurs in the basin center and thins onto the bounding Precambrian basement highlands and
western edge of the basin (fig. 4). Thick, coarse-grained clastics were deposited adjacent to the

sources, the Amarillo Uplift to the north and east, and the ESravo Dome to the northwest, and

prograded away from the source area forming the "granite-wash" deposits (fig. 5). Deltaic-

nonarkosic sandstones in the southeastern Palo Duro Basin\ extend westward into the basin

(fig. 6), probably originating in the Wichita Mountains in Oklahoma (Dutton and others, 1982).

Basinward from these peripheral terrigenous clastics are interbedded shelf carbonates which



grade basinward into thicker, more vertically persistent, shelf-margin carbonate buildups. The
interbedded shelf carbonates in the lower Pennsylvanian strata are relatively thin (ig.7),
whereas thick, well-defined shelf-margin carbonates are| common in the upper Pénnsylvam’an
strata (fig. 8). High-porosity trends in the Pennsylvanian carbonates follow the shelf margins

(fig. 9) and excellent correlation exists between high-porosity zones and dolomite occurrence

(Dutton and others, 1982).

There is no major lithic change from the Pennsylvanian rocks to the Wolfcampian rocks;
therefore, it is difficult to place the system boundary. The operational marker for the boundary
Is a thin, widespread limestone unit which was deposited near the end of the Pennsylvanian.
Where the limestone was not deposited, the boundary is conventionally placed at the top of a
widespread shale (Dutton and others, 1982). A typical cross section in figure [0 illustrates
thick, widespread sequences of fline-grained sediments of silty shales and dark micritic
limestones which filled the deeper portions of the basin during late Pennsyl;/anian and early
Wolfcampian time. Depositional environments during the Wolfcampian are the same as those
existing in the Pennsylvanian, although the basin was transforming from a relatively deep basin
to a restricted carbonate platform. Wolfcampian strata thin onto and over the Precambrian
basement uplifts with the thickest parts trending nortnh-northwest (fig. 11). Granite-wash
deposition was confined primarily to the flanks of the uplifts due to reduction in the supply of
clastic sediment during the Wolfcamp. Some deltaic-nonarkosic sandstones extend westward
into the basin through the southeastern boundary in similar patterns as those of the
Penns.ylvanian system (fig. 12). The thickness of Wolfcamp carbonate varies from 120 to 580 m
(400 to 1,900 ft), with the thickest part lying approximateiy along the shelf margins (figs. L1l
an;'l 13). High-porosity trends in the Wolfcamp carbonates also follow the shelf rﬁargins (fig. 14)

-

and correlate with zones of dolomitization. CAUTIAN




Permian Evaporite Aquitard

The term, "Permian Evaporite Aquitard," in this study refers to the relatively low-

permeability, Permian evaporite-bearing strata extending from the top of the Wolfcampian

strata (fig. [5) to the top of the Alibates Formation (fig. 16). Ground-surface elevation (fig. 17)

was used as an approximation of th¢ strata's upper boundary east of the Caprock Escarpment
where the Alibates does not exist. The Permian evaporite-bearing strata consist almost
entirely of four major lithofacies: halite, anhydrite, dolomite, and fine-grained siliciclastic red
beds (Handford, 1980). A core study of the Permian section in the DOE-Gruy Federal No. |
Grabbe test well in Swisher County (fig. 18) indicates that the section consists of 58 percent
salt and anhydrite, 32 percent red beds, and 10 percent dolomite. Another rough estimation
from the sample log-of Ca;stro County No. | well shows a combination of 67 percent salt and
anhydrite, 30 percenf red beds, and 3 percent dolomite (A. Dutton, personal communication,
1983). Total thickness of the evaporite aquitard estimated from figures 15 and 16 varies from
650 to 1,550 m (2,100 to 5,100 ft), and the aquitard thickens toward the southwestern part of

the basin.

Ogallala-Dockum Agquifer

Overlying the Permian evaporite aquitard in the central and western parts of the Palo
Duro Basin are the fluvial, deltaic, and lacustrine deposits of the Triassic Dockum Group and
the alluvial deposits of the Tertiary Ogallala Formation. The Dockum Group is composed
dominantly of terrigenous clastic red beds, mudstones, siltstfbnes., sandstones, conglomerates,
and minor facies of dolomite and chert (McGowen and others, 1979). The Ogallala Formation is
made up of large alluvial fans of sand, gravel, and clay resulting from the eastward fluvial
transport of eroded clastics from the Rocky Mountains (Seni, 1980). In contrast to the Dockum
| sahds'.tones,'wfi"ich have low spéciﬁc capacities and produce waters that r“ar.xgé wide.l\,./. in sahmty,
the Ogallala aquifer has supplied most of the water used in|the High Plains for agricultural,

industrial, and domestic purposes. In the Palo Duro Basin, the aquifer is about 120 m (400 ft)




thick along a northwest-southeast trend and thins in the southwest direction to about 30m

(100 ft) and in the east and northeast directions to zero (Seni, 1980, fig. 5). The percentage of

sand and gravel decreases from 70 percent to 20 percent in the same patterns as those of the

aquifer's thickness (Seni, 1980, fig. 10).

A Conceptual Ground-Water Flow Model

Figure ‘19 depicts the conceptualized regional ground-water flow patterns. in the Texas
Panhandle (after Bassett and Bentley, 1983). The flow system is characterized by the geometry
of the region, its hydraulic conditions, the relative average permeabilities of major hydro-
geologié units, and the permeability distribution within each major hydrogeologic unit. The
preliminary values of the relative average permeabilities given in figure [9 are intended only
for illustrating their effects on the conceptual flow patterns. The distribution of the actual
permeability values is far more complicated in the real system. The flow regime is bounded
vertically by the land surface with a water table that essentially follows the topography, and by
the basement aquiclude. The flow system is assumed to be currently under steady-state
conditions. |

The low-permeability evaporite aquitard separates the flow regime into two distinctly
different flow sysfems: the upper unconfined aquifer (d‘)gallala-Docku‘m) and the Deep-Basin

Brine Aquifer. Considering the ratio of average thickness to average areal extent of the

aquifer in the Palo Duro Basin, which is about | to 400 for the upper unconfined and | to 190 for

the deep brine, both aquifers can be treated as extensive ones in which losses of head due to the
vertical velocity components may bé neglected. Thus, flow in both systems is essentially
horizontal. The results of pressure-depth analysis of thg deep-basin fluids indicates vertical
uniformity of heads (Bentley, 1981; E. Orr, personal coi}nmunication, 1982), suggesting that:
(1) the whole deep-brine aquifer is interconnected, proBably by depositional thinning of the
shale aquitards that are interbedded with the carbonates and sandstones and/or by faults and

fractures and (2) the assumption of predominantly horizontal flow in the aquifer is valid. The
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same pressure-depth results also indicate that the deep-brine aquifer is underpressured in most

parts of the-basin, especially beneath the High Plains, and that it is artesian. In other words,

the piezometric heads in the deep basin are below the land surface, but are well above the top
of the deep-basin aquifer and are within the salt section.

Recharge to the deep aquifer probably takes place in the updip areas to the west in New
Mexico where the aquifer crops out (fig. 19) aﬁd along the upper boundary where vertical
leakage from the upper aquifer moves through the evaporite aquitard. The amount of local
recharge from leakage depends on the potentiometric-head difference between the upper and
the deep-brine aquifers and the thickness and vertical permeability of the evapdrite aquitérd.
Although average vertical-permeability of the evaporite section may be very small, vertical
leakage across the .aquitard may be significant due to the large contact area b;etween
formations. Locating areas where leakage is relatively high is also difficult because of the low
density and unreliability of data.

Flow in the Ogallala-Dockum Aquifer is essentially horizontal and the flow system Iis
effectively separated from the deep-brine system. Although flow patterns in the aquifer are not
the subject of this study, long-term, equilibrium, potentiometric head contours of the aquifer
are necessary for the evaluation of flow patterns in the deep aquifer because the upper aquifer
is a factor controlling the vertical leakage across the evaporite aquitard. The Ogallala and
Dockum Formations may not constitute a unified and interconnected aquifer, but may represent
two separate aquifers. Available data are not sufficient to separate the two formations into
two separate aquifers. A conservative approach is maintained by assuming the potentiometric
surface of the Ogallala is representative for both formations.

The Wolfcamp is the first permeable strata beneath the proposed repository site and is a
possible pathway for contaminant transport J;rorp thq vepcDSLtory to the biosphere. The whole

Deep-Basin Brine Aquxfer can also be treated as a major

Additional



pathways may exist in continuously permeable dolomites (e.g., San Andres dolomites, Dutton, in

press) in the evaporite section,

HYDROGEOLOGIC PROPERTIES OF THE FLOW SYSTEM

Fluid Properties

Procedures for computing salinity values of thé deep-basin fluids from geophysical logs
and from chemical analyses of fluid samples were described in Bassett and Bentley (1983). The
average salinity in terms of total dissol?ed solids (TDS) of brines in the Wolfcamp—éarbonate
section of the .Palo Duro Basin is lBOI,O‘OO mg/L, determined from [10 data points (Bassett and
Bentley, 1983, fig. 10). Similarly, the average salinity of brines in the deep-basin granite wash '
of the Palo Duro Basin was estimated, from 87 data poiﬁts, to be 123,000 mg/L (Bassett and
Bentley, 1983, fig. 11). In this study, an average salinity value of 127,000 mg/L was used for
the deep-basin brines. Using the average geothermal gradient of O.6°C/leO ft for the region,
the average temperatures of brines in the Wolfcamp carbonates and in the granite wash were
computed to be 41°C (l05°F) and 52°C (125°F), respectively. It is expected that a small
temperature gradient will have a negligible effect on regional ground-water flow patterns and,
therefore, an average temperature of 46°C (115°F) was used to represent the fluid temperature.
Using these average fluid properties (salinity and temperature) to convert un;ts of permeability

to hydraulic conductivity for the flow system. | md equals 0.001 15 m/day.
Permeability and Hydraulic Conductivity

In order to do numerical simulations of ground-water flow patterns and calculate travel
times in the deep brine aquifer of the Palo Duro Basin, knowledge of the permeability of the
various hydrogeologic units is necessary. It is also necgssary to recognize that when two-

dimensional flow takes place in a stationary and isotropic %edium under a uniform gradient, the
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effective permeability of the medium is given by the geometric mean of permeability values at

data points (Neuman, 1982). For problems of two-dimensional areal flow, each horizontally

distributed point quantity must represent the vertically averaged permeability of the aquifer at
that point which can be determined, for example, from purﬂi]ping test data. The geometric mean
of these point quantities is then used as an effective permeability value for the aquifer. The
following is a discussion about the availability of permeability data for the dee’p—basin aquifer
system and thé use of 'the data in the numerical simuiations.

Permeability data are available for Wolfcamp carbonates, Pennsylvanian carbonates,
granite wash, and pre-Pennsylvanian rocks (Table 2). Much of the permeability data is from
petroleum exploration testing in basins adljacent to the Palo Duro Basin and is included in the
data base. Permeability data for Wolfcamp carbonates are available from 25 DSTs (drill-stem
tests), described by Bassett and Bentley (1983), from six pumping tests and 70 core sample
tests. The six pumping tests are muitiple tests of a single Wolfcamp interval in the DOE-Stone
and Webster No. | Sawyer test well in Donley County, Texas. The 70 core sample permeability
values are from oil fields in the Anadarko, Midland, and Dalhart Basins (Texas Water
Development Board, 1972). Pennsylvanian permeability data are available from 25 DSTs and
118 analyses of core samples. Upper and lower Pennsylvanian samples are not differentiated in
the core data. Granite-wash permeability data are availab!e from 10 DSTs, 10 pumping tests in
a single granite-wash interval in the No. | Sawyer test wegll, and 426 laboratory core analyses.
Of the core sample analyses, 415 are from six wells in the Mobeetie Field in the Ahadarko
Basin. Pre-Pennsylvanian permeability data are very limited and consist of values from 4 DSTs
of the Ellenburger Group, 6 DSTs of Mississippian carbonatgs, | pumping test of the Ellenburger
Group, and 14 pumping tests in a silngle Mississippian caxibonate interval in the No. | Sawyer
test well. From this data base, Smith (1983) summarizhd the permeability values of each
hydrogeologic unit and computed the geometric mean, ari*ithmetic mean, and variance of the
permeability for each type of data. Additional permeability data from five pumping tests in the

Pennsylvanian granite-wash at DOE's SWEC-J. Friemel No} | well indicate a permeability range



of 10 to 400 md with the average of 140 md. Laboratory| tests on a granite-wash core sample

from the same well indicate a permeability range of 97 to 267 md.

It should be noted that none of the above permeability data represent a vertically
averaged permeability of the hydrogeologic unit at a given location which is the desirable nodal
point value in two-dimensional areal flow simulations. Although each permeability value from
pumping tests represents the average fluid-conducting property of a relatively large volume of
the medium compared with that of a core sample, the tested zone of the medium is still a small
portion of the whole section of the hydrogeologic unit. No attempt was made to compute the
vertically averaged permeability at data points where there are more than one permeability
value because of the insufficiency of information and the variety of testing techniques used to
obtain the permeabiiity data. Instead, all the permeability- data for each hydrogeologic unit.
(including those of the neighboring basins) were used in the computation of the unit's geometric
mean and variance.

Table 2 summarizes the effective permeability values and the variances for each
hydrogeologic unit of the Palo Duro Basin. The variances|given in the table are those of DST
permeability data which, for all strata, are the highest; The range of variance from 5.08
to 5.70 for the carbonates seems high compared with the typical range of [.12 to 1.49 from
24,222 core samples of limestone (Bennion and Grifﬁths, 1966). The variance of 7.13 for the
granite wash is also high .compared with the range of .21 to 5.30 from more than 60,000 core
samples of conglomerate and sandstone (Bennion and Gri&fiths, 1966; Law; 1944). The large
values of variance indicate that there is a large natural variation in the permeability of each
hydrogeologic unit and also suggest a lack of sufficient data. The effective-average
permeability value is slightly increased with the inclusion of permeability data from neighboring
basins for the Wolfcamp and Peénnsylvanian carbonates, bbt slightly decreased for the granite
wash. A conservative approach is maintained by using the larger value in each case.

The vertical permeability of 0.00028 md for the e'va} orité aquitard was derived from the

harmonic means of permeabilities of two typical cross sections of the evaporite strata using

1Q



typical or measured values of permeability for each substrata. A typical cross section of the

evaporite strata is illustrated in figure 19. The typical or|measured values of permeability of

the evaporite's substrata are: 0.0001 md for red-bed shale (Davis and DeWiest, 1966), 0.0073 to
0.012 md for salt and anhydrite (Davis and DeWiest, 1966; Peterson and others, 1981), and
0.1 md for dolomite (DST resuits, A. Dutton, personal communication, 1983). Table 2 includes
the typical values of permeability of carbonates, shale, and granite wash taken from the

literature.
Porosity -

There are no direct measurements of porosity available for the deep-brine aquifer of the
Palo VDuro Basin. An indirect method using neutron-density logs was employed to make
quantitative determinations of porosity of the Wolficamp and Pennsylvanian strata (R. Conti,
personal communication, 1983). From two neutron-density logs which penetrate the Pennsyl-
vanian strata at the DOE-No. | Sawyer test well in Donley County and the DOE-No. | Mansfield
test well in Oldham County, porosity values of the Wolfcamp and Pennsylvanian carbonates and
the granite wash were estimated at 50 ft intervals according to the procedure described in
Schlumberger (1979). Results of the analyses are given along with some typical values in
Table 3. Conti (1983, personal communication) has determined the porosity distributions of the

Wolfcampian carbonates using 20 neutron-density logs in the Palo Duro Basin (fig. 20).
HYDRAULIC AND BOUNDARY CONDITIONS
Head Map of the Ogallala-Dockum Aquifer

Potentiometric heads in the Dockum Group indicate hydraulic conditions on the upper
boundary of the underlying evaporite aquitard. Availaﬂ(le head data are insufficient for
constructing a reliable potentiometric head map of the Dockum unit. Published information on

the characteristics of the Ogallala Formation is readily avdilable. Using these data, combined

Il



with Dockum head data, Bassett, Bentley, and Simpkins (1981) constructed a head map of the

unconfined Upper Aquifer that overlies the evaporite aquitard in the Palo Duro Basin (fig. 21).

Head Map .of the Deep-Basin Brine Aquifer

The whole deep-brine aquifer can be treated as a single permeable unit beneath‘the salt
section provided that there is adequate vertical communication of flowing fluid between units
comprising the aquifer. Based on the available geologic information and the results of pressure-
Vdepth analysis (which indicate general vertical uniformity of heads in the deep basin), this
simplification seems to be justified for the evaluation of ground-water flow patterns on a
regional scale. Therefore, it can be assumed that heads in the Wolfcamp and the Pennsylvanian
strata are similar anci that regional flow patterns in the deep basin may be characterized by an
average potentiometric head surface.

'Almost all of the head data from the Deep-Basin Brine Aquifer used in this study were
derived from the results of drill-stem tests (DST) conducted in petroleum wildcat wells and
from bottomhole pressures measured in oil fields (data available from the Petroleum Informa-
tion Corporation (PI) commercial file). There are about 1,460 sets of data for the Palo Duro
Basin and the northern part of the Midland Basin, just south of the Matador Arch. Sixty-six
more sets of data with pressure/time charts were obtained directiy from operators in the Palo
Duro Basin in the form of DST technical reports. This type of data, classified as "class H" data,
is considered to be the best since the pressure/time éharts are available for analysis (Mafthews
and Russell, 1967; Bassett and Bentley, 1983). The Petroleum Information Corpofation data are
ranked according to number and quality of shut-in period data. With decreasing reliability, data
are classified as: '"class A" data if there are two shut-in pressures and both agree within
10 percent, "class B" if both shut-in pressures do not agree Qithin 10 percent, and "class C" if
there is only one shut-in pressure. .Note that, in fact, class C group may include soine good data

such as those of class A, although good data could not be diff}erentiated from bad with a single
|

12



shut-in pressure. The higher pressure of the two shut-in pressures was chosen and then

converted to equivalent fresh-water head.

An average head surface for the deep-brine aquifer was constructed by averaging head

values at data points where there are multiple values. By doing this and by choosing not to use
class B and class C data, because of their lesser reliability, the data base of measured heads
' was reduced to 42 class H heads and 305 class A heads.
| -For a better‘un.derstanding of the characteristics Aoi each class of head dafa, class H and
;dass A data were first separately investigated and then merged Class H head data are
7 ”-'_:.':sparsely distributed and are very rare in the middle-north and northeast of the basin (flg 22).
‘The head. contours. indicate a decline of head from west to east );nd from southwest to
' 'hbt;fheast Class A head data are sparsely distributed within the Palo Duro Basin but densely

"packed in the northern parts of the Midland Basm, south of the Matador Arch (fig. 23) An
- average head map constructed from class A data (fig. 24) indicates that: (1) there is a general
trénd of head decline from west to.east ahd-frbm southwest to northeast across the Palo Duro
Basin but with variability of localized zones of- low and hlgh head and (2) there is no well-
defined direction of regional head dechnevsouth of the \Aatador Arch due to the high den51ty and
variability of localized zones of low and hlgh head The zones of low head are probably created
by depressunzatlon of the aquifer from oil and gas productlon especially south of the Matador '
Arch; or they may be due to measurement errors. The zones Of hl"h head could be due to 1°C31
high intensity recharge from the overlying evapo'rit‘é‘aqUitard- Since we are interested in
studying the ground-water flow patterns on a regional scale and the available information is
neither sufficient nor accurate enough for a detailed investigation of the effects of locally hl"h
recharge or depressurization due to oil and gas production, the irregularities of the head
contours are treated as noise in the head data due to small-scale variations of head and
measurement errors.

To obtain a smoother head map, a statistically rnoviné-a\/t’-‘fage technique called "kriging".

was employed to filter out the noises. The programs for the kriging technique employed in this
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‘study .(GAMM and UKRIG) were developed by Knudson and Kim (1978) based on Matheron's

(1963) intrinsic hypothesis that the first order difference (or increment) of observed values of

the phenomenon (the head values in this case) forms a stationary process (has the same
I

‘probability distribution at different locations). In other words, the programs assume a constant

drift of head values over the area from which data are selected to make an estimate. In

- general, ‘the kriging technique provides unbiased estimates of values of a variable at the nodal

pomts of a regular or eregular grid given measured values of the varlable at arbitrary points in

R space. The method dlffers from other spatial mterpolanon and averaging techniques in that it

also provides estimates of the variance of the corresponding errors of eiglmanon.
- The first step in applying the kriging technique is to compute a representative variogram

from a given set of dbserved data (using program GAMM). The variogram provides information

‘about the form of relationship between two observations as a function of the intervening

distance. Different functions can then be used to fit the computed variogram in order to

describe it mathematically. " The kriging program embloyed in this study (UKRIG) uses a

spherical function for describing a variogram which can be defined by parameters: ¢, a, and co,
respectively calléd the sill, the range, and the nugget effect. The reader is referred to Clark

(1979), Da\zid (1977), and Royle and others (1980) for comprehensive discussions of geostatistical

‘theory and mathematical methods. The next step after obtaining a representative variogram is

to specify a block system of either regular or irregular sizes. Kriged estimates c;f the variable
are then computed’for' each block by weighted averaging of the values of the surrounding data
points ‘(Llsing program UKRIG). The weight of each surrounding data point in weighted
averaging depends lon the variogram structure and the location and orientation of the data
relative to the kriged point.

An extensive varlogram study of class A head data ‘resulted in an anomalous representa-
tive variogram. The variogram 1nd1cates, fro-rn its periodic-sine-function shape, that class A
head data belong to a purely random process with highly irregular patterns of data points. This

phenomenon is mainly due to the highly inaccurate and flyctuating head values in the densely-
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padéed groups of data in the northern parts of the Midland Basin which may be due to

depf&ssurization from oil and gas production. Since the highly inaccurate head values are in the
area outside the Palo Duro Basin, they are rejected and onljr those of class A data located above
the 33°49' latitude used in this study.

By combining the best classes of head data, the new data base consists of 118 selected
class A and 42 class H nead values (fig. 25). The representative variogram of these 160 head
;va.:\lvi.x_eé (ﬁé. 26) gives the following inform'ation: ‘(l) The fangse, the distance at which the
.1.-/.'}\’,lax_fvi<'v3gram levels off, is 45,000Vm_, meaning that‘all the hea;i data points within a disﬁance of

' 45,000 m from a givven point are related to the head value at that point and thus are used in the

pel

>
estimate of kriged head at the point. (2) The nugget effect is 2,700 m2, indicating that the

‘- -average standard error of the head data Is about - 52 m which is,relatively high compared to the

" head difference of about 500 m across the basin. (3) The average square difference of the head

values (Gamma) increases from the nugget effect with distance until it levels off at a distance

equal to the range and gamma equal to the sill, that is, head data nearby have similar values,

and data far away are likely to have less similar values. (4) The average square difference of .

the head values begins to increase apvbroximateiy linearly at some distance after it levels off.
This indicates that the mean trend (or drift) of head begins to exert ité influenc;e and that a
regional trend of head distribution 15 expressed in these head values. Note that drift, a lafge-
scale phenomenon, aoes not exert its influence on daté points separated by a distance less than
the range. -

The study area (fig. 25) was divided into a system of regular blocks, 20,000 m on a side.
Based on the 160 selected class A and class H head data and their variogram structure (fig. 25),
head values at the center of each block were computed using program UKRIG (Table A-1 in

Appendix). A head map constructed from these computed head values (fig. 27) clearly shows a

~ decline of head from southwest to northeast across the basin with a slightly larger decline from

east to west along the basin's southern boundary. The kriging program not only provided the .

estimate of head value at a kriged point but also the estimation variance (and hence the
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standard error of estimate) at each point. The estimation variance refers to the variance of the

error between .the true head value and the estimated head value of a block. The standard error

of estimate is the square root of the estimation variance and represents the magnitude of error

associated with an estimated value. A contour map of the standard errors of estimate for the

kriged heads in figure 28 shows that the error is very high in the middle-north and northeast

"areas of the basin where there are almost no data.
Head Map of the Wolfcamp Aquifer

Due fofhe limited amount of Wolfcamp head data in the Palo Duro Basin, Smith (1983)
L used all ‘classes of head data in both the Palo Duro and Anadarko. Basins to construct a
Wo-lfc;.arﬁp head map’.- His data ‘base consisfs of 23‘bclass H i;leads, 71 class.A heads, 19 class B

A heads, and 167 class C heads. His variogrérri aﬁalysis resuited in'a representative variogram-
vhaving a range of 20,000 m; a nugget effect of 5,340 m2 (57,500 £2), and a sill of 9,530 m2
- (102,500 £t2), The Wolfcamp nugget effect '15 larger than the nugget from the averaged heads
variogram of the Deep-Basin Brine Aquifex;, indicaﬁng that the Wolfcamp head data have a
higher standard random error which, in this case, is mainly due to measurement errors. The
Wolfcamp head Enap (fig. 29) is based on kriged estimates of head at the éenter of blocks
20,000 m on a side. The standard error of estimate associated with the kriged head is given in

figure 30Q.
Boundary Conditions

There are generally two types of boundary conditions in any grouﬁd-water flow system:
specified head and specified flow conditions. The eastern and wéstern boundaries of tﬁe Palo
Duro Basin are treated as head boundaries along which values are specified according to the,
relevant head map, that is, from figure 27 for the Deep-Basin Brine Agquifer simulations and

from figure 29 for the Wolfcampian aquifer simulations. The same head maps also indicate that
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the southern boundary along the Matador Arch is a no—f{ow boundary since the equipotential
lines of both aquifer systems are essentially perpendicular to the boundary.

The conditions on the northern boundary along the Amarillo Uplift are more complicated

due to the presence of the basement uplift that was exposed throughout the entire Pennsyl-
vanian and a major part of the Wolfcampian and due to the presence of oil and gas..fields.
- Geologic information \indicates that the eastern section of the northern boundary is a no-flow
‘,bou'rjdary. | This is'supported by'hydrologic .i‘nformation (the ﬁead maps). - The massive block of
the Ama;il_lovUprt apparentiy acts as an impervious barrier,'direcjcing most of the ap‘proaching' :
fh.ud from the Palo Duro Basin eastward along thé downthrown block of the Qplift. There is a

. X . _-r'r
- thin layer of Wolfcampian brown dolomite overlying the uplift (fig. 31; Handford, 1980, fig. 5;

'7:*;':_’,'4 ‘_ Dutton and others, 1982, figs. 12, 22, plate II) that may provide channels for fluid flowing over

i the uplift. However, this fluid conducting unit has a relatively small transmissivity comp_aréd

. “'with those of the adjacent Wolfcamp aquifer and the whole deep-brine aquifer in the Palo Duro

- -"Basin. Based on the average thickness of 60 m (200 ft) and the permeability of Wolfcamp

: _‘ Carbonates, the permeable unit on the uplift has a transmissivity of 0.6 m2/day compared with 5

S to 50 mZ/day for the adjacent Wolfcampian aquifer and 10 to 80 m2/day for the whole deep-

gfine aquifer. ‘Tf‘ierefore, flow in this small transmissivity unit is notrexpected to have any
'sighiﬁcant effect on the regionalbflow field of the Palo Duro Basin. Moreover, tﬁe presence of '

011 an>d gas in the Wolfcampian brown-dolomite unit on the Amarillo Uplift (Pippin, 1968) may

| reduce the effective permeability of water flow and act as another impervious barrier
preventing ground water from flowing over the uplift. The head map of the whole d'eep-brine
aquifer (fig. 27) clearly indicates that the northern boundary along the Amarillo Uplift can be
treated as a no-flow boundary, although the Wolfcamp l;uead map (fig. 29) énd the Brown
Dolomite isopach map (fig. 31) does not obviously reveal a no-flow condition alon‘g the uplift.

~ Further discussion on the boundary conditions is given in the following section.



NUMERICAL SIMULATIONS

General Description of Numerical Modeling

For detailed characterization and evaluation of regional ground-water flow in the deep-
‘brine aquifer, the conceptualized physical flow-system is represented by a steady-state, two-
~dimensional, Vez"cical-averaging~ mathematical model of a confined aquifer with vertical

. léakage. The mathematical model is then numerically solved using the computer program

1-. "TRAVEL." Program TRAVEL is a general purpose program for two-dimensional steady—stéte

' gréund—water' flbw analysis. It can be used to investigate two—dirﬁe’r}sional, profile or are;.l,
" flow and mass transport problems. Program TRAVEL was written basevd on the Galerkin Finite-
- Element technique a1:1d the use of quad‘rat‘ic-quadrilateral el‘éments in dlscre‘tizinvg a flow re.glon.
Béckgro@d-nnatérials, as well a's.some examplves of.applicbation, are available in a report»by
Charbeneau and Street (1978). Full descriptions of the program's use and capabilities, as well as
‘an example of application, are aQailable in the user's guide fér the program (Wi;'ojar_\agud, 1983).
The studiéd flow region of the Palo Duro Basin was discretized into a finite element mesh
of 120 elements with 405 nodes (fig. 32). The X and Y coordinates of the finite element mesh
. héve their origin at 103.7500° longitude and 33.387(° latitude, respectively, the same as that of
- the well-control points rhentioned earlier. The éoordinate of each node point is gi‘ven _in meters
from the origin. A data file called "PALOFL" wés created to numerically represent the
geometry of the flow region, thi_cknesses of the hydrogeologic units, and. some hydraulic
conditions of regional flow within the Palo Duro Basin. As Table A-2 in the Appendix
illustrates, the PALOFL file consists of the following data at each node pbint (all length units
are in meters):
(1)  nodal point number;
(2)  X-coordinate of node point;
(3)  Y-coordinate of node point;

. | -
(4) elevation of top of the crystalline basement in meters from sea level (from fig. 2);
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(5). thickness of pre-Pennsylvanian rock (from figs. 2 and 3);
(6)  thickness of the Pennsylvanian carbonates (from figs. 7 and 8);
(7)  thickness of the Pennsylvanian granite wash (from figs. 5 and 12}
(8) thickness of the Pennsylvanian shale in meters {from fig. 4, (6), and (7))
(3)  thickness of the total Pennsylvanian rock (from fig. 4%
(10)  thickness of the Wolfcamp carbonate (from figs. L1 and 13);
(11 thickneSs of the Woliéamp gi'anité wash (from fig. .1 2%
(12) thickness of the Wolfcamp shale (from fig. 11, (10), and (1 1)}
(13.) ' th:icknéss.o-f the total Wolfcamipian rock (from fig. 11)
(14)  thickness of the total granite wash (from fig. 5} d
__"__'(15._) - thicknéss‘of the evaporite acjuitard (from figs. 15,.16, and 17}%
(16) "pbtentlométric head in .the up;ze'r’ unconfined aquifer (from fig. 21)
e (1‘7)‘ thickness of the high-porosity Wolfcamp carbonates (from fig. 14}
B (18)  thickness of thé high-porosity Pennsylvanian carbonates (from fig. 9);.and
(19) NCODE, an integer identifying zones of granite-wash «coarbsening in the Pennsyl-
vanian strata; it has the value of 2 for nodes in the coarsening zone, | for nodes af _

the boundary of the coarsening zone, and 0 for ordinary nodes.

- In Table A~2, the deép-brine aquifer was divided into three subunits: the Woifcémp, the
Pennsylvanian, and the pre-Pennsylvanian strata. The Wolfcamp and the Pehhsylvanian sﬂtraté
were further subdivided into carbonates, granite washA, and shales. The nonarkosic sandstones in
the southeastern parts of the basin that are interbedded with carbonates were combined with
the carbonates because of the relatively small thickness of these sandstones. The numerical
values of elevation, thicknes§, head, and NCODE for ‘each node point were obtained by
superimposing a work map of the finite element mesh onto th\e relevant work map (or maps) as
indicjate_d_abov_e_..and either. reading the values directly or #omputing them. Combined with

information about the hydrogeologic properties (hydraulic conductivity and porosity) of the flow -
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system, the data in Table A-2 were used in preparing part of the input data file for the two-

dimensional areal flow simulations. |
!

Input data files for numerical simulations were prepjared following the user's guide for

TRAVEL (Wirojanagud, 1983). Although the whole procedure for preparing an input data file
will not be described in this report, the computation of four parameters representing the
hydrogeologic propertles of the flow system wﬂl be briefly dlscussed In an input data file, the
baqulfer 's transmzsswmes in the X and Y d1recnons (TRANSX and TRANSY) must be specified at
» ._;each node, whereas the_vertlcally integrated porosity (PORTH) and the leakage coefﬁcxent

. (COEF) must be specified element by element. In the Wolfcamp aquifer simulation, for

example, the nodal point transmissivity is simply the summation of the products of the

_ hydraulic conductivity and thickness of each Wolfcamp subunit (the carbonate, granite wash,
’and'.shale)v : ‘i'he contribution of the. shale subunit 'to the overall transmissivity value is

" pracnc:aily neghglble due to its very low permeability, but it is included in the computation for

- completeness. Nodal point values of the vertically integrated porosity were computed in the

'_-Same manner and then averaged for each element. The leakage coefficient (defined as the

_ aquitard's hydraulic conductivity divided by its thickness) was computed node by node and then

averaged for element-wise values. The computational procedure for the properties of the whole .

" deep-brine aquifer is similar.

| | ane ph.ysicallylcomplex system has been represented by a numerical model whose behavior
is governed by the boundary conditions and the values of four model-parameters: TRANSX,
- TRANSY, PORTH, and COEF. The reliability of a numerical result is, therefore, direcﬂy
related to the availability and accuracy of the basic information required inbcomputing the
input parameters. Owing to the lac'k of accurate data on the potentiometric head and
permeability.of all of the major hydrogeolo;gc unlxtfs ‘m the Palo Duro Basin, no smcle numerical
simulation result presented in this report is mtended to represent the actual regional flow

patterns. Instead each 51mu1anon result should be vxewed a a<posszbl€‘f repregsentation of the

'.(17’~ S Trolimiae s B "r\ ((u;‘)

actual flow system and results from the so- called "best mo el" repfeser\f the most probable

ferraaten sand they




flow patterns. Numerical simulation is undertaken in an effort to better characterize the deep-

basin ground-water flow system based on the available information and to evaluate changes in

the flow patterns in response to any expected variations in the flow parameters and boundary

conditions.
The Wolicamp Aquifer

Regional ground-water flow patterns in the Wolfcamp aquifer are of concern because the
Wolfcamp is the first permeable unit beneath the.prbposed repository level in the salt section.

Major contributors to the transmissivity of the Wolfcamp aquifer are}he carbonates and the

- granite wash. They would be the major pathways for any contaminant transport in the up_pér
. part of the deep—briné aquifer. The low permeability shale functions as an aquifard, underlyihg.

“ ‘and interbedding with the carbonate aquifer.

»- ‘ Table & summarizes numerical simulations of the Wolfcamp aquifer. The specified head

values along the eastern and western boundaries were set according to the Wolfcamp head map

(fig. 29). The head value declines from 860 m (2,820 ft) in the south to 550 m (1,800 ft) in the
~north along ‘the western boundary, and from 480 m (1,575 ft) to 380 m (1,250 ft) along the
eastern boundary; The southern boundary along the Matador Arch is a no-flow boundary. The

head map also indicates that the northern boundary along the uplift in Oldham and Potter

Counties is a no-flow boundary, but this cannot be cle"afly seen along the eastern part of fhe
boundary in Carson, Gray, Donley, and Collingsworth C.'ounties, probably aue to the lack of head-
data in these areas. Owing to the physical complékity imposed by the uplift and lack of head
data along the northern boundary, two configurations of boundary conditions have been modeled

(see figs. 34 and 35).

Simulation A-1 . .

In Simulation A-1, the known valués of permeability and porosity from Table 2 were used

as input parameters for the numerical model (fig. 33) with ihe boundary conditions as shown in.
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figure 34, The ‘resulting Wolfcamp transmissivity is Fairly uniform throughout the basin
(fig. 33). However, contours of computed head from |the simulation results (ﬁg'. 34) are
Corﬁpletely different in patterns from the contours of ;easured Wolfcamp head (fig. 29 and
figure 4.18 in Stone & Webster, 1983) indicating that the specified model parameters do not
satisfactorily represent-the actual physical flow system. Therefore, the transmissivity values,
the permeabiﬁty of the eyapori_t_e aquitard, and the boundary conditions are modified in ‘the

subsequent simulations, based on’ geologic and hydrologic information, so that the simulated

‘head surface is as much in agreement as possible with the measured-head surface.

. Simulation A-2 ‘ . ' rd

-The model parameters for Simulation A-2 were the same as those of Slmulatlon A-1

: w:except that the boundary conditions along the uplift were ‘modified (fig. 35). The contours of
V 'computed head (fig. 35) are still not in good agreement with those of measured head. It should
- be noted that a more restricted model was tried with specified values of head throughout the

- northern boundary along the uplift, but that mode! was also unable to satisfactorily simulate the

measured Wolfcamp head surface.

Sll;nulation A-3

Simulatlon.A 3 mvestxgated the effects of varying the transm1551v1ty d15tr1but10n of the
acjuifer. It is reasonable to expect that there are zones of high transmLstlty in the
northeastern part of the basin because the Wolfcamp head map indicates that there is regional
ground-water flow toward that direction. High transmissivity zones may be related to the
Wolfcamp granite wash that was primarily deposited in the northeastern part of the basin
(fig. 12). The relatively thin granite-wash deposit with an expected high permeability may
function as a high transmissivity zone (or sink) at the northeastern corner of the basin (fig. 36),
pulling the “gfouha' i»i/arter toward that direction. ;I;he gréni!ﬁe-wash permeability was gradually
increased to 260 md in Simulation A-3. Contours of coﬁputed head from Simulation A-3

(fig. 37) are similar to the contours of measured head except in the northwestern parts of the
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basin where they indicate some flow toward the no&th and northwest directions. These

unexpected flow directions may be caused by the speciﬁe}:l no-flow condition along the northern

boundary or by ‘thé high vertical leakage specified for #he evaporite aquitard, which allows a

large amount of leakage into the Wolicamp aquifer, resulting in ground-water flow out of the

basin through its western béundary.

Based on the results of Simulations A-1, A-2, and A-3, it can be concluded that zones of

high ffansmissivity must exist in the northeastern parts of the basin for the model to reasonably

sirh_tﬂéte'the measured Wolfcamp head map.

Simulations B and C 7

The effects of. leakage on the simulation results were investigated in Simulation B by,

. assuming a no-leakage - condition (perméability ‘of the evaporite adultérd equals zero). An
- .'_;u;n’provement in the simulated head contours (fig. 38) indicates that the spéciﬁed value of
o 0.00028 md for the vertical permeability of the evaporite aquitard in previous simulations was
~too high. The contours of computed head in figure 38 are generally in good agreemént with the
'lWolfcamp head maps (fig.-29 and fig. 4.18, Stone & Webster, 1983), although they are smoother
.:a?nd' more north-south. Increasing the permeability of the eVaporite aquitard to 0.0000& md in

" Simulation C slightly improves the head distribution -(fig. 39) such that it shows a more

southwest to northeast flow direction than the results of Simulation B. The change of flow
patterns from their original southwest-northeast direction to west-east direction along the
northern boundary shows the effect of the no—fiow condition imposed on that boundary. ‘:Vhile a’
no-flow condition may be justified in the eastern part of the northern boundary where the uplift
was almost completely exposed throughout Wolfcampian time, it may be an unrealistic
restriction in the western part of the boundary where the brown dolomite over the uplift is up
to 100 m (350 ft) thick (fig. 31). -This unreal.istic-no-flow a%surnpti‘on may also be the reason for
\

the east-to-west flow direction in the northwest part of the basin (fig. 40), an unacceptable

condition according to the measured Wolfcamp Head maps.| The streamlines and travel times in



figure 40 were computed assuming a number of starting points along the western boundary. The

spaces between streamlines do not constitute flow tubes as in a flow net and, therefore, there is

not equal flow between streamlines. The travel-time interval between marks along streamlines

is 400,000 years.

Simulation D-1

~ The numerical model was further refined in Sirﬁulation D-1 by imposing é. specified head
7_"cc;nd_ition along'tne western part of the: northern boundary,keeping all the other boundary
co.nditioﬁs the same (fig. 41). This, in effecf, allows a possibility of flow over the _-uplif.t. The
resulting head distribution and streamlines (figs. 41 and 42) illustrate a.rs’;lgmﬁcant improvement
~ of the ﬂow patter’ns. in thé hortnwest‘ern part of the basin with the head contours being more
similar to the measured head maps thaf; the previous simulation résults. The streamlines are
' essenﬁv.ally parallel to the.uplift along the western part of the northern boundary in Oldham
, _Cbunty but show some components of flow across the boundary (over the uplift) in Potter and
Carson Counties where the overlying brown dolomite thickens to about 240 m (fig. 31). It
should be noted that the northern boundary of the numerical model is on the downthrown
(soutnern) side of the uplift. Therefore, the model does not recogniize any physical configura—
fions on th'e‘upﬂft, such as the existence of brown dolomite, although the existence of the upl_lft
itself is recognized by the model in Carson, Gray, and Wheeier Counties through the assumption
of the no-flow condition. ‘fhe occurrence of larger flow jcomponents across the northern
boundary througn the zone of thick brown dolomite is considered to reflect a reasonable

representation of the physical system by the model parameters and boundary conditions.

Simulation D-2

The model was refined.in'Simulation D-2 by using the a ‘eraged porosity distribution of the
' Wdl'f'cgrrip' (fig. 20), keeping all the other parameters the same as those of Simulation D-1. As
such, only the travel times differ from the results of Simulation D-1 (fig. 43). Owing to the
smaller average Wolfcamp porosity from figure. 20 (0.064) compared to the porosity values used
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in Slmulétion D-1, the travel times in figure 43 are less than those in figure 42. The time it
takes for ground water to flush through the modeled section of the basin within the Wolfcamp
aquifer is computed to be about (.t to 1.8 million years (fig.|43). Travel times across the entire
Palo Duro Basin (biosphere to bio (L15°F) was used to repg’esent the fluid temperaturle unit

beneath the salsphere) are larger.

Simulation E

” Simulation E is another alternative for refining the numerical model gsing a qualit_a.tive'
».i‘sbpach ma‘p' of 'hi'ghl.y‘ porous carbonate in thér"%"olfcamp baqui.f.er (ﬁ‘g. 14). 'Porbsity- and
permeability values of the highly porous carbonates were increased to 0710 and 50 md from the
averag‘éA values of 0.08 and.8.9imd, t"éspectivelvy.i The fesulting transmissivity'distri..butionv
. (fig. 44) shows a significant increase in fransmiséivity.élong the shelf margins and a blow trans-
’mlssivitny zone trending from south to northwest across the basin cénter. The‘boundary
- conditions in Simulation E are the same as those imposed in Simulations D-1 and D-2‘.V As
expected,'the contours of computed head (fig. 45) iﬁdicate a high hydraulic gradie’rit along the
low-transmissivity zone, a phenomenon that can also be observed from the measured head map
' (ﬁg.-29). The total travel time for ground-water to flow across the modeled section of the-.‘
basin varies from 1.2 to 2.0 million 'years (tig. 46), w‘hich is the same range as.the pre\}iéus
estimate from Simulation D-2. Total discharges through the western part‘of the ncsfthern :

boundary and the eastern boundary are about 280,000 and -400,000 m3/year, respectively.

~ Leakage Across the Evaporite Aquitard

Using the results of Simulation E as the best representation of the flow system, the
potential for leakége across the evaporite aquitard was computed at each point by taking the
difference between the head in the unconfined Upﬁer Aquifenl' (fig. 21) and the computed Woli-
camp head (fig. 45). The potential for leakage was then con&oured (fig. 47) -. Contours of tﬁle-
leakage gradient (fig. 49), obtained by dividing each head| difference by the corresponding

thickness of the évaporite aquitard (fig. 48), indicate that the| gradient for downward leakage is
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high along the northern boundary of the basin and beL.omes smaller toward the south and
southeast directions. The negative gradient in the southeéi;sterﬁ part of Cottle County indicates
the potential for upward flow from the Wolfcamp aquifer to the ground surface. Note that the
results in figures 47 and 49 are based on the computed Wolfcamp head from Simulation E which
assumed a permeability value of 0.00008 md for the evaporite aquitard. Local variations in the

amount of léakage depend directly on the heterogeneity of the aquitard's pefmeability which

needs to be further investigated on a local scale. The amount of leakage th;ough the evaporite

o aqulta.fd was estimated for each element (Table 5).basexdi on the numerical results (fig; 49 and an

‘average value of 0.00008 md for the aquitard's permeability) using a nurrierical—integration

scheme. The total amount of leakage is estimated to be 359,000 m3/year, about 52 percent of

the total discharge from the Wolfcamp aquifer of the Palo Duro Basin. -

The Deep-Basin Brine Aquifer

Because of the differences in the potentiometric surfaces and geologic conditions between

‘the Wolfcamp and the deeper strata (Stone and Webster, 1983; Dutton and otners, 1982), flow

patterns in the deeper strata may be different from those of the quicamp aquifér. The limited
information available, however, does nét allow a three-dimensional study of flow in the deep-
brine aquifers with reasonable accuracy. A more appropriate approach is to treat the deep-
brine aquifers as a singlAe permeable unit with perfect crésS—_formational comfnunication. All
model parameters representing the aquifer properties, as well as the head value at a given

point, are the vertically-averaged values throughout the deep basiﬁ. This approach is adequate
for the study of averaged flow-patterns and averaged flow-velocities of tﬁe deep brines as well
as; the total amounts and rates of basin .discharge, especially when there are only limited
amounts of information available for the flow system.

The numerical model of the whole deep-brine aquifer is similar to the model of the Wolf-

camp aquifer. In fact, some studied results of the Wolfcamp model can be directly useful for
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deep-brine aquifer simulations, such as the most probable values of the leakage coefficient and

the permeability of Wolfcamp granite-wash, and the proper types of boundary conditions.

Simulation-A
Table 6 summarizes the deep—btine aquifer simulations. ‘In Simulation A, the known values
of permeablhty and por051ty from Tables 2 and 3 were used, except that the permeability values
of 260 md and 000008 md were specxfled for the Wolfcamp granite wash and evaponte'
aqmtard respectwely, based on the best Wolfcamp model . The boundary condmons and. head
E values were spec:lfled accordmg to figures 51 and 27 respectlvely The head value dechnes'
- from 900 m (2,950 ft) in the south to 620 m (2,030 £t) in the north alor{g th_e western boundary
_A'and‘ f'rpm 480 m (1,575 ft) to. 370 m (1,210  ft) along 'the_eastetn boundary. . The model
transrhiséivitiee for this simulation are asrgiven in figure 50. The contdurs. of computed head
. (fig. 51)~and streamlines (fig. 52) indicate the ekpected southwest to nottheaat ﬂow direction

but with a slightly larger west-to-east flow component than the Wolfcampian flow mainly due

to the more west-to-east trend of heads spec1f1ed along the western boundary (see figs. 27 and

29). Flow in the northwestern' part of the study area is para.llei to the uplift in Oldham and
Potter Counties and dlscharcres through the northern boundary in eastern Potter and Carson
Counties (fig. 52). The comc1dence of*the dxscharce boundary with the zone of thick brown

dolomxte over the uphft indicates proper funcnomng of the model parameters.

Simulation B

Altnough the simulated head,contoura m figure 51 generally have similar patterns to those
of the measured neads (fig. 27), the 450 m contour extends further to the east than expected
Increasmg transmissivity values in the northeastern part of he study area will ad]ust the 450 m
contqgr' line further to the west, The permeablhty of the Pe nsylvaman granite wash in certain
areas close to the uplift (fig. 53) was, therefore, increased m‘ Simulation B to 260 md to account
for a possible granite-wash coarsening toward the source and/or high permeability in th‘e fault.

zone that flanks the uplift. (In Simulation A, only the permeability of the Wolfcamp granite
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wash -was increased to 260 md.) This, in effect, creates a high transmissivity zone extending
along the uplift (fig. 54) and the simulation results are s"ghtly improved compared to the

previous ones (figs. 55 and 36).

Simulation C

Fmally, permeabilities of the more porous Wolfcamp and Pennsylvaman carbonates '
o (flgs. 14 and 9) were 1ncreased to 50 md in Slmulanon C The resultmg transmlsswn:y contours
- are as glven in flgure 57 and the 51mulanon results in flgures 58 and 59 glve an estimate of
idlscnarges of 60,000 and 1020 000 m3/year across the northern and the eastern boundarxes,:"
'respecnvely The apprommate travel time across the basin is in the range of 1.2 to 2.2 million

years, which is in the same range as that of the Wolfcamp aquifer.
HYDROGEOLOGIC IMPLICATIONS

- Ground water in.the Wolfcamp aq"uifer flows mainly from southwest to .northeast a'cross:; s
the basin and discharges through the eastern boundary and part of the northern boundary (in
Pbtter and Carson Counties) where the Wolfcamp brown dolomite overlying the Amarillo Upﬁf.t" 1
15 't.rmni.ck:and acts aé a conduit for fluid flow over the uplift. For the given boundary condmons, |
-tms flow dlrecnon can be maintained only when there is a hlgh ‘transmissivity. zone in the
norfneastern bar_t of the basin that functions as a sink and "pulls" the ground water toward the
uplift. The expected high transmissivity zone can be related to the existence ofjne Wolfcamp -
granite .wa.sh. that was deposited primarily along the flanks of the uplift. The results of
numerical simulations indicate that a permeability value of 250 md or higher for the granite
wash is needed to cause the observed flow direction (fig. 45). Although there are no data to
justify the expected perr.neability value'of the Wolfcamp granite wash, five pumping tests in
~ Pennsylvanian granite wash at DOE's SWEC-J. Friemel No. | ;vvell indicate a permeability range
of 10 to 400 md with an average of 140 md. Because of the simiiarity in depdsitional

environments between the tested Pennsylvanian granite wash and the Wolfcamnpian granite wash.
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(both are close to their sources, Bravo Dome and Amarillo Uplift, respectively), a similar range
of permeability values is expected. Bentley (1981) and Bassett and Bentley (1983) noted that

the fluid pressures in the deep—bas'in aquifer were below hydkostatic. Because the thick granite-
wash deposits cause a shift in direction of lateral ground-water flow, it is also expected that
this hydrologic sink could cause the observed subnydrostatic pressures. This numerical model,

however, cannot c:onflrm this relanonsmp, because the prescnbed heads used for part of the

' boundary condlnon force the 51mulanon to be subnydrostanc.

SAn alternate explanatlon as to why oround-water flow J.S toward the Amarx.llo Upﬂft may

" be the extensive hydrocarbon producﬂon from the Panhancﬂe oil and gas fleld Hydrocarbon

<

productlon along the Matador Arch (soutnern boundary of .tne model) has caused an artificial” .

depressurmg in that drea. The p0551b111ty of 'this occurrmg in the Amarlllo Uphft regxon needs’ e
_ to be conSLdered Simulat.ton E does show, however, that the mgn permeabthty zone of gramte-

wash sedxment can cause the northeastern flow.

Toth (1978) suggested that elevated potentiometri’c' surfaces beneath topographic'highs'

-can be translated through low permeability formations and affect potential distributions in

deep—basm aquxfers In the Palo Duro Basin, the low-permeabxhty evapomte aqultard separates '

- the flow reglme into two different flow systems ‘the topographically high, upper, unconfmed .

aquifer and the Deep—Basm Brine Aquifer. The translation of topographic effects from the
elevated potentiometric surface of the Ogallala through the evaporite aquitard to the Deep--
Basin Brine Aquifer, however, appears to be small compared to the effects of permeability

distributions of the aquifer system. Comparing the results of numerical Wolfcamp Simulations

B, C, and E demonstrates the relative importance of topographiceffec‘ts and permeability

distributions. In Simulation B where there was no leakage, the head distribution (fig. 38) was
governed by the transmissivity distribution of the Wol%camp aquifer and the boundary
conditions. In Simulation C where topographic control wa% allowed by assuming an average.. »
permeability value of 0.00008 md for the aquitard, the r#ead distribution (fig. 39) remains

essentially the same without showing any topographic effects. On the other hand, when the
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permeability of the highly-porous Wolfcamp carbonates a‘ong the shelf margins was increased
to 50 md in Simulation E, d bunching of contours (fig. 45) as~observed, a phenomenon that can
be also observed on the kriged head map (fig. 29). The flow direction follows more along the

shelf carbonates in Simulation E (fig. 46), and the average travel time across the basin
decreases from 2.2 (fig. 42) to 1.4 million years.

Based on the results of Slmulatlon E as the best representation of the Wolfcampxan ﬁow

i lsystem the ‘cravel nme across the model area of the basin ranges from 1.2 to 2.2 million years '

(flg 46) The flow velocmes in Wolfcamp carbonates computed in the present work are roughly .

one order of magmtude higher than those of INTERA'S model (INTERA, ’}82) mainly due to the

differences in the permeability values used in each model. "INTERA (1982) used an earlier -

3 c'omp'iled'data set of .permeabiiity values which _had lower statistical means. Using this study’s

co.mput'ed travel times and assuming that the present flow system started in the late

Cretaceous, about 30 to 55 pore vb_lumes of the Wolfcamp aciuifer_ have been flushed through the

“basin. The saline waters in the Wolfcamp and Deep—Basin Brine Aquifer are considered

+

_hydfodynamic and of meteoric origin. Because of this multiple flushing, these aquifers do not

represent a stagnant system containing original conate waters.
In spite of the small average permeability value of the evaporite aquitard, leakage
through the aquitard may be large because of the large contact areas between formations. The

amount of leakage was estimated to be 359,000 m3/year, about 50 percent of the total flow

- through the Wolfcamp aquifer. An approximate average linear velocity (v = 9/6) for vertical

flow through the salt section is 3.8 x 10-3m/day. A particle of water would travel 139 m in
10,000 years or 1,390 m in one million years. These calculations are based on a vertical
permeability of 0.00008 md,' a hydraulic gradient as defined in figure 48, and' an effective
porosity‘ of .001 (from Peterson and others, 1981).
The most sensitive parameter in the calculated values for the amount of leakage and the

!
average linear velocity is the permeability. A change in permeability from 0.00008 md to

0.000008 md decreases leakage volume and travel times correspondingly by an order of
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magnitude. The permeability value of 0.00008 md is considered conservative. In-situ
permeability testing of salt at the WIPP Site (Carlsbad, New Mexico) indicates permeabilities of
0.018 to 0.021 md (Peterson and others, 1981). Laboratorny permeability tests of salts from the

DOE WIPP tests indicate permeabilities of approximately 0.001 md (C. Christiansen, personal

communication). These results are one to two orders of magnitude higher than the value used in

. thlS study The chosen permeabmty value of 0.00008 'nd also produces the best 51mulated.,

potentzometrlc surface for the Wolfcamp aqu1fer.

Two addltlonal factors affect ca.lculated trartslt times through the evaportte aqu1tard L

‘Calculatlons of hydrauhc conducn\uty within the basin were based on brmes with a TDS of

'

*

127 000 rng/L Brmes movmg through the evaporlte secnon would have TDS values over

S 300 OOO mg/L Thxs 1ncrease in TDS would also change the v1sc051ty and den51ty of the fluld.

To obtain the requu‘ed leakage for Slmulatlon E, the permeability of the evaponte section

_' woulgi have to increase. . The flow velocity would probably remain about the same because the

' in_cix-"reafsed resistance to flow of the fluid would be balanced by the increased permeability of the

B

: eVaporites needed to maintain the calculated leakage.

" The second factor in calculating transit times in the evaporite section is whether Darcian

~ assumptions for flow are valid at these low permeabilities and low flow velocities. - Future -

research on water flow through the aquitard is critical. It is a significant parameter controliling

flow patterns and chemical compositions of water in the deep-brine aquifer, as well as

indicating that there may be fluid movement through the evaporite section.

Average ground-water flow in the Deep-Basin Brine Aquifer is similar to flow in the
Wolfcamp aquifer but, with more west-to-east flow components. Results of numerical deep-

basin Simulations B and C (figs. 55 and 58) 1ndicate that the' model is not as sehsitive as the

Wolfcamp model to the increases in permeax‘;ﬂlitywalues of the Wolfcamp and Pennsylvaman

~h i"
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carbonates. The thick and widely-spread Pennsylvanian Franite wash to the east (fig. 5) is also
responsible for the higher west-to-east flow component o# the whole deep-brine aquifer.

This modeling study has implications for the problem of radionuclide transport to the

biosphere from a potential repository in the evaporite aquitard. There may be a natural

component of ground-water flow through the evaporite aqultard Release scenarios need to

.vcon51der thlS natural flow component as well as potentlal flow through drllled and abandoned

: ffthan upward Wthh lS a favorable characterlstlc of thls basm. f ‘

I:E radlonuclldes reach deep-basin aqu1fers such as the Wolfcamp,, transport time to the

p "'determmed from thlS study The gramte wash along the Amar1llo Uplift should be consxdered as
:v_":vvelocmes in granite-wash facnes along the Amarillo Uphf‘q are 51gn1f1cantly hlgher than in other

‘ffii'rapldly to a dlscharve pomt. Second, the hydrologlc meortance of the Amarillo Uphft is not

gramte wash.' Untll the detailed hydrology and geology of the uplift are understood a

conservative approach in determmmg transit time would assume the uplift as the point of

~discharge.

Uy wells. The potentlal for flow through the- evaporlte aquxtard appears to be downward rather |

-blosphere w111 be long.: ‘l'ransrt times across the modeled area of the basm range from l 2 to .

| 22mllllon years.- Dlscharge zones to land surface or shallow ground waters cannot be
S the dlscharge zone for calculating conservative transit times for two reasons. Flrst, flow
- facies within the basin and presumably, once water reached the granite wash, it could flow -

»;-"~known Some ground water may flow across the uplift or it may all flow along its flanks in the

The simulated flow lines and flow velocities have been constructed and computed from a

yery limited data base. More detailed hydrologic and geologic lnformation is needed to
accurately characterize flow directions and.flow velocities within the basin. The inclusion of
permeable Wolfcamp shelf marglns (Slmulatlon E) sxanjflcantly alters flow dlrecnons and
velocmes fro'n'prewous simulations. The incorporation of this permeable zone into the model

is based on geologic interpretation and not on actual hydrologic testing of the zone. Other

\.
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aquifer heterogeneities, such as fauiting and fracturing of the evaporite aquitard and the deep-

basin aquifers, may have similar but unidentified effects on deepébasin flow.

CONCLUSIONS

The hydrologic information in the Palo Duro Basin in terms of hydraulic properties of the

aql.ufer aqultard system and deep—bnne pressures is 11m1ted but when used in con;unctlon thh a.

larger data base of geologxc mformanon, apprommanons of the aquer—aquxtard propertles can

A potentxometrlc nead map of the Wolfcamp aqu1fer derlved from t .’l;)e measured head data

mdlcates a. regmnal ﬂow direction from southwest to northeast across the basin and from west .

to east along the \Aatador Arch Tms flow pattern lS best 51mu1ated by the numerxcal model' o
-usmg modlfled permeabxhty values of O 00008 md for the evaporlte aquitard, 260 md for the
gramte wash and 50 md for the hlgh-porosny carbonate and a combmatlon of specxfled head

‘condmon (m the western part) and no—-flow condltlon (m the eastern part) along the. Amarlllo :

Uphft.. It takes about 1.2 to 2.0 million years for ground water to flow across the modeled area -

of the basm. The amount of ‘discharge through the western part of the northern boundary is .

,orobably 280 OOO m3/year, while - dlscharge through the eastern boundary is probably

400,000 m3/year

- The average head naap for the Deep-Basin Brlne ‘Aquifer also mdlcates flow from
southwest to northeast across the basin with a slightly larger west-to-east flow component.
Numerical simulations of the deep-brine aquifer show that the simulated flow patterns are not
critically sensitive to variations in the permeability distribution of Pennsylvanian carbonate and
granite wash as long as the Wolfcamp aquiter's properties and the leakage coetfficient are -
accordlng to the best Wolfcamp model. The best deep—brlne aquifer model was obtained with
mcreased permeablhtyv-values of 260 md for the Pennsylvaman granite-wash coarsening zone
and 50 md for the Pennsylvanian hlgh-porosny carbonate.! The total travel time across the

' |

modeled part of the basin is about 1.2 to 2.2 million years, the same range as travel times
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through fhe Wolfcamp aquifer. The amount of discharge| through the northern boundary is
60,000 m3/year, and discharge through the eastern boundary is 1,020,000 m3/year.

Additional hydrogeologic information, especially from future exploratory drilling, is
essential for improving and evaluating the numerical simula‘f:ion results of this study. Informa-

tion such as local variations of the aquifer and aquitard properties as well as more accurate

" head data are necessary for local characterization of the. gromd—w;ter'flo—w system in the Palo

S

“Duro Basin.. ‘-

oy be neediling
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“hachures (Dutton and others, 1982).

FIGURE CAPTIONS

Figure L. Structural features of the Texas Panhandle 'and adjacent areas (modified from

Handford, 1980).

Figure 2. Structure contour map on top of the crystalline basement, Texas Panhandle (from

Dutton and others, [982).

Figure 3. Structure contour map of the top of Mississippian System, Palo Duro Basin (from

Dutton and others, 1982).

Figure 4. Isopach map of Pennsylvanian System, Texas Panhandle. Sediment thins onto uplifts

that were exposed during Pennsylvanian Period (Dutton and others, 1982).

Figure 5. Isolith map of Pennsylvanian and Wolfcampian granite wash in the Texas Panhandle

(Dutton and others, 1982).

Figure 6. Net-sandstone map of upper part of the Pennsylvanian System, including both

granite wash and nonarkosic sandstone (Dutton and others, 1982).

Figure 7. Net-carbonate map of lower part of Pennsylvanian System (Dutton and others,

1982).

Figure 8. Net-carbonate map of upper part of Pennsylvanian System. Position of older shelf

margin is shown by dark hachured lines, and younger (Ttreated) position is shown by lighter
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Figure 9. Isopach map of porous carbonate strata in upper|part of the Pennsylvanian System.

Map is made on the basis of qualitative sample log descriptions, so actual porosity values are

unknown (Dutton and others, 1982).

Figure 10. East-west cross section A-A'. Datum is the top of Wolfcampian Series; depths are

in feet. See figure | for location (Dutton and others, 1982).
Figure ll. Isopach map of Wolfcampian Series, Palo Duro Basin (Handford, unpublished data).
Figure 12. Sandstone isolith map of Lower Permian strata, Palo Duro Basin (Handford, 1980).

Figure 13. Percent-carbonate map of Lower Permian strata in the Palo Duro Basin (Handford,

1980).

Figure 14. Isopach map of porous carbonate strata in Wolfcampian Series. Map is made on the
basis of qualitative sample by descriptions, so actual porosity values ‘are unknown (Handford

and Dutton, 1980).

Figure 15. Structure contour map of top of Wolfcampian Series, Texas Panhandle. See

figure 14 for county locations.

Figure 16. Structure contour map on top of Alibates, Texas Panhandle. (D. Johns, personal
communication, 1983.) See figure 14 for couhty locations.
|

Figure 17. Simplified topographic map of the Palo Duro Basin region.
|
Figure 13. Swisher County core test well DOE-Gruy Federal, Grabbe No. 1: percent lithologic

type per stratigraphic unit (McGowen, 1981).
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Figure 19. Regional east-west section illustrating conceptual flow patterns based on hydraulic

conditions and relative average permeabilities of major hydrogeologic units (Bassett and

Bentley, 1983).

Figure 20. Weighted-average porosity of the Wolfcamp strata estimated from neutron-density

log data (R. Conti, personal communication, 1983).

Figure 21. Head map (1979-1980) of the unconfined upper aquifer that overlies the Evaporite

Aquitard in the Palo Duro Basin (Bassett and others, 1981).

Figure 22. Average head map of the whole deep-brine aquifer constructed from class H data.

Figure 23. Location of wells for class A head data of the whole deep-brine aquifer. See

figure 22 for county locations.

Figure 24. Average head map of the whole deep-brine aquifer constructed from class A data.

See figure 22 for county locations.

Figure 25. Locations of selected class A and class H head data. See figure 22 for county

locations.

Figure 26. Representative variogram of the 118 selected class A and 42 class H average head

data for the whole deep-brine aquifer.

Figure 27. Potentiometric head map of the whole deepjt-brine aquifer of the Palo Duro Basin,
constructed from kriged estimates of head for regular blocks of 20,000 m2. See figure 22 for

county locations.
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Figufe 28. Standard error of estimate of the kriged deep-brine head in figure 27. See figure 22

for county locations.
Figure 29. Potentiometric head map of the Wolicamp aquifer of the Palo Duro Basin,
constructed from kriged estimates of head for regular blocks of 20,000 m2 (Smith, 1983). See

figure 22 for county locations.

Figure 30. Standard error of estimate of the kriged Wolfcamp-head shown in figure 29. See

figure 22 for county locations.

Figure 31. Isopach map of the Wolfcamp brown dolomite, based on sample log information (M.

Herron, personal communication, 1983). Location of Amarillo Uplift from figure 5.
Figure 32. Discretized flow region of the Palo Duro Basin. See figure 22 for county locations.

Figure 33. Contours of transmissivity for Wolfcamp aquifer Simulations A-1 and A-2. See

figure 22 for county locations.

Figure 34. Contours of computed head, Wolfcamp aquifer Simulation A-1. See figure 22 for

county locations.

Figure 35. Contours of computed head, Wolfcamp aquifer Simulation A-2. See figure 22 for

county locations.

Figure 36. Contours of transmissivity for Wolfcamp aquifer Simulations A-3, B, C, D-1, D-2.

See figure 22 for county locations.




Figure 37. Contours of computed head, Wolfcamp aquifer Slq%ulation A-3. See figure 22 for
county locations. /
Figure 33. Contours of computed head, Wolfcamp aquifer Simulation B. See figure 22 for

county locations.

Figure 39. Contours of computed head, Wolfcamp aquifer Simulation C. See figure 22 for

county locations.

Figure 40.. Streamlines and travel times, Wolfcamp aquifer Simulation C. See figure 22 for

county locations.

Figure 41. Contours of computed head, Wolfcamp‘aquifer Simulation D-1. See figure 22 for

county locations.

Figure 42. Streamlines and travel times, Wolfcamp aquifer Slmﬁlation D-1. See figure 22 for

county locations.

Figure 43. Streamlines and travel times, Wolfcamp aquifer Simulation D-2. See figure 22 for
county locations. -
Figure #4. Contours of transmissivity for Wolfcamp aquifer Simulation E. See figure 22 for
county locations.

é
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Figure 45. Contours of computed head, Wolfcamp aquifer Simulation E. See figure 22 for

county locations.




Figure 46. Streamlines and travel times, Wolfcamp aquifer| Simulation E. See figure 22 for

county locations.

Figure 47. Contours of head difference between the Upper Ogallala-Dockum Aquifer and the
Wolfcampian aquifer, computed from figure 21 and the computed head of Simulation E. See

figure 22 for county locations.
Figure 48. Contours of the evaporite strata's thickness. See figure 22 for county locations.

Figure 49. Contours of leakage gradient through the evaporite strata. The leakage gradient is-
obtained from dividing the head difference (fig. 47) by the evaporite's thickness (fig. 48). See

_ figure 22 for county locations.

Figure 50. Contours of transmissivity for the Deep—Basivn Brine Aquifer Simulation A. See

figure 22 for county locations.

Figure 51. Contours of computed head, Deep-Basin Brine Aquifer Simulation A. See figure 22

for county locations.

Figure 52. Streamlines and travel times, Deep-Basin Brine Aquifer Simulation A. See figure

22 for county locations.

Figure 53. Deep-Basin Brine Aquifer Simulations B and C; zone of granite-wash coarsening in
Pennsylvanian strata is assumed as indicated by the shadedi area. See figure 22 for county
locations.

Figure 54. Contours of transmissivity for the Deep-Basin Erine Aquifer Simulation B. See

figure 22 for county locations.
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Figure 55. Contours of computed head, Deep-Basin Brine Aquifer Simulation B. See figure 22

for county locations.

Figure 56. Streamlines and travel fimes, Deep-Basin Brine Aquifer Simulation B. See figure 22

for county locations.

Figure 57. Contours of transmissivity for the Deep-Basin Brine Aquifer Sirmulation C. See

figure 22 for county locations.

Figure 58. Contours of computed head, Deep-Basin Brine Aquifer Simulation C. See figure 22

for county locations.

Figure 59. Streamlines and travel times, Deep-Basin Brine Aquifer Simulation C. See

figure 22 for county locations.
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;rmeab111ty of hydrogeologic units of the Palo D Basin.
Geometric Number and source Typical
Hydrogeologic unit = In(k) mean of Kk of data value
(ey) md md
Average : 2 ?
value,y Variance, s
. .00028
Evaporite strata (vertical
permeability)
. 25 - DST data
Wolfcampian 70 - TWDB co
- re daty
carbonate 2.19 5.08 8.90 6 - Sawyer #]
pumping test data x
16
‘Pennsylvanian 07— 300
Deep carbonate 2.88 5.61 17.90 25 - DST data :
brine 118 - TWDB core data
aquifey :
-.0007 *
shale .0000]——. 08
_ 10-DST data %
granite wash 1.27 7.13 3.55 10-Sawyer #1 pumping 01— 380
o ' W test U o
(215 without (8.60 without | 415 yopeatie field 193
Mobee tie data) Mobee tie dato) core data L?
‘ 11- TWDB core data
Pre-Pennsylvand 1.56 5.70 4.76
ian rock 11- DST data
14- Sawyer #1 pump-
ing test data
2 from PDavis and DeWiest (19b6) |, Pavis (1980 ), Freeze (l‘i7q)
Note (1) . 1 wd =0-00115 w/day ¥o¢ saline water having .Aabt cor\cen+rerhovx
of ;17,0oo g /€ al us°F
(2) D5T = Avil\-stem Yest TWDB = Texas WNaver Dcve\opmcﬂt Boaro\

el



Porosity from neutron-density log analysis

Typical value**

“interval

Hydrogeologic unit Mean Standard lumber of \
deviation data
Evaporite strata — — — less than .01
: Wolfcampian .08
carbonate (.05 )* . 055 D
004 53 data points of 50 fti .063 a2
Pennsylvanian interval at Sawyer #1
Deep |[carbonate .08 .055 and Mansfield #1 wells
brine ‘
aquifer
Shale
o L .05 —15 25
Granite wash 14
.23 A2 18 data points of 50 ft A1 ——— .27

Pre-Pennsyl-
vagian
rock

X Average volue for Wol{campfan Aot Lo R, Conbh (puunma) Co«’nmuV\iﬁa‘HaY\) 1983 ),

)
—+

X * From Davis and Dewiest (1966), Davis (1980).




" Summary of numerical simulations of Holfzamp

30

tively for the highly porous carbondte
zone (fig. )§) .

. Table 4 aquifer.
Simulation Permeability and pordsi'ty values Boundaryv ccnditions‘
A-t - Best estimated values (from Table 2): Figures 30-and 35
Kearp,™ 8:3 ™ 9y = .08,
kg‘ = 8.6 md, ¢y = 14, _
ksh.’ .0901 md, ¢sh., = .OS.,.
ksalt = ,00028 md.
A-2 The same as A-1 Figuras 3ﬁ and >&
CA-3 Best estimated values except, : ' I
Kew = 200 md (typical value for frable Fiqures '30"@&"38’
sandstores)
B Best estimated values except, Figures 3& and 3:?
gy * 260 md :
‘ksalt = 0 (no Teakage).
c Best estimated values excnpt Figures 30 and 4-0
kG 260 md
| Keape = -00008 md.
D-1 = -
The same as € | Figures 36 and 42
Tne same as D-1 with average PO‘PO5I“'\1 :
D-2 distributonm o-( Hre WO‘{Campqan shrata |Flgures 39 ana 44
o F\gure 24- :
‘: The same as-n-{ mi«‘r}, permeability and Fiqures 36 and 44
£ parosity of 50 md and 0.10,respec-




‘\;ab\e _5. © Amount of \e_a\(og& 4
e Har ~eandts o—f— Simudation €.

ELEMENT Na.

AMOUNT OF LEAKAGE,
6169.9
6584.4
6197.8
6186.46
6192,
J467.2
4792.2
3916.9
3110.9
2231.0
6230.3
6336.7
S85%.2
5707.4
5021.5
47135.46
4384, 1
3743.9
2930.1
2109.1
6890, 9
6632.3
5727.0
5391.4
4342.1
4243.0
4148.9
3374.1¢
2592.5
2010.%
6687.3
6127.1
S411.9
3580, 9
3904.4%
3740.1
3790.8
30469. 4
2676.3
23381.8
5144.3

© 44661.5
44693. 4
4873.35
3777.4
3123.8
2289.8
2905.4
2689.9
263T.4
4707.7
4437.3
4107.1
3267.7
3441.0
2878.7
2237.1
2961.5
2921.5
2624.6

CU.M/YEAR

the evaporile

ELEMENT  No.
b1
&2
&3
b4
435
&6
&7
68
69
70
71
72
73
74
75

t78
77
78
79
80
81
82
83
84
83
3&
87
8.
89
0 .
?1° .
92 .
93
.94 "

. 95 .
B -7
97
98 | -
99
100
101
102
103
104
105
1046
107
108
109
110
111
112
113
114
115
116
117
118
119
120 |

[P

AMOUNT OF LEAKAGE, CU.M /YEAR

3780.&
3726.9
2590.7
2462.7
1807.2
1758.0
24%5.3
" 26428.0
27%5.1
2%58.8
3232.4
3286. 1
2942.3
2139.1
129%. 4
966.0
151%.0
160S. 4
1802.7
1945.2
3147.4
270S.0
2872.8
2233.0
1255.3
803. 4
992.5
993.4
1120.4
1448.3
2978.7
2590.9
228%.3
2084.6
1216.7
692.6
764.3
533.6
68%.9
1019.9
2262.5
2101.4
2026.8
157%.7
1010.4
26.3
582.1
298.8
282.4
504.3
1902.7
1619.4
1517.7
1062.5
598, 3
342.4
424.4
156.4
175.9
21.4

Total amount of ]eakage = ;59,000 cu.m/gear
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Table 6. Summary of vumerical simulations
of the whole deep-brine aquifer

44

Simulation| Permeability and porosity values [ Boundary conditions

A Wolfcampian aquifer: ] Figures éé~andf§é‘
kcarb. = 8.9 md, ¢carb. = .08,
ka = 260 md, doy = .14,
kSh = .0001 md,¢sh= .05.

Pennsylvanian aquifer:

Kearp, = 179 s 90qpp = 08,
kSh = .0001 md,'¢sh = .05,

ka = &.b6 md (no fault zone),

¢Gw = .lla

Pre-Pennsylvanian rock:

k =4.8md, ¢ = .08

salt section: k__;, = .00008 md.

B The same as A with permeability in : o ond St
the coarsening zone of Pennsylvanian Fgé T8 omd TH
granite-wash of 260 md.

C The same as B with permeability and F{%rpmua gié amd 51

porosity of 50 md and .10, respectivelyl,
for the highly porous carbonate zones
(figs. 10 and 15).
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Table A-1.

APPEN DiX

Verhca\ly-a\zeraﬁed head data for th

e whole Deep-BAMe.AjuJQUL

¢lass H head data

L

= S »n LR

1D Lotitude Lo\r\j‘l"\"i'Ude X, m Y, m Head, m
/9 ) 2 //

DOIEM1 235.432772 102.385810 128442, 22817 4. L4324
DOES1 2. 0274863 100, 24431 2646375, 120141, 426,79
DREZ1L 34.51232 101.446131 1922002, 122415, 707.7
13 35.51130 S102.32733 1123243, 233242, 671.5
17 ST, 3V4LE 102.39422 124424, 220399, L7R.7
13 35.437324 102.45724 113730, 225127, 446,32
i 3T.T394A20 102, 43120 101007, 242570, S87.2
21 25.44204 1Q02.223750 137034, 22RE03. 56,2
22 38, 33622 T102.20307 142201. 214024, &P0,%
23 35.40704 102.34452 127014, 2211300, 622.0
24 35, 32058 102.37702  124204. 212202, 711.2
29 ST. 42339 101.42502 1252322, 2241495, 504,17
47 235.25720 101.24210 23@446. 205414, A42.4
79 24, 9353307 102.224644 120280, 171954, 743,535
3 24,724%4 102.42154 114401, 144702, 722.0
25 34, 44044 102.0°041 153992, 137630, 755,32
v 34,55416 101.?2012 149942, 122374, 712.2
93 24.47393 101.472?4 209255, 117894, &73. 46
4 34,2141 101, 232902 2214629, | 105215, 20.5
2?7 34,33302 100.41923 J0&130. 103373, S0%. 4
@3 24.,.72442 100,.37423 '71/1-. 14432354, 473.5
121 34, 59493 100.02472 46004, 132334, S1z.1
153 33, 846040 102.11200 15&021. S1977. 721.1
171 24,11000 101.32300 170704, 7RIS, 763.7
1z2 239230 101.53340 203742, S9270,. 7iz.5
135 34,13340 -101.’46-0 2301A1. 37445, 702.3
120 24, 2032343 101.2142 223707, 1004453, A2AL2
221 32.89Q70 100.0%9#0 33ST3E. STD0s6. S517.1
240 24, 04420 100, 20670 2145235, 2280, 4374, 2
238 24, 212A0 100, 45540 302337, »1310. S72.46
Sl 23, SEA20 100, 123230 S2T7940. =t S2Z.2
285 33.84A10 100. 15430 230 204, S040Q%w, S520.1
273 33. 74220 100.,23320 213429, L0741, S3E.3
273 33, 246020 100, 12000 II274&5. S2023, S14.8
274 G3. BLOP4 100.22043 32445 = S2041. 496.5
272 33, 24703 100.,10317 SO S0317. 355.2
) 224 34.01007 100, 228332 ?1:(:3. L2412, S27.5
HALLZ 34.34514 100.323103 2ARTZES. 129340. ShHb6.7
DONG 34,7343 100, 65731 254111, 154009, S21.5
PARM= 24, 43741 102, 41495 104155, 137Z15. 227.%2
CHL10O 23.38323 100, 09077 336274, 124720, 5%1.8
FLoyn 24,19212 101.22334 232033, BE402. 729.0
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Table A-1 (cont.)

Selected class A hefw\ data

10

R IR R Y

o

W0 NS N S O O B 6y D10 b e e
VIR I (RN I VISR T RN Y]

050 g
I IR S SN R

Latitude

34.,463313
D4, 620246
34.31074
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1032, 446020
103.29772
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102.52727
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10z2.37708
102, 46044%
101.346404
101.42802
101.2420%
101.7281c4
102. 14420
100.74777
100.467499
100Q.7246453
100.30027
102.32¢4%
102.15472
102.02040
102.03013
101.47232
101.32701
101.45245
100.41921
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221145,
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S1e7%.
93144,
22034,
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Table a-t (cont.)
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= e
- :—“'-‘}
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< -0
oo

¥
(XX]

X )
VRN
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23.24440
24.21551
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Table A-2 Data file (PALOFL) for ¥he deep-brine actw'\-f-—vt 9iving information at 405 finite-element nodal points.

Node Coordinates, m Elev. of Thickness, m Head “in Thickness, m NCODE
No. cryst. . upper

X Y basement,}] Pre- | Penn. | Penn. Penin. | Penn., | Wolf. } wolf. Wolf. | Wolf.,| Granite] Rock jaquifer,] Wolf. Penn.

n Penn | carbo- ) granite] shale} Total carbo- | granite} shale | Total |wash, salt m porous | porous

nate |[wash nate wash total carbo- | carbo-

nate
nate

1 137122, 235523, . ~2073. Q 46. 22, 437. 4] 293, 73%. 122, D74, 00
2 129477, 236844, —1646. Q 76. 122, 319, (o} 2&1. 579, 122, 103z, 00
3 121835. z28267. -792. (8] &L, 122, 293. [y 3. G, 122, 1032, o 0
4 1141722, 219725, -671. Q 61, 91 241, O 144, 3 “1. 1027, 0o
S 104548. 211242, -975. (0] o1. 122. 137. [} 320, 122, 1078. 00
& 28204. 202817, -10064. (o) 74, g1, 167, 0 220, 1. 1204. 00
7 1241, 194449, —-1006. 0o 76. 18&. 112, (4] =277. 18, 1250, (O]
8 83417. 186140, -1006, 0 7¢&. 44, 140, 0 210, 244, 1305, o0
9 75273. 177888. —-100¢. O 1. 21. 11&., v 174. 1. 1332, 00
10 80244. 166254, -10467. [0} 137. 21, 174. 0 114, ES 1343, 00
11 84511. 154751. -1280, 30. 152. vt. 207. Q a8y, 21 1389, Q0
12 8377S. 143380, -1524, S55. 182, 9a, 224. 0 6. 2 14466, o0
13 23034, 132140, -1494. 4¢4. 152, 77. 235. (4] 101. 72. 148¢€. o0
14 P7147. 121447. —1463. &1, 143. 61, 230, ) 99, 61, 1418. 00
15 101242, 110712, ~1443. 58. 128 20, 244, Q &1, 20, 154¢. O 0
16 105322, 99374, -1524. 53. 128. 21. 229, o} 76. 21. 1524; 00
17 1093245. egys8. —-1370. 77. 148. 2. 244, (@] &1, E 1&18. : O Q
18 113332. 77259. —14185, v3. 143, 0 293. b} 73, 0O 1503, 1115, 61. O o0
19 117284. &&873. 1474, 122, 171. 0 322. Q 82. a 1524, 1097, 1. 30000
20 121199, 55716, -1707. 122, 134, 0 32%. 0 L9, 0 1509, 1067, 122, (O
21 125078. 44472, -2236. 122, 107. 0 1237. S7¢6. (4] &q. o 1524, 10&1. 1832, a O
22 1446387. 243004. -x59t. [} 61, 366. 1034, 5&5. 0 146. 732, 36, 1037. 1036, &1, 0o
23 131838, 2353813, -7¢2, o 152. &1, 91. 352. o zEs, &40, &l. 1187, 1146, 71, 0. O
24 117290, 208767. —10467. 0 1. 244, 107. 258. O 211, 449, 244, 1235, 1177, &1, 00
25 102740. 1918485, -1280, o o1. 79. 378a. 201. O 201. 402 79. 1Z41. 1198, Q o0
26 838171. 175102, -1067. (o] 146, 183, 95. 1463, Y 168. 335. 183, 1357. 1219, Q 0o
27 97120, 152834. -1748. &7. 213. 122, 204, 245. 0 ¢1. 338, 22. 1457, 1189 (4] (e
28 106058. 131024, -1753. 79. 177. 76. 158&. 256. [ 110, 3&4. 7&. 143S. 1153. (¢] o0
29 113224, 110044, -1524. 73. 149. &L, 125, 245. Y Pt. 336, &1L 151, 1134, O o0
30 120264. 88732. -1&615. 91. 1&9. 1&. 73. 305. 0 7&. 381. 13. 1479. 1113, [ oo
31 127179. L7233, -17¢8. 22, 1&3. 3. w27, 389. 0 [ 457. 3. 1448, 183. 15. 0
oz 133967. .. 45399, -1827. 152, 179 0 284 S41. 0 135, &677. O 1479, 183. 00
33 155452, 240312. —-2591. 2] 1. &51. 1021. 293. 15, 180. 488, Jeé. 11589, O a0
34 148732, 231763, -1890. o 122, 107. 381. &83. 0 i171. &53. 107, 1189. [3) 00
35 141813, 223229, —-1igy. (o} 137. 30. 148. 351. (1] 351. 701. S0, 1187, O i5. 0
&6 134823, 214709, -975. D 193. 30, 15. 311. 0 207. 5183. 204, 1244. 0 0. 0
37 127973. 204204, —-1372. O 1352, 137. 198. G43. Q 114. 4&7. 137. 1280, 137. . 0
38" 121053, 197714, —1433. 0 152, 183. 148. 325. Q 103, 433. 133. 12964, 1z8. o 0
3% 114134, 189238. -1494. 0 122. 1164, 341, 28¢. 0 23z, 408, 114, 1372, 21. a o0
40 107214, 180776. -1524, [ 1483, 61, 331. 273. Q 117. 390, &t 134%. 61. O 0
41 100294, 172329. -1524. o 213. 82. 283. 284, Q 110, 366, gz, 1372. o O 0
42 104%70. 161584, —-1707. &1, 2037, &1, 244, 274. 0 1. E&. 61. 1337. 0 00
43 107445, 150938. -1707. &1, 274, &7, 283, 282. o &q. QLé. &7. 1448. 4] 00
44 11431¢&. 140391. —-1707. &1, z44. 70. Z35. 277. 0 w3, 372, 70. 1491, o 00
43 1139a6. 129742, —~1707, 94, 212, &1, 213. 277. Q 23. 272, &1, 1479, 0 00
44 122087. 119704, -18&7¢&. 13§. 212, =20, 182, 2&3. 0 102, 344, G0, 1473, Q 00
47 125101, 107405, —14&7¢&. 125, 213. 0. 122, 241. 0 124 3&&. 0. 14&3. . 00
48 128113, 29044, —144%. 137. 137, 30, 1140 777 3} 119 DL =N 1A32D . RN
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Table A-2 (corl.)

Node Coordinates, m Elev. of Thickness, m - Head in Thickness, m | NCODE
No. . cryst. - - upper

’ X Y basement,] Pre- | Penn. [Penn. | Penin. | Penn., | Wolf. | wolf. wWolf. ] Wolf.,| Granite] Rock” laquifer,| Wolf. Penn.

m Penn | carbo-] granite] shale} Total carbo-| granite] shala | Total }wash, salt m porous | porous

nate wash nate wash total carbo- cg[bo-

nate nate

49 131108, S2E23. 1874, 143. 244, 1&, 43, 305. O 18, 1097. &1 7.0
S0 1324070. 73140. -1753. 143. 223. 12, 40Q. 274. 0 12, 1077, = 20, 0
51 137004, &759¢. —-1899. - S2. 132, .. Sz. Z44. O s 1058, 244, 2.0
52 139215, S46991. —132%, 122. 20 I8 G 152, 244, (M) O 1034, 192, 1&, 0
53 142797, 44325, -18&29, 122. RN 0 a0 7o 0 O 1018, &1, 00
o4 1464917, 237445, -1931. 0 147, 148, 333, &10. 13. 153, 10&7., 30, a0
85 151758. 205185. ~-v14. [0} 1¢3. 30, 1468, Qt. Q 30. 1077, Q (W ¢]
56 1385¥9, 203855, —-1219. 0 153, 7¢&. 107. 3&6. 0 76, e 1134. 74, 15, o0
57 125440, 184567, —-1433. 0 182, 122, 233, &10, ¢ 122, 343 1188, 1a7. a0
538 112280, 1469550, —14676. 13. 274. 535. 280, &10. O 55. 1281, 115&. &1, o 0
o9 122054, 149057. -1737. &1, 287, 55. z2&2. &10. O S5, 1442. 1130, 122. Q0
&0 13119, 123593. —-1748. 122, 229. 85, 219. 503, 0 S5, 144:3. 1114, S0, [
é1 124€%1.  108789. -1829. 113, 213, 0. 152, 37¢. Y Z0. 1421. 1027, 305, 00
&2 141874. 85480, -17&48. 128, 274. 21. 54, 351. 0 B 21, 1413. 1032, 208, z4. 0O
&3 1446787, &7968, —-18%0.° 182, 213. 9. 93. 320. 0 o3 Y. 1457, 1042, 213, 20, 0
54 151570, 47232. -1859, 152. i [ 0 Q [}] 0 671, ) 1524, 1004, 30. a0
&s - 174182, 224405, -1981. (o] 122, 121, 477. 732. Z21. 4z:27. 152, 10&8Z, 10&2. &L, o 2
&6 147928, 228052, 1047, o 122. 104. 140, 344, 13. 457. 122, 1021. 1067, &L, 01
&7 1614674, 217470, -914, b} 101, 15, ¥3. 213. 15, S183. 0. 1082, 1022, Q [ ¢)
43 155421. 209259, -975. 0 v1. 15. 299. 366, [V} 472, 15, 1073. 1027, Q o 0
&P 149167, 200819, —-1004. 0 91. &5, 2192. 34, Q S549. &3, 1198, 1109, O 00
70 142913, 192350, -1219. (o} 122, 53, 247. 427. 5] 457. SE. 1276, 1123, &l 00
71 136459, 183852. -1341. O 183. 7¢. 289, 518, (o] 427. 7&. 1340, 1157, 128, [
72 130405, 175324, —1443. o} 173, 91. 320. &10, Q 411. Y1, 1373, 11432, 137. 0O 0
73 124151. 1646770, ~1&76. 20, 280. [3 W 2¢&8. 610, 0 S9&. 61. 1149, 12&. a0
74 129255. 156949, —-1707. &1, 230. 49, 220. 6510, Q B3R, 42, 1131, 127, O Q
75 1342582, 147123, —-1707. $1. 248, 46. 29&. T &10. Q 326, qé. 1123, 1€3. (O
7¢& 139453. 137503, -1737. 122, 274, 46. 2906. &10. Q 411. 4¢. 11092, 183, o 0
77 144557. 127873. —-17¢68. 122, 311. 4¢&., 192, 5493, O 374, 44. 1097, 122, 0 0
78 146586, 118088, -1798. 125, 311. 37. 140. 4&3, Q 427. 7. 1372, 10a3, 122, Qo0
7 148597. 108193, —-1829. 128, 243, 30. 1435, 442, O 472. =0, 13242, 1067, 274. o0
80 150590, , 982%4. ~1859. 140. I0S. 30 74. 411. 0 457. 20, 1372, 10&7. 427. 12. 0
81 152565. 88354. -1859, 143, 314, 24. 58. 396. [¢] 427. 24. 1413. 1041, . 30§, 30, O
2 154522, 78371. -1890. 143. 270, 18. 64, 372. (3} 44z, 130 143=3. 1052, 185, 30. 0
a3 154441, £8348. -1920. 213. z244. 12, 110. 3¢d. Q 488, 12, 147z, 1036, &1, 0. Q
84 158382. 53233, -—-192z0. 135, 193, 6. 131. 325. 0 S5&1. & 1509, 1012, O, 8. 0
&85 1£0285. 4817¢&€. —1920. 183, 152, 0 0 152. 0 &71% . O 1540. 1024, O OO
86 183447. 231191, —-2073. 0 2z, 142, 44z, 732. 21, 27. 18%=. 40, 1027, ?1. 0 2
37 1715462, 214495, -&10. Q 158, 0 7&. 15. 472. 30, 1006. 1041, 122, o0
33 159677. §1979946. -1047. (¢] 52. 192, 3&4. Q 549, Sz, 12049. 1023, 0 0 0
a9 147791. 1810%5. ~1311}. ¢ 56. 164, 457, ) 457, 53, 1302, 1119, &t 0 o0
90 1355064, 163991. ~-1524. 0 [ 305, &10. 0 411. 61, 1340, 1131. AL 00
21 14£4£585¢. 145345, —-1707. ?1. 37. 262. &10. Q GG, E7. 1341. 1106, o1, a O
92 157201. 124896, ~1753, 1354. 20. 219, &10. 0 427. 30, 1074, &1, 4z, O
73 1£0217. 107432, —-1&829, 145, 37. 433, Q 847, 37. 1049, 36, a0
94 183179, 88245, -1705. 152, 24, 411, ~ 0 433, 24, 10324, 122, L. O
¢S5 1££088., e8736. —1981. Z13. 12, 394, O 549, 12. 1006, O 15, ©
Pé 1689242, 49105. —-1920. 133, 0 R6A . N AR I 075, O a0
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Table 4-2 (el )

Node Coordinates, m Elev. of Thickness, m Head in| Thickness, m | ncope
No. cryst. - _ upper
X Y basement,] Pre- | Penn. | Penn. Penn. | Penn., | Wolf. | woif. Wolf. | Wolf.,| Granite| Rock jaquifer,] Wolf. | Penn.
m Penn | carbo-| granite] shale| Total carbo-| granite]| shale | Total }wash, salt m porous | porous |
nate |wash nate wash . total carbo- ca[bo—
nate nate

97 192712. 227804, -1981. O 172, 78. s73. 77z, 299. =4, 104, 4227, 122, 137. o =
98 1870464, Z19733. -1890. (0] 77. 145, 0 Z44, 243, 13, 26, 457. 7. 137. 0 1
@ 181420, 211590. -&10. Q 46. 15. [¢] I3 a78. 15, 79. 47z, 0. 244. Q0
100 17577S. 203374, -&10. o 61, (4] 0 él. 453, (0] 43. 422, Q 22. 00
101 170129, 173084, —1158. 0 1. 4¢. 220 437. 23, 0 126, 49, 44, 0 [EaN
102 1464453, 13&726. —1311. (¢} 183 46. z274. 03, 354, [¢] 1¢S5, 547, q¢4. (6] 00
103 153527, 172293, —-1372. 0 244. a52. z07. S0, 327, 8] 17&. 503, 52 O .00
104 153191. 1469733. —1402. Q 290 a&. Z01. S49. z274. 0 18%. 4357, &3 G 1100. [§] 15, O
105 147345, 141211, —-1433. Q 351, &1, 198, &10. ZS6. 0 171. 427, &L, &2 1119, O 1S5, O
104 153098. 15234¢4. —1443. 0 391. 30, 22 &10. 254, 0 171. 427. 30, 1311 1103, &1, 15. 0O
107 158450. 143514, -—-14%4. 0 3el. 30. 198, &10., 2¢&5. Q 177. 442, 0. 220 1072, 0 15. ¢
108 144200. 134714. —-1524. (¢} 3%6. 30. 133. &10. 254, (0] 171. 427. 30. 1287 1047, &1, (3
109 149750, 125943, ~1768. &1, -~ 3€&1., 37. 192. 610, 25¢., O 171. 427. 7. 1329 10835, 182, -3
110 1707583, 11&530. —~1768. 137. 351 4z, 171. " 5¢4q. 352, 0 151. S032 43, 1299, 1036, 152, &1, O
111 171752, 1070%1. —-1829. 162. 35S, 37. 14¢&. Sig, 329. 0 219, 549 37. 1324, 1030, 122, &1, O
112 172739, P7L£32. —-13%0. 133, 314. 30. 123. 472. 236, o 23¢&. 472, 30. 1387 1021, 21. (23 Bt
112 1737186. 88153, —-1920. 192, 20S. 24. 113. 442, 236, 0 236, 472 29. 144, 100&. &1, 0. 0
114 174487. 784653. -1931. 180. 274. 18. 134. 427. 236. Q 23&. 472 13, 1479, 100, 0 15, 0
115 175¢447. ¢&9133. -2012. 244. 244, 12. 171. 427. 292. O 193, 453 2. 1482, 1004, O o0
116 1746599, 5Y9%¥2. -1981. 244, 235. &. 125. 346, 375. 0 250, &25 &, 1434, w73, 0 00
117 177341, S0031. —1829. 91. 213. (o} 152. 3&L. 439. 0 293. 73z 0 1454, PN &1 o0
118 201977. 224242, —-1476. O 122. 28. &04. 323, 299, 24. 104, 42 122, 384, P72, &1 (e
119 191250. 2083514. =782, 0 110. 12, [ 122, 389. 12. &, 457 29, 215. 1012, 1. 01
120 160523, 122090, -12192, 0 183. 40. 245, 458. 3738. 0 ., 472 40. 12453, 1036. Q 00
121 149794, 175449. —1433. Q 229. 46, 290, S564. 384. O 165, 54 4¢4. 1229. 1076, Q 21. 0O
122 1590468. 153432, -1433. 0 366. Y 198. &10, 274. 0 183, 457 44, 1245, 1105, &1, 20. 0
123 170638, 141700, -1494. 6. 381. 30. 193, &10. 213. 0 z13. 4z7. z0. 1244. 1041, 0 0. ©
124 182205, 125033, —-1737. 152, 30S. 2. 283. &10. 274. 0 18%. 457 52, 1338, 1024, 0 15, O
125 183201. 1O0LS75. —1890, 201, 305, 34. 120, S18. 274. Q 274. 49, G4, 1354. 10064, (¢} 37. 0
126 184179.. 83077. —1951. 213. 244, 21 1922, 457. 259, 0 259, 1y, 21. 143%, ?91. 0 15. 0
127 185140.. 9538, ~2012. 183. 229, 2. 189, 427, 259. d 259. S1¢& Q. 1418. 1024, O O Q-
128 134602z, , 50958, -1&29. 152. 198. O 148, 346, 335. 0 274, 610 0  1433. 751 . I3 W 00
129 211242, 220507. —-1443. (o} 1. 4. 48, 843, 277. 27. o1. S7é 122, 834, L0, Q o 2
130 2046144, 212805. -1433. 0 152. 344. 479, ?73. 313. 21. 53, 41 T Y. Q&0 967, (o] [
131 201051. 204783, -7&2. (¢} 122, 4¢é. 76. 244. 334, 15. 63, 41 (3 W 1082, 285, O a1
132 195955, 1970585, -762. QO Q1. Q a0, 122, 239, 0 &4, . 413 0 1157, 1012, 1. 00
133 1?085?. 189004, —1047. Q 122, 24, 302, 457, 334. 0 84, 418. 4. 1220, 1021, 0 O 0
134 183763. 180341. -1311. 0 148, 37. 214, S18, 303, 3] 130, 133, 7. 1242, 1034, &1, 1S, 0O
135 180&48. 172841, —-1372. (o} Zvé. 40. 122, Sé4. 429, o) 110. 542, 40. 1210, 10&7. &t Ll. O
136 175572, 164144, —-1524. 21. 351, 43. 21¢&. Al1Q, 411, (3] 123, 533, 4%, 11&92, 1075, 0 Ll O
137 17047¢. 155452, —~1524, 15. 344, S0, 238, &10., 293. Q 196, 483, 30, 1235, 1079, O 2% I ]
138 176499, 147777. —1585. z27. 324. 30. 253, &10, zZ81. O 204, 457. 30, 1235, 1058, 0 21, 0
139 182521. 137902, ~14674. &1, 249, 40. 309, &10. 22%. O 229, 457 . 40, 1250, 1036, [¢] 00
140 188543. 132027, —-1737. 122. 213. S52. 378. &40, 229, O 229, 457. 2. 1299, 1015, (&} O 0
‘141 194545, 124151, —~17¢8. 174. 213, &1, IG&. &71. 244, 0 244. qze. &1, 1317. 1004, @] (S
142 1945¢5. 115118, —-1829. 178. 229, 55. 326. &100, 247, 0 267, 5313, K5, 1341, 1000, 0 00
143 1945685. 104085, —-1859. 213. 229. 0. 259, S1e. 280, O 230, S&1 . 20. 154G, @izl . O O QO
144 1945685. P7051. —18%0, 219. 213, 24. 235. 472. 277. (4] 277. 8595, 24. 1343, 979 O 00
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Table A-2 (co”l.)

'

Node Coordinates, m Elev. of Thickness, m Head in| Thickness, m | NCODE
No. : cryst. : — upper

X Y basgment. Pre- | Penn. | Penn. Penin. | Penn., | Wolf. | Wolf. Wolf. | Wolf.,] Granite} Rock |aquifer,] Wolf. Penn.

- Penn | carbo-| granite} shale] Total carbo-| granite|{ shales | Total |wash, salt mn porous | porous

nate wash nate wash total carbo- ca{bo—

nate | "ate

145 194545, T 88018, -19571. 219, 213, 21. 207, 452, 7. [ 274. 545 21, 275, [y O 0
146 1945645. 78985. —-2012. 21¢&. 198, 15. 212, 427. 274. 0 274. 549 15. 9¢75. 0 o0
147 194545, 69951, -2042. 210 183, - Q. 204. 39¢4. 250, [¢] 220, 87¢ 2. Y75, 0 o 0
148 194545, - &0718, —-1829, 168. 152, 0 213. 3&&. 364, (&) L&, 722 [a} *75. 0 00
149 194545. S518e4. -17¢&8. ?1. 148, Q 18 1&3. 293. (8] 195, 4z, Q w48, &L, a @
150 218712, 216454. -1280. [a] 746, 71. &34, 553. 233, 30. 128, 396, 122, 254, Q 0 2
151 209635, 201401. -8523. o] 1583. 76. 107. 24, 317. 15, &9, avs v1 v81. Q [0}
152 200558. 186284, -1036. 0 122, 34. 241. 394, 217, Q 72 374 4. 1004, 122, o0
153 191482, 1703505, —-1311. 24, 274. 30. 229, §33. 370. o @S, 458 20. 1004, 122, o Q
154 1682405. 154262, -1615. 49, 305. 30. 274. &10. 343. [} 15685, &1&. 30, 10492, 0 18. 0
155 193234. 138840, -1737. 122, 1322, 4¢. 411. 410, 244, Q Zq4., 423, 4&. 1004, 20, [ v]
154 - 204042, 123456, —-1798. 137. 152. 61. 47=. &&4, 2579, 0 2892, 518 &1 973, 0. 00
157 204042, 105361, —1890. 219. 152, &l 335, 547, 282, O z8z, S44 L1, 975, Q o0
158 2040462, 87265, —1951, 223. 152. 46. 305, 503, 290, 0 290, §879. 46, 940, 0 00
159 204042, 9169, 2042, 213. 122, 37. 344. 503. 05, o 305 &10. 37. 951. O O 0
140 204062, 51073. —-15214. 91. 91. 0 30. 22. 21%. 0 14¢&. 3&4. 0 24, Y-S O oo
161  226298. 2124632, —-1047. Q 46, 4s. &40, 752, 219. 7&. 70. 364, 122, 745. o a 2
162 222273, 2055467. -—-975. (¢} 113, 198. 482. 732, 2383, 46. gZ. 264, 244. 9673, Q 0z
163 218249. 198387. -914. [o} 152, 347. 2L2. 762, 2864. 18. &7. 372. J&&. 975. 30. 01
164 214224, 121091. -914. ¢} 244, 76. 107. 427. 297. (o} 74. 372, 76, C9&3, 61, 00
145 210200Q. 183477, —1047. [0} 290, 34. 43. 3¢é6. 297. Q 74. 372. 34. ?91. &1, (4]
1464 2046175, 1746151, —-1219. (o] 244, 30. 183, 457. 317. (V] 79. 39&. 20. 275, b1. 00
147 202151. 168507, —1280. 76. 152, | 20. 235, S1ea. 3L6. [ 91. 457. 20, 11a9. Y14. 122, a0
148 128126, 160748. -1372. 116. 152, 30. CT-Y 549, 439. 0 110. G429, . 30, 1204. P45, 122, o0
169 194102, 152873, -1545. 113. 152, 30. 411. 5%14. 2€4. 0 145, S49, 30. 1226, 1004, 1. 00
170 1987966, 145345. ~1646. 137. 183. 37. 370, &10. 283, 0 1892, 472, 37. 1238, 1003, 1. oo
171 203831. 137817, —-1676. 148, 163, S2. 4035. 640, 240, 0 212, 472. &2, 1241. ¢S, al1. 00
172 20869S. 1302%0. ~1737. 189. 183. a7. 451 . &71. 268, 0 219, 453, &7. 1250, &L, v1. 00
173 -213859. 122742, —-17¢68. 201. 163, 20. 303, 71¢&. 277. (&) 224, S503. 30. 1302, 97S5. 91. o Q
174 21355y. 113728, —-1829. 213, 183. &Y. 427. 671, 267. [0) 2&7. S33. &1, 13480, LED . 46. 0o
175 213559. 104495, -1890. 219, 183, &1, 305, 54¥. 282, (o) 282. S¢44. &1, 1364, 987, O 00
176 213559. . 95662, -1920. 232. 133, b1. 305, S42. 2%0. 0 290, a72. &1, 1346, 94535, O 00
177 213%559. 8L4H23. —1931. 232, 198. &1, 308, 544, z97. ] 297 S94, &1, 13768, 245, O o0
178 213859. 77595, -2134. 232, 1983, 49, 317. &4, 308. 0 308, &10. 49, 1365, 245, 0 0o
179 213559. &85¢&1. —2073. 213. 1468. 37. 299. S03. 320. (o] 320. &40, a7. 1326, 951 . O a0
180 213559, 59523, -1829. 174, 122. 0 244, Iy 343, 0. 343 L&, 0 1311, 0E. 20, 00
181 213559. 0494, -1372. 46, 21, 0 30. 122, 437, 0 292, 732. 0 1287, F02. &L, [ON¢
182 234000. 209042, —~457. o ‘4. Q 7&. 22z, 216, 122, 22. 340, 122, SLT, 945, Q 0z
183 224892, 193347, -¢&10. o] &2, 122, 162, 364, 270. &l 29. G860, 183, 945G, 945, Q 01
134 219733. 1311389, -833. (V] 193, 7¢4. &1, 3&5. 280, 0 70. G351. 74, 1098, 275, 0 1&g, 0
185 212478S. 1£4547, -1219. 1. 366, 30, 1. &8, 293. (&) 73. &4, S0, 1128, a3, S0, 15. 0
184 2058547, 151423, -1524, 143, 274. 0., 209, 5¢&4. 320, 0 107 4z7. 30. 1204, @Rl 137. 15, 0
187 214312, 124773, ~147¢6. 189. 381, 30. 229, &10. 247. O 172. 427, Z0. 1260, @75, 137. 70. 0
. 138 2230855, 122047, —176%. 213. 305, 30, 396, 732, 307. [} 145 472, 20, 1320, V4. 137. R R
189 2230835, 104087, —~t1a70. 22¢. 244, S0, JzE. &10. G47. Q 187 S33. E0. 1357 E4cT-N &7, [CN)
190 2230885, 84107. -—-1951., 238, 213, 30, 36, &10, Gz20, 0 320 &40, 0. 13217, 924, 30. 00
191 2230885, 48127, -2134. 2140 182, 18. 247, 512, 320. O 220 640, 1&. 1294, 920, (4] O QO
192 2230885, S0147. —-1219. e} V1. [} 0. 122, DT [x] 2449 &10, 0O 1280, Q4. &1, 00




251545.

Ta\a\e A-Z (_Cr_nf.'i_ ")
Node Coordinates, m Elev. of Thickness, m . Head in Thickness, m NCODE
No. cryst. — upper
X Y basgment, Pre- | Penn. | Penn. Penin. | Penn., | Wolf. Holf. wWolf. |-Wolf.,] Granite| Rock laquifer,] Wolf. Penn.
Penn | carbo- granite| shale| Total carbo-| granite| shalz | Total |wash, salt m porous | porous
nate wash - nate wash total carbo- ca{bo-
nate nate
173 241817. 2054383, 0 0 18. Q 15, 30. 201. 22, gt ZZ5. 22 0 oz
194 235690. 199140, -152. 0 30. 0 30. &1, 213. 110, 8. 335, 176 0 a 2
195 235543, 192480. -305. (V] S2. Q 70. 122, Z233. 4. &, 335, P36, 0 Ot
1946 23243¢. 1E5705. ~-396. (o] 70. [5) Sz, 122, 268. &1, &. RIS, 1006, Q 0o 0
197 227309, 1788185. ~&10. (o] 88. 15. 140. 244, 261. 15, S0, 324, 1052, &1, o0
193 224182, 171808, -9214. 15. 213. 30. 122, 346. 26&. O &£7. 335. 1113, &1L 12, 0
199 223055. 164483, -10¢&7. &1, 274. 30. 137. 442, 248. Q 67. 338 11324, &1, 30, O
200 219928. 157447, -1250. 101. 351. 30. 107. 4385, 293. (e} 73. 3&6. 1174. 76. 4=, O
201 2146801, 150093. —1463. 134. 411. 30. 107. 549. 293. 0 73. 364 213, 22, &1. O
202 22073%. 142913, -1554. 171. 411. S0, z22. 544. 297. 0 V. 6. 1280, 1Z1. &1, 0
202 22484477, 135733, -14&415. 198, 427. 30. 152. &10. 317. 0 77. 39¢&. 1 245G, 137. 1. Q
‘204 223614, 128552, -167&4. 207. 427. Z0. 193, 8&3, 308, [V 7&. 3 1296, 12&. 107, 0
208 232852, 121372. -1737. 21¢&. 427. &L, 213. 701. 325, 0 71. 3%4. 13114. 122, 128, 0
2048 2328582, 112454, -1829. 219, 33S. q¢4. 351. 32, 330. 0 114. 494, 1203, 122, 122, 0
207 232852, 103537. -18%0. 229. 198. 30. 411. 640, 373. o 145. S1ga. 0. 1320, 107. 1S, 0O
208 232552, 94619, —-1920. 235. 148, 30. 442, &40, 330. ] 249, 579 30. 1274. 21, 00
209 232552. 85702. -1981. 244. 122, 30. S503. &55. 3385. 0 33S. &71. 30. 11v8. 7¢. o0
210 232552, 76784. —-2134. 244. 152. 30. 457. 640. 364, 0 3&4&. 732, 30. 1241, &1, 00
211 232552, 67846, -2134. 229, 122, 21. 421. S564. 364, Q 286, 732 21, 1280, O 00
212 232552, 58949. —-16185, 201. Q1. ?. 2635. 3&&. 366. 0 3&4. 732. 9. 12320, 0 O Q
213 232552, S0031. -1524. 30. 91. [} 1. 183. A402. 4] z2¢é8., &71 o 1271, &1, 15. 0
214 249750, 202856. o 0 15, - 15. 0 0. 134, 148, 24. 335 123, 915, 0 [
215 244243, 1689788. -3085. 0 49. 30. 42. 122 183. 132, (o) 335, 153, 951. O [
216 238777, 1765546, -610. 15. 885. 15. 143, 244, 244, 4¢. 15. 305. &1, 791, &1, Q0
217 233290. 162861, —10%97. &1, 213, 30. 122, 3¢&é. 253, (o] 65, 323 0. 1123, 7¢. 00
218 227803. 148703, —1433. 146, 3¢6. 30. 122, 5183. 293, (o} 73. G366 30. 1137, 122, 0o 0
219 23492¢. 134490, —-1585. z20t. 6. 44, 198. &10. 322. 0 44, 3&4 4¢4. 1189, 122, 15. ©
220 242049, 120677, —-1737. 216. . Z&l1. &1, 229, &71. 311. 0 o5, CToYN &1, 1220, 131, 1. 0
=21 242049, 103045, —-1&8%90. 232. 244, &1. 366. 671. 363, 0 1585, Ste. 3 B8 1250, 122, 107. 0
222 242042, 85412. —-2073. 244. 122, 61. 503. &86. 320, [ 320, &40, ¢, 1271. 74. 00
223 24204¢%, 47780, -228¢4., 244, v1. 0. 488. &10, 3¢&6. [0} IR 2z, 30, 12465, 20, 00
224 . 242049, . S0147. —-1931. 152, 21. &, 299, IV, 351. Q 351, 701 6. 1265, S0, O 0
225 257799. 199461, o 0 15. 15. 30. &1, ?6. 148. S4. 320, 1&83. &4, 0 [
224 255396. 193523. -308. (o} 30. 15. &1, 107. 12&., 148, 24, 320. 183, 209, (o] [ I
227 252993. 1872469, —-457. (o} 46. 30. 148. 244, 140. 152. 8. 320 183. 9z0. 0 o 2
223 2505%Q. 180899, -914. 61. &1, &4. 241. 3646, 128. 113. 0 311, 177. 9720, 0 a1
229 248188, 174414, -1097. 91. G2. 91. zee. 442, 213. &L, Q 274. 152, 715, 4] o0
230 245783. 167312, —-1219. 122. 152, 113. 223, 4Es. 195, 15. 34. 244, 123. 10327, 20, 00
231 243380. 1&£1095. -1372. 174. 171. 8. 235. &03. 244, Q 23 IN 305 Sa. 1185, &b O 0
232 240977. 154262, —-1433. 183. 213. &7. 238. 518, 268, 0 &7. 335, &7, 1104, 21, a0
232 238574, 147314, —-1443. 184, 274. 46. 229, 549, 293. Q 73. 3¢, 464, 1152, 101. 00
234 241&17. 140431. —-1494. 1938, 274. &1, 244, 79, 329, [} 37. 3¢4 &1 1113, Q1. O Q
235 245040. 133448. —-1524. . Z10, 235, é1. 213, &10. 229. ) 7. 3éL &1, 1oz, s a0
2346 248302, 126213, —-14185. 244, 335. 44. 244. &Z2S. 311. (] S5 R b 44, 1131, 122 0 a
© 237 251545, 119922, —-1737. 244. 325, &1, 244, &40, 305, [a} 7k, 3&1., -0 N 1149, prge 25 A ¢
. 238 251545, 111296, ~1829, 213, 3P¢&. 74, 19&. &71. 333, 0 119. 437. 7é&. 1174, 114 152, O
239 251545. 102610, -1890. 213. 305. 74&. 3z0. 701. 342. O 17¢. Sige. 7&. 11359, 107 131, 0O
240 P3I924., —-1951. 219, 133, &7. 482, T3Z. . 290, (] 290, S7» &7, 1220, E2) 1S, O




Taole A-2 (et )
Node Coordinates, m Elev. of Thickness, m Head in Thickness, m NCODE
No. | cryst. upper

X Y basement,l Pre- | Penn. | Penn. Penin. | Penn., | Wolf. | woif. Wolf. | Wolf.,] Granite| Rock jaquifer,| Wolf. Penn.

T m Penn | carbo-| granite}] shalej Total carbo-| granite| shale | Total |wash, salt m porous | porous

nate wash nate wash : total carbo- ca[bo-

nate nate

241 251545, 8S738. -~2073. 232. 152, 49,  S=TO., 73ZE. 326, o 3z8. 49, : 77z 7é&. 00
242 251545. 76552, -2225. 244, 122, &1, S4%. 732, 3&é.. ] Séb. &1, 2 &. &1, a o0
243 251545. &78¢8&. —2377. 244, 91. 20. 488, &10. 3&é. O =Y. 30. 22¢4 &l 0. 00
244 251545. 59180, 2234, 244. Z1. 21. 43¢4. 347. 346. (3] 344, 1. 125¢4. 2 O 00
245 251545. 50494. —-1920. 183. 137. 15. 335 43, 338, (o] 335, 15, 1250, & O o0
244 265944, 196797, =41, Q 15. 18, 61, v1. v1. 1é8. 44, 305. 133, c59. 378. Q 02
247 2617351, 184%24. -483. 3Q. 4¢. o} 198. - 244. 122, 132. 0. 305, 152, aue, 883, a a2
248 257538, 172387. —-975. 152. 82. 74, 207. 36&. 171. a6. 27. 244. 122, 915, &47. 0 01
249 283325. 159387. ~1047. 152. 152. 1. 244, 423, 195, [} 49, 244, 1. 1055, ¥ (8] o0
250 249113. 145924, -1230. zZ132. 193. &1, 290, S549. 280, (V] 29, 299, &1, 1053, &1, a0
251 255077. 132405, -1524. 213. 244. &1, 305. 610. 2y9., 0 340, &1, 1043, 107. o0
252 261042, 119287, —-1737. 213. 293, &, 274. &40, 317. o} 3L, 73. 1037, 107, 0. 0
253 261042, 102234. -1890. 213. 3é&¢é. 8. 247, 701. 283, (o] S18. gg. 1098&, v1. 137. 0
23549 261042, 85180, -2073. 229, 152. &4, 515. 732, 34, ] &40, &9, 1137, &7, Qo0
2535 261042, &8127. -2247, 244. 1&3. 27. S521. 722, 437, (4] 732, 27. 113&, S0, (2 V]
25¢ 261042, 51073. -1585. 152, 122. 9. 357. 433. 354. 0 540, Y. 1132, o o0
257 274244, 194545. -183. 0 b 15. 85. 107. 49, 148, 244, 183, 28, O 0z
253 272391. 188714. -é410. &1, 24, 30, 9&. 152, 22, 152, 274. 183, &394, [¢] 02
259 2703538. 182752, —~&7%. d1. 43. 7&. 123, 244. 114, 107. 290. 1232, gLy, O o2
2460 2684635. 176672, —-579. v1. &1, 0 1&3. 244, 130, é1. 25%. &1, a7a. o o 2
261 284832, 1704746, —&10. 122. 79. 46. 149, 274. 14¢. 135, 244, &Y. 202, QO oz
2462 264979, 164144, -914. 244. 113, 44. 177. 338. 192, o 274, 44, P24, 0 01
263 26312¢. 157737. -792. 107, 146. 30, 169. 36, 247. [ 274. =0, 7¢&. Q 00
244 261273, 151193. -914. 122, 145. 30. 293, 488. 232. (o} 290. 30, 1006, z0. 00
2465 259420, 144534. —-1128. 137. 183. 37. 299. S18. 281. 0 314. S 37. 1021, &l o0
266 262200, 138049. -1280. 152, 1o8. 43. 308. 549. 248. 0] 3385. 43, 101&, P3. 00
287 264979, 131543, -1341. 148. 244. [ 274. 577. 293. 0 3&4. &1, 1043, 22, 00
248 267757, 125078. -14¢43. 183. 274. 74, 259. 610. 305. 0 381. 7. 1044 2. a0
289 270533, 118592, -164¢. 198. 238. ?1. 19€. &25. 273. o} 3¢&4. 71, 1073. &1, 15. 0O
270 270538. 110254, —-1768. 213, 366. 91. 198, &55. 329. 0 J&6. 21. 1073, &1L 28, 0
271 270528. 1019135, -1890. 213. 39&. o1. 19&. &6, 390. QO fze. 1. 1131, 74. 122, 0
272 270538. $3577. —-1920. 213. 335. 74. 305. 716. 347. 0 5779, 76. 1146, 76&. 15. @
273 270538. §35238. -2042. 235. 183. &L, 488. 732. 4022, o &71. &1, 1171. &1, o0
274 27Q0538. 746900. —-2195. 241, 163. 30. 533. 732. 4z, O 732. 0. 1195, Z0, (]
275 2705z8. 663&1. -2134. 244, 158. 24. 549. S2. 439, (] 722, z9. 1204, O o0
276 270538. L0223, —167&. 244, 158. 18. 311. 483. 40z, 2} &71. 12. 1133, (] 15. 0
277 270538. 51884, -1219. 91. 183. 12, 171. CT-Y. 8 305. 0 &10., 12, 1159, (¢] 7. 0
278 283046, 194044. -305. (v} ’ (o} 15, 107. 122, 37. 143. z44. 1323, 802, o Q02
279 279803. 182217. -701. 1. 43. g1. 79.  213. 61. 21. 244, 1383. 848. O o2
230 276560. 149984, -1036. 122. 79. 152, 12, 244. ?2. 20. 244. 133, 273, O o2
281 273318. 157344. -945, 30. 116, 44, 1453. 305, 152. 15, 305. &1, 754, O 15. 1
282 270075, 143877, —-1128. 152, 152. 30. 133, 3&4. 245, V] 335, 0. v76. &7. 00
283 274937, 131129. -1341t. 183. 244. 20, 244, 5ta. 229, V] z08, 30. ot 122, o0
224 279503, 118592, —1476. 213. '351. &1, 2592, &671. 144, 0 183, &1, y &1 00
285 279&03. 102031. -18%0, 244, 384. 1. 256, 732. z97, o 427, 1. &AL 137. 0O
236 279303. 85470. -2012. 244. 233. &1. 423, 732. 373, 0 &S99, &t B35, 12. 0
287 279303, £8903. -1590. 232. 171, 15. 54¢. 732, 375. o 625, 15. S5, 12, O
288 279803, 52347, —1067. 0. 122, 0 0 122, Z567. 0 523, 0 1037 0. F1. 0




Tole A-Z  (cent )
Node Coordinates, m Elev. of Thickness, m tlead in Thickness, m | NCODE
No. cryst. upper
' X Y basement.] Pre- | Penn. | Penn. Penin. | Penn., | Wolf. | wolf. Wolf. | Wolf.,| Granite| Rock jaquifer,] Wolf. | Penn.
T m Penn | carbo-| granite| shale] Total carbo-| granite} shale { Total ]wash, salt m porous | porous
nate |wash nate | wash . total carbo- C'd[bo-
nate nate
289 221843, 123307, —-3é&. 0 Q 15. 107, 122, 24, 148, Se. 244 Q 2
220 290458, 187544, -440. 30. o} 30, 2z, 152, 37. 152, 55. 244 (8} z
291 282048, 181574, -—¢&71. 1. 15, &7, 101, 183, 44, 11& &4, 244 0 2
292 2876783, 1755853, -8314. 152, 30. 13. 198, 44. 5. 107. 113. 274. 0 2
293 284289, 1469434, —-1097. 183. 46, SS. 143, Z44. 1. 95. 11é. I03. : O 2
294 234399, 163224, —-1219. 152. 32, &t 101. 244, 12z, vi. *1. 205, Z0. b} 2
295 283509, 156924, —1250. 274. 1464, 1. 67, 305, 143. Z0. 117. 294, Ya. G0, =
296 232119, 1950542, —-1219. 213. 1583, &1L (@] 244. 193, Q 25, 283, PEY. &1, 2
297 280730. 143374, ~1047. 182. 152, 30. ?1. 274. 21%. [u} Sa. 274. 251 . 71, & 1
293 282814, 137004, —-1250. 143, 207, 30. 8. 335. 202, Q 57. 259, 930, &10 &1, 0
299 264899, 130752, —-1402. 183, 244, 30. 213. 43¢& 1&85. O &Y. 244, 715, 594 1. O
300 286933, 124614, —-1554. 193, 290. 30. 290, &10 130, Q &3, 244 P21, S7%. 1. D¢
S0¢ 289048, 118592, —-1&15. 244. 335. &1 335, 732. z&3. o 102, kL Y3 579 &7. (U]
302 23904€E. 110349, —-1829. 335 296, 1. 25%. 747. 277. o 119. 3%& 270, 577 15. 30. 0
302 289048, 102147. —-189%90. 335. 427. 21. 287, 777. 297, (o} 128. 8427. 21. gy, S77. 30. 122, 0O
304 289043, 93924, —-1920. 244, 394, 79. 317. 792, 327, (o} 219. 549. 79. 1006, S79. 15. 152, 0
305 . 289048. 85701, —-1981. 244, 3&s. 7Q, 387. 823. 366. o 244. &10. 70. 1027. SEE. &1, 0
306 282048, 77479. —-1%981. 244. 133, &1, &10. £53. 3&6. (8} 244. &10. 3 1043. &10 2. 0
307 2820468, &9256. -1829. 1&2. 207. 24, &22. 833, 293. [0} 195, 48& 4. »91. &10 1S5. 0
303 289063, &1033. -975. &1, 213. Q 21, 305, 274. 0 133, 457. 0 215, &34, &1L 0
309 289068, 52811, -914. 0 244, 0 o 2449, 320. (¢} 127, 457 Q ?30. &E4 122, 1. 0
310 3004647, 1924655, -¢10. [o] 0 15. 107. 122, 24, 148, 32, 244, 133, 732. 774 0O [
311 298333. 120885, -945. 152. 24. 44, 174. 244, 52. 137. 70, 23%. 1&3. 732, 73z, Q 0z
312 2946017. 148326, —-1128. 305. 49. 74. 119. 244. 82, 107, &65. 274. 133, &823. 707. 0 02
313 293701. 154478, ~1280. 213. 14¢4. 122. 37. 305. 174. &1, 55. 290. 183, E79. &71. ] o 2
314 291324. 142971, —-1311. 274. 152, 46. 229, 427. 235, 15. 835. 338, &1, 854. &40, 0. 15, 2
315 2943S9. 130434, -1402. 163. 213. 1. 163. 488. 2¢7. O 114. 3. 21. &é9. S564. &, 21, 1
314 298333. 118592, —-1737. 213. 3085. 122, 30S5. 732, 341. 0 &3, 4z7. 122, 915, G4t 44. 00
317 298333. 102242, -18%0. 3&6. 427. 91. 274, 792. 288, Q 122, 411. 1. P45, 54%. O 22,0
313 298333, 85?733, —-1920. 244, 488, 61, 290, 8538. 329. O 212, 549, &l P45. S47. 46. 107, 0O
319 298233. &9L03. ~-1829. o 305. &1, 438. €653, 320. 0 127. 457. &1, PO, &73. 4é&. 5. 0
320 298333, 83274, -914. 0 338, Q -30. 305, 213. e 1. 305, (o] 2. &10 122, &1, O
321 309451. 191784, -338S. o 0 7&. 229. 305. 27. 163, 74. 2¢g., 244, 707. 732, O 0z
322 3085285, 1359446, -518. (o] v} 15. ' 351, 364, 41. 148. &6, 274. 133, &35, 701. [s] 02
323 307598. 180039, -~975. 152, (o 30. 351. 381, 54, 152, 72. 220, 183. 71&. &oe, [0} 0 2
324 3046472, 174154, —1047. 148. 24. 61, 341. 427. 72, 122, ¥3. 287, 183, 726. 671. 0 0z
328 305745, 148140, —1128. 183. 43, 76. 333. 457. 88. 107, S, 2%3. 1a3 777. &80, O o 2
326 3048919, 162109, —-1219. 183. &1, Q1. 305. 457. 136. 21. 75. 202, 183. 793. &71 0 02
327 303892, 154000. -1280. 1e3. 7v. 122. 226. 427. 170. &1, av. 320. 183, 7%93. &40 (] o2
328 3029866. 1493833, -1311. 213. 143, 152, 70. 36, Z2085. 30. 104, 241, 183 323 &13. 0 0z
329 302039. 142481, —-1433. 213. 14¢4. 143, 235. S549. 252. 15. 120, 2&7. 183, 85 g, (@ o2
330 303429, 136311, —1476. 244. 197, 183. 3IVe, 732. 284. 0O 122, 405, 18X, 254. &7 0 o 2z
331 304819, 130173, -1727. 244. 14686, 152. 411. 732. 299. o 123, 427, 152, S0, 54% o o1
- 332 306208. 124267, —-179&. 274. 235. 113. 3&4. 732 324. [} 132, 443, 113, Beés. I Y 0 (e
333 307598. 118592, —-1829. 3095. 270, 1. 281, 732, 217. [0) 171. 433, 91, 8L, S4¢4 15. oo
- 334 307598, 110485, ~18&29. 305, 427, 122, 20S. &&3., 229, 0 128, 4z27. 22, 284. G4, &1, 37. 0
335 307598. 102378. —1829. 3085. 427. 74. 351, 853, 2e8, O 123, 411. 7¢&. Sigq. S4% 20. 101, ©
336 307598. 24271, -—-1829. 3085. 244, &1, 549, 853 311. (V] 207, 518. (=5 I8 G349, D30, &1 . 15, O




Toable aA-2 (conl )

Node Coordinates, m tElev. of Thickness, m Head in Thickness, m NCODE
No. cryst. - : upper

X v basement,| Pre- | Penn. |Penn. penin. | Penn., | Wolf. | worr. | Wolf. | Wolf..| Granite| Rock |aquifer.| woif. | Penn.

) Penn | carbo-|granite] shale] Total carbo-| granitef shale | Total |wash, salt m porous | porous

nate |wash nate wash total carbo- ca[bo—

nate nate ;

3327 307578. B8&L1LS. —1829. 303, 457, 3 335, 53, 3. [ 219, &1, &30, G30. 7. 0
238 307393. 73053, -182%. 305. 3V4. &1L 427, s34, 373. 0 124. [ . 243, 15, 0
3% 3075%8. £&9951. —-1829. 308. z259. &1, S3&. S53. 233, O . &L, Sq4, o0
340 307593. 61844, -1341. 182, 193. [} 229, 427, 30S. 0 1. O S544. . Q
241 307598. S53737. -1219. (V] 290, Q 7&. &b, 33, 8] 130, Q : S72. <3
342 313253. 1920302, -437. 0O 0 1. 3¢b. 457. SS. 15z. &7. 244, 701. &71. 2 0o
343 314843, 17920&. =701, 152. . o 122, 427. S49. 87. 122, &1, 29 244. 701. &40, O o =z
344 315473. 167436. —-1128. 2449. 30. 1. 453. 610, 122, 1. 71, 208 : 733, &40, 0 02
345 314084. 155493, —-1280. 213. &1, 152, 2v¢. 610, 13&. 30. 155, 372, 747. &v7. &1 0 2
336 3124694. 142507, -1341. 213. 85, 1. 189, I 233. (4] 153, 426, 779, 879, &l [
347 314773. 129971. ~1&15. 244. 153, a1. 238, 488, 3z4. ¢ 137, q&3. G817, S33. Y] O 1
348 316843. 118592, —{gz9. 23. 290, 107. 3395, 732. 273. 0 195. 483, 327, 530, AL 29. 0
249 3148643, 102494, -1829. 213. 290, &4. S00, 53, 299. o 128. 427. 823 518. &1, 20, 0
350 314363, 846374, —-1827. 213, 335. 61. 457. S53. 415, 0 104, S1&. i 512, 44 O 0
38 3148463, 70293. -1327%. 1352, 122, &t 671, 853, 270, 0 ga. 458, 527, 30, O 0
35z 314863, 54200, -15885. 183, 213. 3. 424, &40, 428. O 121. 549, S36. &1. Q0
353 327085. 182701. ~-549. 0 (o] 122. 488. &10. &8. 122. 110, 290, &LO, o Oz
354 324591. 133983. -&71. 0 0 131. 479, &10, 74. 113, 109, 2964, &10, Y 0z
355 324128. 1782364, -792. 0 Q 143. 4L &10, 71. 101. 11%. 302, &10, (4] o2
356 325648. 172460. -&84. 0 (o} 152. 457. &10, 110. g1. 113. 314. LOO. [} 0 2
357 325202, 1464455, -1219. 259, (o} 299. 311. &10. 138. &7. 140, 344, 758, &10. S0, (s
353 324733. 1460321, —1402. 2&8. 0 254. 354. &10. 140. 49, 1463, 372. 729. [ RN &1 o 2
359 324275. 154958. -14332. 274. 30. 213. 3L&. &10. 186, 30. 180, 37&. 732. &£Q4. &1, o 2
340 323312. 1490466, —-1372. 293. 52. 244. 314. 610, 207. v} 207. 415, 732. 549. -3 W% 0 2
361 323349. 142449. -1341. 3385. 7¢&. 244, 290. f:b}0,v 299. O 128. 427. 725, 556, &1, O 2
32 324043. 135944. -134t. 213, 1. 1. &1. 0 244. 3092, (o] 133, 442. 777. G524, &, 0z
3¢&3 224738. 129826. —1433. 244. - 153. ?1. o 0. ..244, 241, o 146&. 4&8, €02, 512, 30. o1
364 325433. 124038, —-1476. 244. 232, 110, -~ 248. 610, 295, 0 195. 4%, 30z, S0&. [ I 21. 2
3435 324128, 118592, -1829. 232, 305, 122, . 427. £53. 227. O 160, 457. 72&. S51Z. &L 35. 0
366 326123. 110601, —-1329. 213, 335. 143. 375. 853. 277. (8} 149, 427. 723, S12. [ 3N o1, 0
347 328122, 102610, ~-1829. 207. . 290. 1. 472, 853. 303, 0 131, 424, 793. S12. 1. 12, O
343 326123. 94419, —-1329. 207, 244, v1. 579%. 214. 31&. 0 135. 451 723, 433. 30, [S I
349 3246128, 846L28. —-182%9. 201, 244, 8s. &1 6. *45. 220, 0 137. 4357. T7Y9. 438, [ IR O O
370 324123, 78437. —-1329. 139, 122, 76. 777. P75, 237. 0 144, 422 7932, 503. &1, Q0
371 324128. 70644, —-1829. 183. 122, &4. 787. ¥739. &6, [} 122, 4E8. 774. S0z, &1, (e
372 32&6128. L2635, —-1829. 183. 122, 27. 704, 253, 390. 0 3. 483, 7=3. 503. &1, 0 0
373 32&128. 544664, 1415, 183. 122, 13, o1, 732. 241. O 14¢4. 488. 1&8. 716, 142G, &1, 00
374 3358564. 188485. —-440. [0} Q 122, 438. 4610, S9. 122, 112, 293. 244. &472, 534, 2] (5 2
375 335393. 177179. -£84. (0] o 137, 472. &10, 94. 107. 113. 314. 244. &LAD, S99, &1, o 2
376 334930. 145315, ~1036. a (o]} 152, 457. 610, 13%. ?1. 135. 3&6. 244, 732, 44, &1L [ I
377 3344¢7. 154393. —-14&15. 335. 46, 244, 320. &10, 174. &1, 141, 37¢. 305. 747. 573. &1, Oz
378 334003. 142507, -1985. 308. 1. 193. 320, 610, 212. 15. 197, 424, 213. 793. 29. S5, Q2
379 334498, 129732, —1&7¢. 213, 152. 114, 98. oY 293. O 2273, 11&. VAZEN 435, &t 15, 1
380 33539 3. 118592, -1829. 244. 276. 183, 408, S34. Z293. (3] 195, 133, 777. 527. &1, 7&. 0
381 335393, 102724, —18Z27. 244, 290. 122. 544. 975, Z93. (] 195, 22. 777. 4749, S5, 18, 0
382 333393, 8468392, ~1829. 193. 183. 82. 771. 1034, 293, O 195, 2. 777. 423, &1 o0
383 ‘335393, 70993, —-1798. 18¢4. 122, &l €53, 10324, 273. 0 199, G1. &8, 494 . [ 00
334  335393. 85127. -16&76&. 133. 168. 15. &71. €53, 293. 0 195, 15. &34, 472. 61, 00
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Table A<2 (ol )

| —— T I

Node Coordinates, m Elev. of Thickness, m liead in Thickness, m NCODE
No. cryst. - upper

B X Y basgment. Pre- | Penn. | Penn. Penin. | Penn., | Wolf. | Wolf. Wolf. | Wolf.,| Granite] Rock |aquifer,| Wolf. Penn.
i Penn | carbo-|granite| shale} Total | carbo-{ granite| shale | Total |wash, salt | porous | porous

nate wash nate wash total carbo- | caybo-

. nate nate

335 Z44£58. 187153, -7&2. 0 (& 131. 7&3. 914. &O, 113. 12¢ 299. (B3] O O 2
386 344438. 181594. ~9214, (¥ 0 134. 730, v14. 7é. 110, 119, 305. &40 44 [y
287 344458. 17£035. -973. (e} Q 137. 777. v14. 101. 107. 128. 336, (Y- &1, 0 2
338 344¢58. 170474, ~1036. o o 140, 774. 914, 113. 104, 149, 3¢b. 72¢. &1, 0 2
38¥ 344458. 164917, —-1077. Q 0 143. 77 1. 214, 12¢&. 101. 155, 2&81. 726. &1, 0z
390 G44453. 159358, -1128. 0 15. 144, 753. 214, 139. o5, 160. 3é&. 2. &1 0z
391 344458, 183799, —-1707. (¢ 40. 210, 340. &10, 143. 4. 1£9, 411. 762 &1, 0 2z
392 394458. 148240, —-1737. 335, o1, 152, 384, &10, 142, 1. 173. 4z27. 248 Z0. 0o 2
373 344458. 142481, —1748. 3385. 8. 183. 327. &10. 17&. 44, 233. 457. 3&3. 20, 0z
374 344453. 135264, —-1798. 317. “3. 192, 314, &10. 215. 15, 253. 433. 823, 1 159, 2
395 344458, 129710, —-1829. 213. 1&&, 183, 15. 3&¢é. 274. Q 274. 549%. 756 &L S0. 1
394 344458. 123919, —-18Z9. 244, 23S. 183. 43¢, 353, 302, 0 247. S4v. 745, T a1l AL, O
397 344458, 118392, —-1829. 244. 297, 183. 41&. 899, 298, O 223, 518. 759, 4¢€¢e. (3 % “1. O
398 3444583. 110717, -1329. 244. 335. 1852, 433. 275. Z83. [ Z253. Sng. 753, 4c3, &1L P20
3%9 344438, 102842, ~1829. 244, 364, 122, S18. 100¢&. 244. 0 Z244 483. 747. 484, &1 (<3 I b
400 3444658. 94964, —-13829. 244, 137. &88. 841. 1047, 341. 0 14¢4. 4383, 741. 433 &1 00
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Section I: Program Identification

Program Title: Steady-State Flow Analysis

Program Code Name: TRAVEL

Program Writer: The original version of this program is George

Pinder's ISOQUAD. Randall J. Charbeneau of the Civil Engineering
Department,U;Tl atAustin, has modified and incorporated the capa-
bilities of computing stfeamlines, travel times, and the analytical
so]ution.for heads around a pumping well (July 1978). Hunder Yeh and
Prakob Wirojanaqud modified the program for the University of Texas

Cyber 750 computer and incorporated zeta plotting subroutines.

Program Documentation: Prakob Wirojanagqud

Organization: Bureau of Economic Geology

The University of Texas at Austin

Austin, Texas 78712-7508

Date: April 1983

Source Lanquage: Cyber 750 Computer Systems-FORTRAN IV Version 538.

Abstract:

Program TRAVEL is a general purpose program for two dimensicnal
steady-state groundwater flow analysis. It can be used to inves-
tigate two dimensional, profi]é or areal, flow and mass transport
problems. Two‘dimensiona1—profi1e problems with free surface can

be handled provided that the %ree surface is specified. Two-di-
mensional-areal problems with leakage from an aquitard can also be
handled knowing heads in the aquitard. The flow region may have

any complex shape and it may consist of different materials arranged
in arbitrary patterns. External and internal boundary conditions
that may be specified are: prescribed head; nodal source/sink dis-

charge; element source/sink discharge; and préscribed head in the

-



v

aquitard. Analytical solution for head around a pumping well fis

obtained if the well is specified as a source/sink element. Typi-

~cal  output consists of nodal point values of head and velocity,

plots of head contours, streamlines and travel times.

This program was written based on the Galerkin Finite-Element
technique and the use of quadratic-quadrilateral elements in
discretizing the flow region. Background material, as well as
some examples of application, are available in a report entitled
“Finite Element Modeling of Groundwater Injection-Extraction Sys-
tems" by R. J. Charbeneau and R. L. Street, Technical Report No.

231, Depf. of Civil Engineering, Stanford University, July 1978.
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2.1

2.2

2.3

2.4

2.5

Section II: Program Usage

Computer Equipment:

Program TRAVEL was written for a Cyber 750 computer. An input term-
inal, a line printer, a zeta-plotting Ilibrary, and a plotter are
necessary to run the program.

Source Program: The source listing of Program TRAVEL and its bi-

nary version, BTRAVEL, are stored in permanent file 1057 of The
University of Texas computer system. The source listing of the
program is also given in Section IV of this manual.

Control Commands:

As run on the Universify of Texas Cyber 750 through the interactive
job processor (TAURUS), the control commands are as follows:

MAXFL= 230000/ |

LDSET,LIB=ZETLIBF/

BTRAVEL, datafile

Storage Requirements:

The present version of Program TRAVEL reqﬁires 230000 (octal) words

of central memory to executg. This required memory is adequate for

problems of up to 740 nodes or 225 elements. The maximum half band-
width of the g]oba1'matrix is 50.

Construction of Finite Element Mesh:

The following gives the procedure for constructing the finite ele-
ment mesh and the numbering convention which is part of the proce-
dure for preparing an input data fiTe;. One should first construct
to scale a map or cross-section of thé flow region and divide it
into subregions according to the geometry of the flow region and/or

the material properties.
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Each subregion is subdivided into a finite number of elemenfs and

then the node and element numbering conventions are specified.

The construction of mesh as well as the numbering of node and ele-
ment can be performed manually or by using an automatic mesh gen-

eration program. A general purpose program named "MESHG" is avail-
able for the job. Interested users can find detailed information

from the user's guide of the program.

Figure 1 shows a map of finite element mesh of 135 nodes and 36
elements. First, the flow region is divided into 3 subregions

as indicated by the thick-solid Tines according to, for this ex-
ample, its géometry. In each subregion, if further discretization
into elements is performed manually, the size bf each element can
vary arbitrarily although it is suggested that the dimensions of

neighboring elements within a given isotropic material should not

differ from each other by more a factor of 2 or 3. If Program

MESHG is used, the size of each element can be varied gradually

by a given ratio in each direction.

The node and element numbering in Figure 1 starts in sequential
order from left to right and from bottém to top. In this manner,
the half bandwidth (NHBW) of the resulting global matrix, which
is 20, is the minimum for this particular mesh system. Since the
half bandwidth is a function of the maximum difference between

nodal numberoccurringon the same’gléfientione should start num-

bering along the d1rect1on w1th sma]]er number of elements and,

L £
< A il ‘\ i*'-k:: ‘ P“a-w.-\“.: '«l.k

have the m1n1mum ha]f bandw1dth There gre three arrayed paraéﬁ_
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(a) Local-Global Node Numbering Relationship

K=

K= 4 — K= 2
@ (J=¢ @
K =

(o) Array ok Adjo,cer\{

Figure Z

Elere 2nts | INEL (K| 4)
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need to be clarified: INC (I,J), IN (I,J), and INEL (K,J).

The integer value of INC (I,J) is the global node number of the local Ith
node'of the Jth element. As an example, INC (I,J) of the mesh system in
Figure 1 has the following integer value for J = 8 (see Figure 2a):

I = 1 2 3 4 5 & 7 8

INC (I1,8) 25 26 27 36 44 43 42 35

1]

The counter-clockwise numbering order of INC (I,J) for I =1 to 8 as shown
in Figure 2a is, however, only for convenience in numbering a mesh system
manually. .The program will convert the array INC (I,J) into array IN (I,J)

and use it in the finite element computations. As shown in Figure 2a, the

ﬁnteger value of IN (I,J) for the previous example is:

I = 1 2 3 4 5 6 7 8
IN (I,8) = 25 27 44 42 26 36 43 35
Array INEL (K,J) fs used to indicate neighboring elements of an element J
for use in streamline analysis. Figure 2b shows the counter-clockwise
numbering order of INEL (K,J) and its integer value for J = 8.

2.6 Preparation of Data Deck:

The data input has been arranged in groups. ©Data that do not apply
should be left blank, unless otherwise specified.

GROUP  COLUMNS  FORMAT VARIABLE DESCRIPTION

A 1-80 20A4 TITLE Title of problem; information typed
on this card is reproduced exactly
as a heading on printout.

B8 1-5 15 NN Number of nodes.
6-10 I5 NE Number of elements.
11-15 I5 NDN Number of Dirichlet boundary nodes.
16-20 5 NHBW Number in half band width.
21-25 I5 NLE Number of leaky elements.
26-30 I5 NLN Number.of leaky nodes.
31-35 I5 NQE ‘Number of source/sink discharge elements.
36-40 I5 NQN Number of source/sink discharge nodes.
41-45 15 NPLOT Number of plots of head contours.

46-50 15 NTPLOT Number of plots of transmissivity contours.
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. GROUP COLUMNS FORMAT VARIABLE DESCRIPTION

C 1-10 F10.0 ATRANX Multiplier for x-transmissivity.
11-20 F10.0 ATRANY Multiplier for y-transmissivity.
21-30 F10.0 AFQE Multiplier for well discharge.
31-40 F10.0 FACTOR Multiplier for node coordinates.
41-50 F10.0 ALEAK Multiplier for leakage coefficient.

These multipliers are useful when the input values have to be converted
due to the inconsistency in units or other needs for transformation.
Assign a value of 1.0 if no conversion is needed.

D 1-5 I5 KOD1 Printout of element flow matrices.
6-10 I5 KOD2 Printout of global flow matrix.

11-15 15 KOD3 Printout of element nodal velocities.

16-20 I5 KOD4 Printout of right hand side vectors.

21-25 15 KOD5 Printout of continuous velocity field.

26-30 I5 KOD6 Plot of hydraulic head contours.

31-35 - I5 K0D7 Plot of transmissivity contours.

36-40 5 KOD8 Printout of time of travel along
Streamlines.

41-45 15 K0D9 To flag analytic specification of
boundary cond. within the program.

46-50 15 KOD10 Plot streamlines.

For these control codes, a value of 1 initiates action, a value of zero
suppresses action. For KODI1O to be equal 1, KOD5, KOD8, and either KOD6
or KOD7 must be equal 1.

E 1-5 5 J Node number.

6-15 F10.0 x(J) x-coordinate of node J.

16-25 F10.0 y(J) y-coordinate of node J.

26-35 F10.0 TRANSX(J) X-transmissivity at node J.

36-45 F10.0 TRANSY(J) y-transmissivity at node J.

46-55 F10.0 HZERO(J) Head in the leaking aquitard at node J.
There are NN cards in Group E.
F 1-5 15 J Element number. .

6-15 F10.0 ~ PORTH(J) Product of aquifer porosity and

its thickness at element J.

16-30 F15.0 COEF(J) Leakage coefficient, which is the
. aquitard hydraulic conductivity
divided by its th1ckness, at

element J.

There are NE cards in Group F.

G 1-5 I5 LL : Element number
6-10 15 INC(1) Integer value of INC(1) is the
11-15 I5 INC(2) global node number of node 1 of
16-20 15 INC(3) element LL, and so on . .
21-25 15 INC(4) (see details in Section 2. 5)
26-30 15 INC(5)
31-35 I5 INC(6)
36-40 15 INC(7)
41-45 I5 INC(8)

There are NE cards in Group G.
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.

J

K

LA

LB

There are NQE cards in Group H.

(If NQN > Q)
1-5 I5
6-15 F10.0

1-80

1-80

Group LA-LE provides

There are NQN cards in Group I.

2014

Use as many cards as needed.

"10F8.0

Use as many cards as needed.

LRT (ITT)

PH1T (ITT)

. * GROUP COLUMNS FORMAT VARIABLE
H (If NQE > 0)
1-5 I5 I source/sink element number. :
6-15 F10.0 FQE(I) source/sink discharge at element I.
16-25 F10.0 RQE(I) Radius of element I. A source/sink
element must have a circular shape.
26-35 F10.0 B82(1I) Coefficient used in evaluating
Bessel functions for source/sink
element ( = square root of the
characteristic transmissivity
divided by the leakage coefficient.
36-45 F10.0 XQE(I) x - coordinate of Ith source/sink.
46-55 F10.0 YQE(I) y - coordinate of Ith source/sink.
56-65 F10.0 TRAN(I) Characteristic transmissivity of

source/sink element.

source/sink node number.
source/sink discharge at node J.

Array used for input of Dirichlet
boundary node numbers. ITT is from
1 to NDN. There are 20 values in
one card.

Array used for input of Dirichlet
boundary head valtues. There are
10 values in one card.

information for plots of transmissivity (If KOD7 = 1).

I5
I5

I5
I5
I5

F10.0
F10.0
F10.0
F10.0

NCON
NPTS

NFE
NLT
NCIR

XMIN
XMAX
JMIN
YMAX

Number of contours for plots.
Number of search points for contour
plots (see example).

First element searched for contour plots.
Last element searched for contour plots.
0 for rectangular domain,

1 for circular domain.

Minimum x-coordinates for plots.
Maximum x-coordinates for plots.
Minimum y-coordinates for plots.
Maximum y-coordinates for plots.
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GROUP COLUMNS FORMAT VARIABLE DESCRIPTION
LC . Information to specify size and position of a rectangular frame
of plots. '
1-10 F10.0 X0 Origin of frame in inches from the
paper edge in x-direction.
11-20 F10.0 Y0 Origin of frame in inches from the
paper edge in y-direction.
21-30 F10.0 XL Length of the frame in x-direction,
inches.
31-40 F10.0 YL Length of the frame in y-direction,
inches. )
LD 1-80 8F10.0 CON(1I) Contour levels for plots.
i I =1 to NCON.

Use as many cards as needed.
LE 1-80 8F10.0 PTS(I) Contour plotting searched points
in local coordinates {see example).
I =1 to NPTS ,
Use as many cards as needed.

GroupsMA-ME provide information for plots of hydraulic'heads (If KOD6 = 1).

The input variables and formats are exactly the same as those in Group LA to LE.

Groups NA-ND provide information for streamline and travel time analysis
(If KODIO = 1, KOD5 = 1, KOD8 = 1, and either KOD6 = 1 or KOD7 = 1).

NA 1-5 5 NSL Number of streamlines.
6-10 [5 NSTPRT Number of integration between each
printout of streamline travel.
11-15 I5 NTIME Number of contours of travel time.
16-25 F10.0 STEP Stepping length for integration
Jong streamlines in local coordinates.
26-35 F10.0 TMAX Maximum travel time along streamlines.
NB 1-80 8F10.0 TT(I) Travel-time level to be plotted

along streamlines. I = 1 to NTIME.

Use as many cards as needed.

NC 1-5 I5 L Element number.
6-10 15 INE1(1,L) Array of adjacent elements.
11-15 I5 INEL(2,L) (see details in Section 2.5).
16-20 15 INEL(3,L)
21-25 I5 INEL(4,L)

There are NE cards in Group NC.
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DESCRIPTION

GROUP _ COLUMNS  FORMAT _ VARIABLE
ND 1-5 15 NEL
6-15 F10.0  XI1
16-25 F10.0  ETAL

Use as many cards as needed.

2.7 OQUTPUT:

Printed output are in file QUTPUT.

Plotted output are in file PLOT.

Element number in which starting
points of streamlines are specified.
£-n coordinates of a starting

point of streamline in the NELth
element.

Tape 1 contains, in each 1ine, node number, x and y coordinates of
node, nodal values of head and x-y seepage velocities with the format

(I5, 3F10.2, 2E15.6).
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SECTION III: SAMPLE PROBLEM

Table 1 is a listing of data input of the sample problem shown in
Figure 3. Figure 4 shows the node and element numbering convention.
Figures 5 and 6 are plotted output in file PLOT. Different examples

of the program's application are available in the report by Carbeneau

and Street (1978).
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DQOGRI“ TRAVEL (INPUT,QUTPUT,TAPES=INRUT, TAPE&L=GUTPUT ,TAPEL,
{ TADEZ,PLOT)
TR AV E L
STEADY ST ATE FLGQ A 4 NALY SIS

THE ORIGINAL VERSIQN OF THIS PROGRAM IS PINOER’S I1s0GQuaAQ,

RANDALL J, CHARBENEAY OF TWE CIVIL ENGIMEERING QEPARTMENT,U,T, AT
AUSTIN, HAS MQOCIFIED AND INCORPORATED THE CAPARILITIES. OF COMPUTING
STREAMLINES, TRAVEL TIMES, ANQ THE ANALYTICAL SOLUTION FQOR HEADS
ARQUNE A PUSINLG WELL (1978), RUNDER YEM AND PRAXKGHE =TRUJANAGUC
MONIFIED THE PROGRAM Fom U,T, CYRER 783 COMFUTER AND TNCOPCRATED
ZFTA PLOTTING SURROUTINES, THE PRCGRAM wiaS OCCUKENMTED FOR USE IN

THE WEST TEXAS wASTE ISOLATINN FROJECT BY PRAKOR wIRQJANAGUD (1983),

DEFINITION o F Yy 4R 1 A3 L ES

AFQEmemwawesa™/ TIPLIER FOQR wELL DISCHARGE

ALEAKwowew~enU [ TIPLIER FOR LEAKAGE CCEFFICIENT

ATRANYewaeeeMU| TIPLIFR FOR XaTNANSMISSIVITY

ATRANYemaawaHUL TIPLIF® FNR Y«TRANSMISSIVITY

RESQwevcaeearOPIFIED RESSEL FUNCTION CF THE FIRST XIMK OF ORCDER ZERO

BES]jmmnww=semQDIFIED SESSEL FUNCTICON of THE FIRST XINK OF NRDER OKE

BESRANeccenwauRTIFIED RESSEL FUNCTIUN F THE SELOND XIND OF GROFR ZERC

SESK jecnawnse INIFIED RESSEL FUNCTICN F THE SECOND XINDO NF QFDER ONE

BES1(1)emwwwiRRAY GF MODIFTED BESSEL FUNCTIONS 0OF ORDER ONE
EVALUATEN CN TWE SOURCE/STMNK Ef EMENT BOUNDARY

nﬂzfl‘------COEFFICTENT USED IN EVALUATING BESSEL FUNCTIONS FOR
SNNECE/SINK ELEMENTS= SQUARFE R00T QOF THE CHARACTERISTIC
THANSMTSSIVITY DIVIPED By THE LEAKAGE COEFFICIENT,,,. L

COEF (1) awmaw EAXAGE COEFFICIEMT (ARUITARD PERMEABILITY DIVIDED
RY ITS THICKNESS) tonvevesnel/T

CON(1)wwae=eCONTOUR (EVELS FOR FLOTS

DETI(])mwwawvi UE OF THE JACOBIAN CETERMINANT AT EACH INTEGRATION
POINT

DXfI.J)-----VAEUE 0F THE YX«DERIVATIVE OF THE ITH BASIS FUNCTION AT
THE JTH INTEGRATIGN POINT

DY(I,J])emaeeVAa UE OF TWE YSNERIVATIVE OF THE ITH BASIS FUNCTION AT.
THE JTH INTEGRATION PCINT

.ETAI.-------<TARTING LocaL ETa COOPchAYE FOR INTEGRATICN ALONG
STREAH|LINES

Fll,11®eae=eVA UE OF THE ITH RASIS FUNCTION AT THE JTHW INTEGRATION
POIMT

FA(lYemwwa==ahONDAL SQURCE/SINK DISCHARGE

FQE(I).""-‘ELEHENT SOURCE/SINK OISCHARGEQ;Q;Qco"co'.L"B/T

FP(I\----QCCSTORAGE VECTOQ

FACTORwmwwe=MUL TTPLIER FOR NOOE COORDINATES

Hilr ) meaweaGLNBAL FL OW MATARTY

HRk ([lmewwe=weSliid OF THE HEAD TN ADJACENT AGUIFER AT THE ITH
INTEGRATION POINT

INC],|)me==se INCINENCE RFLATIONS= ITHm NQCE OF ELEMENT L

INC( ] mwawauMjMuyY ARRAY FgQR INVPUT QF INCIODENCE RELATIONS

INEL(I,L)mw=eaARBAY OF ANJACENT ELEMENTS FOR STREAPLIME ANALYSIS )

JACOGR(I)ameal FOR PARALLELOGRA™ SHAREQ ELEYENTS, 2 FUR NON=CONSTANT
JACOBIAN ELEMENTS (NONaPARAULE|LQOGRaAM TYPED

KOD| awmwaeee] FOR PRINTOUT OF ELEMEMT FUOW MATRICES, @ OTHERWISE

KD 2 wwavawwael FOR PRINTOUT OF GLORAL FLMAm MATFIX, & OTHERWISE

X0Dlawomewwa| FOR PRINTAOUT NF ELEMENMT NQDAL VELGCITIES, 8 OTHERWISE

KNQUwaemwaw=w| FOR PRKINTQULT NF FIGHT KaNn SI0FE VECTORS, ¥ OTHERWISE

KONS we=www=wl FOR PRINTCOUT OF CONTIMUGUS VELACTTY FIELD, 4 OTHERWISE



82 XKODdwwewwwaat FOR PLOT CF NYQRAULIC MERD CONTOURS, 2 OTHERWISE

¢
63 ¢ K0D 7T ewmumeew! FOR PLOT OF TRANSMISSIVITY CONTUURS, 9 QTHERWISE
Y KODbwewwewoa! FAR PRIMTCUT OF TIME OF TRAYEL ALOWNG STREAMUINES,
85 ¢ : . ¢ QTHERWISE .
e6 C KONQewaweoww] TG FLAG AKALYTIC SPECIFICATINN OF BOUNOARY. CONCITIONS
87 ¢ WITHIN THE PROGRAN
68 ¢ KOD|lJaawweweP 0T STREAMUINES, (X0DS=zi,Xx008=!,F0OR Xx0D1d=t)
&9 KR(])moewa=aKODE NUMKER (F THE TTH OIRIDWLET BOUNCARY NQODE
78 ¢ LRI eamecaeINDEX ~HMICH EQUALS | FOGR PIRICHLET BQUNDOARY NOOES AND
71 ¢ d OTHERWISE |
72 € LAC (I YmwwmewRINNTING SUM OF DIRICHLET ROUNDARY NQODES
73 ¢ LRT (I VmmaesaNUMMY ARRAY FOR INPUT GF NIRICHLET BOUNDARY NQODES
74 C NoweeeswewseshiMBER OF ACTIVE NDDES (NNayDN)
7% ¢ NClRwumwawewyd FOR RECTAHNGULAR D0MAIn, 3 FOR CIRCULAR 0QaMAIN
76 ¢ NCONeeaveaweaiiIMBER OF CONTOURS FOR PLATS
77 ¢ NONeweswewesaNUMBER OF DISIC™LET BOUNDARY NQODES
78 ¢ NEwomasvaaeaNUMRER OF ELENMENTS
7% ¢ NE L @wwcaeeea5TARTING ELESENT FUR INTEGRATION alONG STREAMUINES
ga ¢ NFEewammco=wF IRST ELEMENT SEARCHED FOR ¢c~roun PLOTS
81 ¢ NHBRhcoawesoaNUMBES Tx WA F BANOWIDTH
82 ¢ NLEvwwouseeaNUMBER OF | EAKY ELEMENTS
83 ¢ HLEvwama=wewea{ AST ELEYENT SEARCHED FOR CONTOUR PLOTS
84 ¢ NiNesemeaeceaNUMEER OF |EAKY NQOES )
84s ¢ NNomewm=se=eNUMBER OF NONES
86 € - NP 0Tevwe=seNUMBER OF PLOTS OF HYDRALLIC HEAD CONTCURS IN OQUTPUT
A7 ¢ NPFTSwemwawaaNUMRER OF SEARCH POINTS FOR COMTGOUR PLOTS
a8 [of NEwaevseewaaNUMRER OF SOUQCE/SINX OISCHARGE ELENENTS
89 ¢ MONesaseee=eNlIMAER CF SQURCE/SIMK DISCHARGE NODES
93 C NSL.------.-NU”BER Qr STWE‘"LINES |
91 € NSTPRTamm=seNUMBER OF INTEGRATIONS BETWEEN PRINTOUT OF STREAMLINE
9 RAV .
q% E vimg.----..zuwag OF CONTQURS OF TRAVEL\TI”E
84 ¢ NTPLOTmee==eNUMBER OF PLCTS OF TRANS*ISSIVITY COMTOURS IN QUTPUT
qs C PHI{I\CUOG...CALCULA?ED HYOPAULIC HE‘PS !
96 ¢ PHII{])waw=elIRICHLET AOUNDARY NQODE WEAD
8?7 ¢ PRIlk{]YaweeUMMY ARRAY FOR IMNPUT OF PIRICHLET BNUNDARY NOQDE MHEADS
98 ¢ PORTH(IVmw=aP&NDUCT 0F ELFMENT PCRCSITY ANC ARUIFER THICKNESS,,,,L
99 ¢ PTS{IV®meweneCONTUUR PLOTTING SEARCH PQINTS
1848 ¢ Gl eammmweeyELTAOR OF KINETIC EMERGY TO ARE LOADED IN ELEMENT
;as C . FLOw HATRIX , .. . .
(R4 c HAFE (Y ewwwwaRADILS OF SQURCE/SINK ELEHENT,.'..'QQQIOQ.L
183 ¢ RT (] VemeemaaFGRCING FUNCTION (RIGHT HAND SI1DE)
14 ¢ SE(!, 1) em=anELEMENT FLOW MaTRIX 1‘
165 ¢ SRClLammeeman||NKNOWN PART OF LEAKAGE FQR ELEMENT (LOADED INTG
186 ¢ ELEMFNT FLOw MATRTIX) .
167 ¢ SRCLT 1) wwwwi/NKNGAN PART OF LEAKAGE 4T INTEGRATION POINT I
128 ¢ SRCA(T)amwmakKNOWN PART 0F _EAXAGE FOR NOOE I
189 ¢ SRCRY (1) mwmakKNOWN PART OF LEAKAGE FQR INTEGRATION POINT T
t18 ¢ STEPeeveenewSTEPPING LENGTH FOR INTEGRATION ALONG STREAMUINES
111 € THAXmemeaweeMAXIMUM TRAVEL TIME ALONG STREAMLINES i
112 ¢ TRAN([)weww=e(HARACTERISTIC TRANSHMISSIVITY AF SOURCE/SINK ELEMENT,,
113 ¢ coolw®2/7 o
114 ¢ TRANSY (] VwomX@ TRANSMISSIVITY OF NODE T.seefeneseeseb®*2/T
118 ot TQANSY(I""Y'TQANSHISSIVITY O0F NOQE Zvylé;'oooonoL'*E/T
1té ¢ X({])esmwww=aY=«COORDINATE OF NQOE G I
117 ¢ Yl]lwwenenweaSTARTING (ACAL XI CCORDINATE FOR INTEGRATICN ALONG
118 ¢ STREAMUINES :
119 ¢ YMA pewenwmeMAYXTHUM yeoCCROINATE FOR PLOTS
12¢ ¢ (M NewmewweeHd INIMUM YuCOORDINATE FOR PLOTS|
121 ¢ X0E (] 1mwwwawx=COORDINATE QF ITH SOURCE/SINK, , qe0al
c
c

122 XV([)emweaseMODIFIED FE XaVELOCITY FOR SOURCE/SINK ELFMENTS
123 Y(])ewowwaeeyY=sCOORDINATE QF X~COE I'oo.o--v\ooooonaL

}



124
125
126
127
128
129
13¢
131
132
133
134
135
136
137
138
139
144
141
14é
143
a4
145

146

147

148

1u9
188
151
182

153

154
155
156
157

158

189

162
to1l

162
163
164
165
166
187
108
169
17¢
171
172
173
174
17%
176
177
178
179
180
1814
182
183
{8d
185

OO OO0 OO0 o

0

(2] OO0

(m]

YMAXmamwwemaMAXTHIIK Y«COCRDINATE FOR pLOTS

YHINamaweceal JUTUM YaCnOROINATE FOR PLOTS
YGE(]1mawaasnyaCIORNINATE OF ITH SOURCE/SINK, 00000k
YV(])""weanw=HODTFIEQ FE YuVELQCITY FOR SOURCE/SINK ELEMEMTS

REAL AG(d4Y Y, M t,.H2

COMMAON /SCALARY

| N“' NE, N“e" SQCL' Xxpos, KOClJ’ I0E

COMMON /VECTCOR/

i X(748€), Y(78QYy, Fu(7ug), FHIC(74@), PHII(T4®)Y, XV{749),

2 RT(78¥)Y, TRANSX(748), TRAMSY(7808), COEFt22%), PQRTH(225),

3 FRE(23Y, XCEC(24), YNE(2¢), RGE(2¢), RBBR2(2¥), BESi{(2a),

a SRCAT(16), SACLT(16), AQA(l&)s SRCR(R)Y, DGX(B), DGY(&), YV(74d),
5 FarSe

COMMON /HMATRIX/ .

1 H(706,5¢Y, IN(B,225Y, Sg(8,3)

DIMENSICN

{  MZERN(74CY, LR(780Y, LRC(Tav), XR(740), TRANS(TU4d),

? TITLE(2v)Y, INC{R), LRTC(19¢Y, PHIIH(lad), wK(1&), F(8,18),
3 DeTJcis), O%(8,16), OY(8,16), TRaN(28), FF(8)

DATA AG/e,86113a3115qu253, .

1 *,339981Cu358u896, ,3399810¢4358485s, ,6561136311594@53/
DATA xKRr1Y/9/

L LEPRY DT AT A PR Y PRI TP P L PEALL LYy PP Y Pl P L AL LD DL LA AL L L

READ A ND WP TITTE O ATAA
READ (¢5,84¢) TITLE

WRITE (&,854d)

wRITE (5,8060Y TITLE

PEAD ¢5,918) NY,NE,NDIR,NHRW,RLE,NLN,NQE,NGN,NPLOT,NTPLOT
WRITE (6,921
WRITE (n,93¥) 'iN,NE,NDN,NQE,NREw,NLE,NLN,NPLOT,NTPLOT

READ ¢S,1a843) ATRANYX,ATOANY,AFGE,FACTOR,ALEAK
WRITE (£,14S¢8) ATRANY,ATRANY,AFQE,FACTOR,ALEAK

LREAD (5,91d)

o XK0Nn2,Xx0D3,K004,X00S,X006,X007,X0D8,K0D9,

Slw

XNo1
XNt
WwRITE QUT CODE INTERPRETATIUN
ARITE (&,2%) .

IF (X0D1,EQ,2) =~RITE (b,1)

TF (KOD1,NEL2) WRITE (6,29

IF (X002 ,EQ,8) »~RITE (8,3)

IF (X002 NE,?) wWRITE (b,u)

1F (KOD3,EG,2) WRITE (6,5)

IF (KND3 ,NE,d) ARITE (s5,8)

IF (XNDU,EQR,A) wRITE (s,7)

IF (X003, NEL2) WRITE (5,3

1F (XO0S,EGQ,2) WRITE (a,!1)
1F (X005, NE,2) WRITE (4,120 |
IF (X008 ,EG,2) WRITE (56,13

I (XN0&a NE,2Y wRITF (4,14} ‘
IF (KOD7,EQ,2) wWRITE (6,15) '
I1F (XQD07 NE.23) HRITE (sn,i1s)



Ny ENE W S N Y I OGN AN aw . -
N GN UEA UAS U @ e ol *

186

187
188
189
$93
191
192

194

9%
}qb
197
198
199
269
291
282
2a3
2@d
2¢s
ovs
2e7
2vi
2US
219
211
212
213
214
218
216
217
218
219
229
221!
222
223
224
228
22b
227
228
229
2I9
231
232
233
234

23S
23é&

237
238
239
24¢
24t
242
243
244
245

246
247

o300 OO0 OO0 OO0 OO0

OO OO0 00N

O 0

On OO0

4

1%

17e

15 (X003,E0,0) WRITE (6,17
IF (x0oD&a,NE,d) WRITE (a,18)
IFIXOND{U,EG,3Y WRITE (a,19
1F(XOD13,NEL3) WRITE (4,22).

FILL DUMMY ARRAYS FOR NODE ANO ELEMENT NUMBERS

READ GENERAL INPYT DaTa FOR C00DE

T L LY R-LEY T L LR T 1 1 P Y POy FRRroupupsy X Y% X )

READ NOOE COCRDINATES ANC PARAMETERS=

TRANSMISSIVITY AND ~EAC IN ADJACENT AQUIFEP

READ (5,988) (J,X{(J),Y(JY,TRANSX(J),TRANSY(J) ,HZERO(J),Xs1,NN)
DO 4¢ J={,NN

x(JI=X(JI»FACTOR

vy(J1sy(Jy«FaCTOR

CONTINVE

READ ELEMENT PARAMETERS= POROSITY AND LEAKAGE COEFFICIENT
READ (5,985) (J,PCRTH(JY,COEF(J),X31,NE)

OEAD ELEMENT INCIDENCES

p0 S@ L=t ,NE

READ (5,1110) LL,lINCIXY,x=21,8)
po Sa I=t,4

Jel+u

INCT,L)SINC(2%Tel)
INCI,LISINC(22])

CONTINUE

WRITE GENERAL INPUT nATA FOR CODE

WRITE NODE COCROINATES
wRITE (6,99¢)
wRITE (8,1992)

wRITE (&,101@Y (J,x(JY,ycJY,J=],NN)

~RITg ELEMENT INCIDENCES
WRITE (6,114
WRITE (6,115e)

p0 te@ L=1,NE
WRITE (&,1168) L, (IN(I,L),T5(,8)

WRITE NOCAL TRANSMISSIVITIES AND MEAD IN ADJACENT AGUIFER

“RITE (6,117¢) ’ :
"2ITF (bziiqP) (J,TRANSX {1V, TRANSY(J) ,HIERN(J),J3]1,NN)

WRITE ELEMENT POROSITY TIMES AQUIFER THICKNESS AND LEAKAGE
COEFFICIENT

WRITE f&,1180
WRITE (s,120¢€
pa 128 J31,NE
COEF (JY=COEF ¢JY AL EAx

|

3 |

) (J,POBTH(J),COEF(J),Jm1,NE)
|

READ AND WRITE DATA FOR SOURCE/SINK Ej EMENTS,



ou8 C SOURCES ARE POSITIVE, FOR THM1S COOE THE SOURCE/SINK

249 € IS ALwAYS LOCLTED AT THE ELEMENTS ORIGIN
256 € :

251 TIISNE+]

252 00 ise I1=1,111

253 eQE(I)=Y,

254 RB2(TY=Y,

255 YRE(1Y=¢E,

256 YRE(Iv=Y,

257 TRAN(1) =@,

258 =esitr> a,

259 152 FRel1y=y,

2649 IF (NGE.EG,8) GO To 29t

261 wRITE (6,162?3

262 D0 208 JJ=1,NGE

263 FEAD (5,79) 1QE,FAE(INEY,RQE(IVE),8B2¢1QE),XRE(IQE),YGE(IRE],
264 ' TRANCIQE) _

265 ¢

266 C EVALUATE MODIFIED BESSEL FUNCTIONS OF THE FIRST ANO SECOND XINOS
267 © NF ORDERS ¥ AND 1= 19, I1, XK@, AND x|y
268 C

269 IF (COFF(IGE),EQR,Q,) GO TO (7@

27¢@ xXX2ROE(IGE) /BR2(INEND

271 BESI(IAEIIBESX ] (XXX)+BESKP(XXYI*BESIL (XXX)/BESID(XXKX)
272 179 COMTINUE

273 ¢

274 WRITE (&,19402) IQE,FNE(IQE),RGE(IQE)Y,XxRECIREY,YQE(IWE)Y,BB2(IGE),
275 . TRAN(IQE)

276 TRANCICE)=TRANCIGE)#ATRANY

277 . 299 FRE(IREIIFQE(IRE)I*AFQE

278 291 CONTINUE

279 ¢

28e ¢ READ NODAL DISCHARGE

281 ¢

282 D0 218 1=1,NN

283 PHIIC(T)=EC,

284 210 Fa(I)=zo,

285S IF(NGN,EQ,¥) GO TO 239

286 DO 22@ _I=1,NGN

287 222 READ (5,1469) J,FQ(J)

288 239 COMTruLE

289 ¢ f
294 ¢ INDENTIFY OIRICHLET BouUnDARY NOOES FOR FLOW (INDICATED By LRal)
291 € .

292 WMRITE (6,1232)

293 DO 27/ I=1,NN

294 272 LR(IY=

295 1F (NNN,EG48Y GO TO 310

296 NST=a

297 2RE READ (S,124@) (LRT(ITTY,ITT=1,2Q)

298 7A=9

299 00 292 I=1,22

129 1F (LRT(I)4EQG.d) GO TO 4¢ |
a1 iz

382 JELRT(I) 4
363 NSTSNST 4

304 IF (J.LENNY GO TY 2499

185 WRITE (&,125¢) J

396 ‘a0 To leeQ

W7 292 LR(Jy=!

3138 I3¢ WRITE (6,1260) (LRT(T1ITY,I1IT=1,14)

329 15 (NST,GE,NONY GO TO 319



319
3t
312
313
314
315
316
317
318
319
32¢
321
322
323
324
325
326
327
328
329
31349
331
332

333
334
335
336

3137
3138
3139
340
141
342
43
344
345
146
347
148
149
3s?
351
352
1353
354
8%
158
357
358
359
360@
161
162
353
64
365
166
387
1468

369
33

O DDoOo »

O OO0 0

" 1F (14,EG,29) GO TO 284

310

315

318

329

328%

320
326
327
328
334

a2

370

. IF (NST NE,NON)Y #RITE (6,1278) NST,NON

CONTINUE

RELD PIRICHLET NODE HEA
0s !

1F (XnDS,EQ.31) GO 7
Tas2 WEG, ro 32§
Ta131q
142310
READ (5,5@d) (pW
IF (142.GELNONY '
IE SRS EV-R S
142=1a2+180
60 To 315
?g ?2?(1:1:NN

LR(OI)NE,L
TAsliet . ) GO Tg 32¢
PHI}(I):PHIIH(IA)

G0 Tp 3u4e@

HOTTT),ITT=1AL,I142)

(177
To 318

L2 2 A 2
LA AR AR RRL Rl AR RARE R R

ANALYTIC SPECIFICATINN OF BOUNDARY CONOITIONS
v

SPECIFY FQOR PART ‘
S ONTInUE ICULAR PROBLEM,
07 332 J=1,NGE
P 328 x=1,NE

IF(FaF(x) LE,?,) GO

. T0

?2 %ae z=1,~ﬁ ' 3127
LROIY NE LY GO

XNZX (1) wXQE (K) To 3ad

XXNSYNRXN

YNSY ({)eYQE(K)

YYNSYNRYN

X02X(T)aXQE(X)

XXO=SYO*X0

yO=Y(I)laYQE (KD

YYDZYDAYD

| ™=
SUMHS I LU 62FGE(KY®ALNG( (XXN+YYNI/(XXD4YYDY)/TRANSX(]I)

PHIT(1)Z2PHITI(I)+SUMHK

CONTINUE
CCONTINUE
cONT IMUE
CONTINUE
conTINVE
E;:;;:;;Q*i'i!!ti*viiiy‘iit'tt*"***i***

SUM DIRICHLET BOUNDARY
LRC{gy=LR (L) ° NODES
NO 372 J=2,NN

LRC(IYSLRC(J-

AFS T 1YsLR(DY
MENNenR

WRITE (&6,13101) NN,NR,N

CONSTANT L
con BOUNDARY MATRIY ROW INDICES
DO 39@ Js{,NN




3172
173
374
317S
378
177
178
379
18¢
181

3182
31873
3184
388
186
387
388
3189
399
391

3192
3193
194
39S
39¢&
X197
198
199
a+e
an

aee
4qa3
qeéu
aPs
406
aid?
ace
U9
a1{e
411
a12
4l
414
a1s
atée
at7
418
119
a2y
az1

422
423
uld

a2s

- ade

427
a2n
429
43¢
43t
a32
a3y

(gl Nel

OOOONO O

(2 Ne s

ADIOYOO0

o0

oo O0Oan

390

104

196
aa2

4eés

418

417
a19

422

“XR({KYysd

IF (LRCII,LT,1Y GO To 39¢@
KEXK+1

COMTINUE

PLOT CONTQURS OF TRANSMISSTIVITY
IF (xeD7,NEL1) GD TO unp2

no 394 Is1,NN

FM(IY=2TRANSX(I)

N0 396 T=1,NTPLQT

CALL 2PLoT

CONTINMUE

N0 4as J=t,NN
TRANSXY (JISTRANSY(JY®RATQANY
TRANSY (. 1)=TRANSY(JY®2ATRANY

CONSTANTS
CLEAR GLUBAL FLOw MATRIY

pn d1a-7=2,N
FM(IY=P,

DN 414 Jsti,NmEW
H(I,J13e,

CLEAR GLOBAL FORCING FUNCTION (RIGHT WAND SIDE VECTOR)

11=2
D0 415 1=1,MN

IF (LP(1),6T,4) GU Ta uis
I11=I7+1!

RT(11v=9,
CONTINUE

GENERATE CUEFFICIENT MATRTY FOR FLOwW

CHANGE FORCING FUNCTION FOR NODAL LOCATION OF WELLS
IF (MDNL,EQR.B) GO To ul9

DO 417 I=1,NN

IF (FR(IY,EQ,%,Y GO TO 417

JoJ=1-LRC ()

RT(JDJY=RT(JDI)=FGB(I)

CNNT INUE

COMTINUE

START ELEMENT L OOP FOR GENERATING FLNw MATRICES AND VECTQRS

L=v
L=L+

GENERATE AND EVALUATE RASI3 FUNCTIOMS, |THEIR DERIVATIVES AnND
THE JACQOBIAN DETERMINANT AT EACH INTEGRATION POINT

INTEGRATION RY GAUSSTIAN QUADRATURE -
4x4 RULE FOR A(LL ELEMENTS

o0 449 1=1,4

na dad J=1,4




a3y
43%
iR Y.]
437
438
al3e
44d
44l
ade
gdy
gad
g4s
gds
4d?

aa8’

449
5@
ast

ase
us3
454
48%
456
487
0S8
459
46e
461
a8
4nl
ubd

ass

.due

46’
YY)
abs
uva
a7t
u72
473
a74
a?%
476
477
a78
a?9
3889
E B
482
nAa3
néd
48s
aés
Y-2)
4én
u89
4%e
a91
492
493
ney
499

OO0 00

[alaNe]

[a Nl

c
c

c

a2s

aze

43s

dan

4aa
448

daé

aam

gsa

as2

454

u4sAa

usa

4en

K:(I-()ia&J

¥T=4G(4)

yI=aG(ID)

CONTINUE

S22 22 2 F2222 223222 2 X R-20 2% 2
CALL SHAPE (L,XI,YI,FF,0ETY
T2 FER KRR ERELES RS PR ELEE TN R
po 438 JJ=l,8

FeJJ,Xx)2FF(JJ)
0X(¢JJ,KISDEX (I

DY I, KI=NGY (1)

DETJ(X)=0ET

CONTINUE

SUM HEAD IN ADJACENT AQUIFESR FOR EACH NODE POINT AT EACH
INTEGRATION POINT

IF (CnEF(L),ES,8,) o TO 4us
DO 44s XK=s1,18

HK (X)=¢

Do 4d¢u J=1,3

JOJ=INGJ,L)
HK(K)zﬁK(K)#F(J.K)-HZEPO(JnJ)
CONTINUE

CONTINUE

CHANGE FIRCINLG FUNCTION FOR MOOIFIEC SOURCE/SINK ELEMENTS

IF (FRE(LY,EG.P,) GO TO 4S4
FREE=FCE (L) )
IF (CNEF(L).EG,A,) GO TN 4a8

FGE§=FCE(L1'QO€(L)*BESI(L)/EBE(L)
CONTINUE

po dsg 1=1%,

JoJ=IM(I,t)

IR=JDI=LRC (IO
RTLIRIZIRT(IRY=¢ ,29Q84SeFCEE
D0 us2 125,83

Jod=1x (1,0

IRsJndelRC(INDI
RT(IRIERT(IRY=I, |S91SS#FLEE
CONTINUE

GENERATE UPPER HALF OF FLOW COEFFICIENT MATRIX

N ded 1=1,8

N0 d4Q J=I1,8

NO 459 x=i,!

TRaANY=0,

TRAMYZQ,

pn 4syg JJ=1,8

JOJ=INC(II, L)
TRANYSTRANX$TRANSX (JDJYwF (JJ,K)
TRANYZTRANYSTRANSY (INJ)wF (¢ Jd,X)
SRCLT(XISICOEF(LY=F (] , XV 2aF (J, K"OETJ(K)
O(XY=¢TRANX®OX (T ,KINDX(J,KI+TRANY*DY (T ,K)*0Y(J,K)I*DETJI(X)
CONTINUE

222X ALER AR AR S & X

CALL MATGEN (I1,d)

FEEEOTEAREREAZR R R XY

SEC(I,J)=SE(],J)+SRCL



T WS b ] ) ) | NN . T ] ] . | - ] ] | ] ...!

ueé
as7?
ucA
499
sSpd

se
5¢2
503
504
eQs
s¢o
567
568
5as

519
si1
512
513
Siu
515
S1b
=17
518
S19
5243
521
522
523
s24d
525
526
527

528
§29

53¢
531
532
€33
slu

YOO

OO0 O0ONn

o0

Oon

FILL LOWER HALF QOF 3g ARRAY
DN Ueg 1=2,3

d6d

466

as7

ues
469

Ra
132
146G
47e

a7y

472

474

IRE IR
DO ds2 J=i,1
SE(I, )=s8E(J

{
1)

EVALUATE CONTRIBUTIONS TO FURCING FUNCTION FRGOM mEAD IN
ADJACENT AQUIFER

IF (CHEF(L),EG,?,) Go TQ 4s?
Do dae 11,8

no &6y yot]lb

SACRT(KISCUEF (LY2HK (x)2F (], K)vDETJ(F)
22 2L 22X ER LR}

CALL MATGENA (I,1)

PERN VR AT R AR ANRR

GO To 469

NO 4e8 1=1,8

SRCR(r1)=3,

CONTINUE

CONTINUE

PRINT ELEMENT MATRICES FNOR FLNNW

TF (X001, ,NE,1) GU TO ¢7¢

1F (L.GT,1) GO TO 479

“RITE (8,498)

WwalTe (s,130) L

o0 & 1=1,8

wRI1TE (s, 1429 1,(8€(1,J),J=1,8)

FORMAT (///7,10%, 7HELENEkT Ia SX,16HSTIFFNESS MATRIX/)

FORMAT (15,8E15,8//)
CONTIMUE
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