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Figure 7. Possibilities for the flow of water across or within geochemical zones of a uraniferous aquifer. In a simple system, oxidizing water
may move across mined ground into the sulfidic zone (A). Conversely, neutral or actively reducing water may move into the oxidized,
altered part of the aquifer (B). If the altered zone has been resulfidized, flow enters reduced ground regardless of flow direction (C and D).
Facies or structural trends may induce flow parallel to geochemical boundaries or vertically across the aquifer (E, F, and G).
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Drawing in adjacent oxidizing ground water might resume
oxidation of parts of the deposit that had survived mining.
In addition, oxidation during restoration might affect
adjacent, subeconomic parts of a deposit that were not
included in the leach field. Continued oxidation of
previously unoxidized ore should release trace elements,
and thus elevate irace element concentrations in
restoration waters. Concentrations should not be as high
as in actual leach fluids because the concentration of
oxidants in normal ground water is much less than in the
leach fluid. Nevertheless, release would be greater than
during natural oxidation of a deposit because the flow of
ground water would be much greater owing to pumping.
The process could proceed in either one ortwo stages: (1)
oxidation and direct release to water, or (2) oxidation,
adsorption, and slow release from adsorption sites.

Much more complex situations could exist than these
simple examples of restoration with either all reducing or
all oxidizing ground water. A deposit surrounded by a
relatively thin sulfidized zone might undergo both
rereduction and oxidation. Initially, reducing ground
water might enter from the surrounding reduced zone,
while oxidizing ground water is pulled into the reduced
zone at rates greater than normal ground-water flow. If
this surrounding reduced zone is at all mineralized,
oxidation could release trace elements. If pumping
continues long enough, the initially oxidizing water will
pass through the bounding reduced zone and enter the
deposit. Predicting the sum of all possible reactions given
this set of circumstances is impossible.

Restoration of deposits at an oxidation-reduction
boundary (fig. 7A, B, or F) brings in both oxidizing and
reducing waters. Probably part of the depositis rereduced
and part is not. This reasoning suggests, but does not
prove, that pumping to draw in adjacent ground water may
not be an effective method for restoring trace element
concentrations to background levels in some mine sites.
Actual treatment of the mined ground by an injected fluid
selected to immobilize the trace elements may be
necessary. Understanding the processes active during
restoration is essential for evaluating these concepts fully.

In summary, the result of flushing the mined volume
and introducing adjacent ground water is extremely
variable and entirely site specific. Partial rereduction may
occur at some sites, whereas a mixture of partial
rereduction and continued oxidation is probable at most
sites. With knowledge of the hydrochemical setting of the
deposit, at least qualitative predictions can be made
before mining or restoration. There are too many
uncertainties and too little hard data to predict accurately
what will happen to the trace elements during solution
mining and restoration. Nevertheless, from actual
analyses of ground water withdrawn from a mine site
during restoration, we Kknow that uranium and
molybdenum may continue to be released in high
concentrations. Data are not available for arsenic or
selenium, but by analogy they should also occur in
relatively high concentrations locally, in and adjacent to
mined ground. Although the sites occupied by trace
elements and the processes involved in release are poorly
known, the trace elements are being released. It is
worthwhile, then, to attempt to predict what will happen to
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these trace elements as normal ground-water flow is
reestablished.

Long-Term Effects

Ammonium release by cation exchange will continue
exactly as during restoration, except that the ammonium-
rich water will enter normal ground-water flow instead of
being pumped to the surface. As this water encounters
ammonium-free clays outside the mined volume,
ammonium will exchange with indigenous cations on the
clays to produce the following reactions: (1) the
ammonium concentrations in water will be reduced, and
(2) the ammonium front will travel more slowly than does
ground water. Walsh and others (1979) have modeled
ammonium concentrations in ground-water downflow
from a mine. Assuming representative values for flow
velocity (8.5 m/yr), porosity (30 percent), cation exchange
capacity (5 meq/100 g), and extremely high initial
ammonium concentrations (3,600 to 18,000 mg/L), their
calculations show that ammonium concentrations drop
rapidly to less than 10 percent of the initial values within a
few hundred meters (—1,000 ft) and in less than 30 years
after mining. However, moderately high concentrations,
approximately 10 meq/L (180 mg/L), persist longer. The
ammonium concentrations assumed by Walsh and others
(1979) are probably not representative of current practice.
As noted earlier, ammonia-based leaches will no longer be
used in Texas.

For trace elements, the geochemical setting will again
be important in predicting behavior, particularly the
oxidation-reduction state of the ground water and of the
aquifer matrix around the deposit (fig. 7). Four general
geochemical settings exist: (1) oxidizing ground water
entering an oxidized aquifer, (2) oxidizing ground water
entering a reduced aquifer (fig. 7A), (3) reducing ground
water entering an oxidized aquifer (fig. 7B), and (4)
reducing ground water entering a reduced aquifer (fig. 7C
or D). Still further complexity exists where a deposit is
surrounded by a thin reduced zone; both oxidizing and
reducing ground water could enter a deposit, pass
progressively into a reduced aquifer, and then into an
oxidized aquifer. Also, in places, ground-water flow may
be approximately parallel to the oxidation-reduction
boundary (fig. 7F).

Of primary importance is whether ground-water flow is
into a reduced or an oxidized part of the aquifer.
Fundamentally different controls of concentration existin
each; reduction and precipitation are important in
reduced parts, and adsorption is important in oxidized
parts.

Theoretical considerations (Henry and others, 1982)
indicate that reduction and precipitation ought to reduce
trace element concentrations below detection limits,
selenium precipitating first, then uranium, followed by
molybdenum and arsenic. Zonation of the trace elements
in actual deposits indicates that this mechanism does
work, although the efficiency of trace element removal is
unknown. Present-day waters containing low
concentrations of the trace elements (compared with
higher concentration levels that might emanate from
abandoned mines) do not follow thermodynamic




predictions (Henry and others, 1982). Selenium, for
example, persists metastably in intermediate Eh or
reducing waters probably because of complexing. Such
waters are highly oversaturated with respect to native
selenium or ferroselite. Molybdenum and arsenic require
lower Eh values for reduction and precipitation than does
selenium, but they also fail to follow predicted behavior. In
contrast, uranium closely follows predicted behavior.
These relations suggest that molybdenum, arsenic, and
selenium could persist metastably and travel considerable
distances in reducing ground water. The measured values
are, however, all very low, generally less than public health
standards (Smith and others, 1982; Henry and others,
1982). Reduction might remove most dissolved trace
elements from water having very high concentrations. For
example, consider a water with a selenium concentration
of 10 mg/L emanating from an abandoned solution mine.
When the water enters an intermediate Eh or reducing
zone, reduction and precipitation of native selenium could
reduce selenium concentration to 10 ug/L, a 99.9 percent
removal rate. This concentration would still be greater
than almost all concentrations found in present-day
waters. It would probably also exceed saturation for native
selenium, assuming all dissolved selenium occurs as
uncomplexed selenite ion. Selenium concentration may,
on the other hand, be below U.S. Public Health Service
limits. The uncertainty about the thermodynamic basis of
predicted behavior and the lack of knowledge of actual
behavior in a natural setting make our predictions
inconclusive.

It is useful to estimate how far oxidizing ground water
would travel before being reduced. Assume that after
restoration, ground water in the mined volume occupies a
total rock volume of 5 x 10*m? has a cross-sectional area
of 500 m?, and a total water volume of 5 x 10°L (10 percent
porosity). Assume also that all oxidant is dissolved oxygen
with a concentration of 5 mg/L and that this water flows
into reduced sediment (p = 2 g/cm®) containing 1 percent
disseminated pyrite. According to the reaction

2FeS: + JQE 02 + 5H20 = 2FeO(OH) + 480,* + 8H*

and assuming that all pyrite is oxidized, a total of 2.1 x 10°
moles of pyrite (2.5 x 10* g) is necessary to consume all
dissolved oxygen. This represents a total rock volume of
only 1.25 m®, For an area of flow of 500 m?, the water need
pass through only 2.5 mm of rock to consume all dissolved
oxygen. Although several assumptions, particularly
porosity and complete oxidation of pyrite, could be
modified to increase the distance traveled before
dissolved oxygen would be consumed, the total distance
would still be miniscule. Even as additional oxidizing
ground water continued to encroach upon reduced
sediment, the oxidation-reduction boundary would
scarcely move. Thus, the uncertainty in control of trace
element concentrations lies entirely in the effectiveness of
reduction and not in how far ground water will travel
before being reduced.

Control of trace element concentrations in oxidizing
water is probably by adsorption. Precipitation of oxidizing
minerals could occur within or near the deposit, but these
minerals should eventually redissolve as more dilute
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ground water entered the deposit. Experimental work on
adsorption indicates that several natural substances
effectively adsorb uranium, molybdenum, arsenic, and
selenium. Adsorption decreases with increase in pH; at
the pH of Oakville ground water, adsorption should be
effective, although an increase to pH 9 would cause
almost total desorption. Howard (1977) even predicted
that selenium should not migrate far from a source
because of adsorption by iron oxide. Effectiveness of
adsorption in controlling trace element concentrations in
present-day Oakville ground water cannot be
quantitatively evaluated. Present-day trace element
concentrations are generally low, but whether this is due
to adsorption or to a lack of an adjacent source is
unknown. Nevertheless, adsorption probably limits
significantly the migration of trace elements.

Excursion of an Alkaline Leach Fluid

Excursion of actual leach fluid during mining can
largely be controlled by detection in monitor wells and by
directed pumping of the mine well field. Nevertheless, itis
worthwhile to consider what would happen chemically in
an uncontrolled excursion. In South Texas, a highly
treated leach fluid might have high total dissolved solids
and trace element concentrations. This fluid would be
ammonia-rich, highly alkaline, having a pH ranging
between 9 and 10, and be extremely oxidizing with high
concentrations of hydrogen peroxide or dissolved oxygen
(Potter and others, 1979). It would differ from ground
water that remains after restoration in its higher total
dissolved solids, high pH, and much greater
concentration of oxidant, all important differences. The
higher pH would greatly reduce adsorption; the abundant
oxidant would cause the fluid to move greater distances
through a reduced aquifer before being reduced.

Reactions do occur that reduce pH and consume
oxidant but are effective mostly in reduced sediments
only. Reactions that reduce pH in oxidizing sediment
include the formation of silica or aluminum hydroxides.
However, these reactions are sluggish and reduce pH
relatively slowly, unlike neutralization of acidity by calcite,
which can rapidly raise pH. Thus, a leach fluid passing
through oxidized sediment should retain a high pH and a
high concentration of oxidants for considerable
distances. Oxidants can be consumed by reaction with
pyrite or dissolved hydrogen sulfide; these reactions also
lower pH. Thus, if the leach fluid passes into reduced
sediment, oxidant will be consumed and pH will be
lowered.

A calculation similar to the calculation for restored
ground water can be made for an excursion, assuming
that all oxidant exists as dissolved oxygen but that the
concentration in the leach fluid is 1,000 mg/L. An
uncontrolled excursion of 10® L contains 3.1 x 10* moles
dissolved oxygen. If the pyrite content of the rock is still
1percent, 50 m® of sediment would be necessary to
consume all dissolved oxygen. If the cross-sectional area
of flow is 100 m?, all dissolved oxygen would be consumed
by avolume of sediment 0.5 m thick. Thus, even with avery
high concentration of oxidant, the fluid is reduced in a




short distance. This calculation assumes complete
oxidation of pyrite. Oxidation undoubtedly would not be
complete if pyrite had occurred as massive concretions
rather than in a disseminated state. Accordingly, the
volume and distance would increase.

The reaction of 8.3 x 10° moles of pyrite also generates
33 x 10® moles of acid, considerably lowering pH. Under
these conditions, trace elements could be adsorbed by
amorphous ferric hydroxide formed by oxidation of pyrite.
Alternatively, if the trace elements continued into reduced
sediment beyond the oxidation-reduction barrier, they
could be reduced and precipitated. Thus, the fate of the
trace elements is determined by the effectiveness of
adsorption or reduction and precipitation controls.

Ammonium migration during mining should not differ
greatly from migration after restoration. The fluid will have
very high ammonium concentrations and a reservoir of
ammonium-saturated exchange sites on clays. At high
pH, the cation exchange capacity of clays may be
somewhat higher than at neutral pH, thus slightly slowing
the rate of migration. Such highly oxidizing conditions will
tend to oxidize ammonium to nitrate, an undesirable
reaction because of potential toxicity of nitrate. However,
the reaction commonly is biologically controlled and is
slow under abiotic conditions. That ammonium is not
rapidly converted to nitrate during mining reveals the
slowness of the reaction. Otherwise, Eh and pH have no
effect on ammonium migration, and the results of a leach
excursion will be similar to migration of normal ground
water following restoration.

In summary, few reactions should chemically alter a
leach fluid passing into oxidized sediment. The fluid
should be reduced quickly and pH lowered in reduced
sediment; removal of trace elements is a function of the
effectiveness of postulated adsorption and precipitation.
Passage of the leach fluid into either oxidized or reduced
sediments should not markedly alter total dissolved
solids. Exchange of ammonium during an excursion is
probably generally similar to exchange following
restoration. For these reasons, excursions should be
carefully controlled by other means, particularly if the
excursion is into oxidized sediment.

Acid Leach Fluids

Acid leaches have not been used in Oakville or any
other South Texas uranium deposit. However, they could
be used in deposits with low calcite and smectite
concentrations. Also, acid ground water could be
generated by oxidation at an abandoned open-pit mine in
a pyrite-rich sediment; therefore, it is worthwhile to
consider briefly the possible controls on trace elements.

If concentrations of carbonate mineral are sufficiently
low to allow use of an acid leach, the leach fluid would not
be rapidly neutralized. Travel distances before
neutralization depend on total concentration of acidity
and amount of carbonate or other potential neutralizing
agents in the aquifer. If the fluid enters reduced sediment,
oxidation of pyrite would generate additional acidity.
Because of all these site-specific variables, it is
inappropriate to attempt quantitative evaluation.
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Because the trace elements under consideration are
soluble in neutral and alkaline waters, raising pH will not
affect their concentrations. Processes of adsorption
should be at least as effective in reducing concentrations
under slightly acid conditions as under neutral or alkaline
conditions. Reduction by contact with pyrite-bearing
sediment should be similar to processes discussed
previously; thus, in many respects a change from alkaline
to acid conditions would not alter these processes.

QUANTIFICATION OF MINING IMPACTS

The nature and extent of the effects of both surface and
solution mining on an aquifer system are determined by
hydrogeology, geochemistry of affected ground waters,
and geochemical zonation of the aquifer matrix.
Quantification of the effects of mining is, therefore, a
district-specific task that must be performed within the
context of the aquifer system. Furthermore, long-term
effects cannot be examined on a mine-by-mine basis.
Cumulative effects of mining, which may extend over
several years and involve numerous companies,
determine the potential for significant impacts upon an
active district. Direction and velocity of ground-water
flow, for example, may vary greatly within areas of only a
few square kilometers. Hydrologic data typically collected
at an individual mine site for monitoring and baseline
studies may be an inadequate basis for predicting long-
term downflow migration of waters that have flushed
mined ground. Dissolved species picked up by ground
water during its flow through a mined zone may be diluted
along the flow path by dispersion or by further recharge
and mixing of waters in the affected zone. Dissolved
constituents may be concentrated at appropriate
downflow geochemical boundaries or may be subject to
gradual exchange or adsorption reactions with the aquifer
matrix. Each of these factors must be evaluated in the
context of a mining district. Conversely, the regional and
commonly generalized data presented in county ground-
water reports and other public documents are rarely
adequate for determining site-specific hydrogeology.

Attempted quantification of mining effects in the Ray
Point and George West districts illustrates the approaches
and limitations to use of the abundant data, which were
provided largely by mine operators as a part of current
State regulatory programs.

George West District

The George West district lies at the southern margin of
the George West fluvial axis (fig. 1). Mining has been
restricted to in situ methods; in 1980 mining spread over
an area of nearly 50 km® (20 mi®). Exploration and
delineation activity suggests that the district may grow to
twice that size. Ore-grade mineralization is concentrated
in lower sand units of the Oakville Sandstone. Active
mining (as of 1980) included the Clay West, Moser, and
Burns leases along the southern mineralization front, and
the Boots lease along the northern front (fig. 8). Deposits
are deep, ranging from 60 to 200 m (200 to 700 ft), and are
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well below the water table in confined parts of the Oakville
aquifer.

Regional hydraulic head for the Oakville slopes to the
northeast in the district (Smith and others, 1982).
Hydrologic data collected by mine operators provide
specific information about ground-water flux within the
host sands. Local flow directions vary from east to
southeast and range from somewhat oblique to nearly
parallel to the trend of the mineralization front.

The surface area and the volume of the Oakville aguifer
that are potentially affected by mining as permitted in 1980
are summarized in table 4. Values are high because the
total area enclosed by monitor-well perimeters was used.

A vertical head differential between the shallow and
deep Oakville aquifer sands indicates downward flux of
ground water and active recharge of the lower,
mineralized Oakville sands. The regional hydraulic
gradient (Smith and others, 1982) is further support for the
interpretation that the district lies in an area of recharge,
and confirms the generally strike-parallel, northeastward
intrastratal flow indicated by local head maps included
with mine permit applications.

and interpreted direction of modern ground-water flux within the
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Horizontal flux of ground water through an aquifer
cross section 1km (0.6 mi) wide and 54 m (175 ft) thick can
be calculated from data provided in permit applications
for the Clay West-Moser-Burns complex.

kn =7 x107° m/sec (average of pump test results)
A =54x10'm*
I =75x10™

Q = knAl = 8.9 x 10° m¥%yr

(average slope of head surface)

Vertical flux in the same area can be similarly
computed. The average measured head differential
between a well-developed shallow aquifer sand that
overlies the lower Oakville sand is 1 m (3 ft), and the
aquitard separating the two zones averages about 15 m
(45 ft) thick. Short-term pump tesis typically used to
establish pre-mining hydrologic conditions do not
provide data necessary to establish vertical permeability.
Average hydraulic conductivities of clay and silty clay
under confining pressures extant at 100 to 300 m (300 to
1,000 ft) deep range from 10”7 to 10”° cm/sec. For each km?
of surface area, calculated recharge of the lower Oakville



Table 4. Measured and calculated physical hydrologic parameters of principal Oakville mining districts (1980).

George West
5.1 km? (2 mi®)
0.1 km® (1.3 x 10° yd?)
0.3 km® (4 x 10° yd®)

Ray Point
2.0 km® (0.8 mi®)
0.02 km® (2.6 x 107 yd®)
0.1 km® (1.3 x 10% yd?)

Affected area”
Affected aquifer volume

Total aquifer volume
in mine area

(S) 8.8 x 10* m*/yr/km section 1.4 x 10° m®/yr/km section

(N} 2.3 x 10* m®/yr/km section

(8) 2.1 x 10 to 2.1 x 10° m*/yr/km?
(N) 1.9 x 10 to 1.9 x 10° m*/yr/km?

Qv/Qh (S) 2.4 to 0.024%/yr
(N) 8 to 0.08%/yr

(S) 6 m/yr (20 ft/yr)
(N) 4 m/yr (13 ft/yr)

Average lateral
flux = Qh

Average vertical flux = Qv 9.4 x 10 m*yr/km? + fault discharge
0.07%/yr

Average flow velocity = Vh 10 m/yr (30 ft/yr)

*Total area within monitor well rings. (S) Southerly front. (N) Northerly front.

sands would therefore range from 2.1 x 10® to 2.1 x 10
m®/yr (7.4 x 10* to 7.4 x 10? ft*/yr), assuming that flow
through the aquitard is vertical, which is reasonable given
the extreme contrasts in permeability.

Dilution of ground water that percolated through parts
of the aquifer that were altered by leach mining activity
can be estimated by comparing vertical and horizontal
flux. On the basis of data in pre-mining permit
applications, average lateral flow velocity of ground water
at each of three mine sites was calculated to be 4, 9, and
4.3 m/yr (13, 29, and 14 ft/yr). Average flow velocity is
therefore about 6 m/yr (20 ft/yr). Depending on aquitard
permeability, between 2.4 and 0.024 percent of the lateral
flow is replaced by recharge water seeping downward
through the overlying aquitard. Thus during the 17 years
required for one pore volume of water filling the aquifer to
move 100 m (300 ft), recharge, mixing, and consequent
dilution of the water affected by flow through the mined
aquifer could be as much as several tens ofapercentoras
little as a few percent. Baseline water composition data do
not indicate significant contemporary upward recharge of
waters into the Oakville aquifer from the fault zone within
the district.

Values for lateral ground-water flux and concomitant
recharge dilution for the northerly Boots mineralization
front are comparable (table 4). Pump tests in this area did
indicate recharge from the overlying sands.

Thus, waters contacting the mined parts of the aquifer
will be diluted by downward recharge through the
overlying aquitard. Amount of dilution could be
significant (a 1:1 ratio) during long-distance migration
(several kilometers). Dilution may be more rapid if (1)
average vertical permeability of the aquitard is greater
than the low value used here in calculations or (2)
recharge is locally concentrated in areas downflow
(northeast) from the mined areas. Short-term mine-site
hydrologic tests do not provide data needed to assess
these possibilities.

Macroscopic dispersivity of the Oakville aquifer
cannot be adequately calculated. Injection tests are
required for quantification of this important parameter,
which has a significant mixing and homogenizing effect
on moving ground water (Skibitzke and Robinson, 1963).
Such tests are technically difficult, expensive, and often
inconclusive. Two qualitative generalizations can be
made, however. First, the internal heterogeneity of
individual depositional elements in bed-load channel-fill
deposits accentuates lateral and vertical macroscopic
dispersion (Schwartz, 1977). Second, dispersion will be
greatest where flow is at right angles to the axes of fluvial
trends. Lateral dispersion will be least where flow paraliels
facies trends, as it does in most of the George West district
(fig. 8). However, the long-term efficacy of lateral
dispersion in mixing ground waters within the Oakville
aquifer is indicated by the vertical uniformity of modern
water composition in the total aquifer and by the local
uniformity of epigenetic zones within the aquifer.

Ground water moves primarily parallel or slightly
obligue to the generalized trend of mineralization fronts in
the district. Thus, flow lines tend to remain within the same
geochemical zone (fig. 7, example F). Flow crosses from
the sulfidic to the altered zone at the north end of the
Moser mine (fig. 7, example B) and crosses obliquely from
altered resulfidized to sulfidic parts of the aquifer at the
Boots mine (fig. 7, example C). Much of the native ground
water crossing mined ground remains in the oxidized,
altered zone for many kilometers along its flow path.
Natural removal of dissolved trace metals depends
predominantly on adsorption by iron hydroxide rather
than by reduction along these flow paths. Montmorillonite
is present as dispersed matrix in the sand aquifer and
retards the migration of ammonium and other
geochemical fronts. The generally low levels and erratic
distribution of trace metals noted in baseline well samples
most likely reflect the local geochemical variability of the
aquifer matrix and indicate the probable efficacy of




S

EXPLANATION

N Alteration tongue (opproximated)
-

50

-~

Net sond  (feet)

-—g— Fault trace at Oakville level
“ Bose of Cakville and generalized
N outcrop of bosal sand.

=3 Direction of modern ground-
woter flow,

6::} Area of open-pit mining
@ Area of in situ mining

=

Figure 9. Geologic setting, uranium deposits and mine areas, and interpreted direction of modern ground-water fiux within the

mineralized basal Oakville sand unit, Ray Point district.

natural reactions in limiting migration of metals released
by ongoing natural oxidation of the aquifer.

Ray Point District

The Ray Point district covers approximately 24 km?
(9 mi?) and includes both active and abandoned open-pit
mine sites and active in situ leach mines (fig. 9). The
district lies at the north margin of the broad George West
fluvial axis (fig. 1). Uranium deposits occur dominantly
within the highly permeable basal Oakville sand unit and
along a relatively thin, east-northeast-trending fluvial
facies belt that flanks a much thicker basal sand trend
(fig. 9).

The mining district is in an area of Oakville ground-
water recharge. According to limited mining permit
application data, water levels average 3 m (10 ft) higher in
the shallower sand than in the basal uranium-bearing
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units. However, the water composition, the presence of
methane in the mine waters, and the locally complex head
surface indicate additional significant recharge of the
basal Oakville sand by waters moving up the fault zone
(Smith and others, 1982; Henry and others, 1982). The
fault acts as a flow boundary separating the basal sand
into disconnected segments exhibiting different head
magnitudes and gradients (fig. 9). Ground water generally
moves northeastward, parallel to structural and facies
trends.

Surface and in situ mining will affectapproximately 2.0
km? (0.8 mi®) of the Oakville aquifer (table 4). On the
average, mining intersects about 10 m (30 ft) of the basal
aquifer sand. Consequently, mining will disturb about 0.02
km?® (2.6 x 107 yd®), or about one fifth, of the total aquifer
sand within the mined areas.

The Ray Point district lies within an inferred Oakville
recharge area. However, |local flow patterns are complex,
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and some short flow cells appear to discharge along the
valley of Sulfur Creek. Measured head differential
between the middle and deep sands is reported tobe 3 m
(10 ft), and higher heads occur in the shallower sand unit.
The bounding aquitard averages 10 m (30 ft) thick (fig. 10)
and contains clay of sufficiently low permeability (107°
cm/sec) to be used for lining mine-water evaporation
ponds. Pump tests at the Zamzow and Lamprecht sites
provide data on aquifer permeability and hydrodynamic
gradient. Vertical and horizontal ground-water flux can be
calculated by application of Darcy's Law; results are
comparable to those for the George West district (table 4).
At an average flow velocity of 10 m/yr (30 ft/yr),
comparative flux rates indicate that about 10 percent
dilution will occur during the 100 years required for
ground water to migrate 1 km (0.6 mi). Furthermore, the
high total dissolved solids and high sedium and chloride
contents of water in the shallow Oakville indicate probable
significant recharge of the aquifer by more saline waters
along the fault zone (fig. 11). Rate of recharge from deeper
water can be estimated by assuming end member
compositions of the shallow and deep waters.

Average shallow Oakville ground water = 1,000 mg/L
Deep waters of the Carrizo aquifer = 10,000 mg/L
Average Ray Point ground water = 2,500 mg/L

According to these data, Ray Point water probably
consists of about 15 percent deep, discharged ground
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water mixed with the shallow aquifer. Thus, on the long
term (100 years), upward recharge of the basal Oakville
aquifer could dilute waters by 10 to 30 percent.

Macroscopic dispersion of ground water could be
extremely complex. Both structural and stratigraphic
boundaries limit lateral and vertical dispersion. Further,
flow patterns indicate that much of the potentially affected
water remains near the mine areas and discharges to the
surface after traversing only a few kilometers within the
aquifer. Effects of megascopic dispersion are probably
limited by physical flow boundaries and localized flow
cells in the basal sand. However, dispersivity cannot be
quantified.

Ground water that has contacted mined parts of the
aquifer flows either parallel to the mineralization front or
across the front from the sulfidized zone into the
resulfidized altered zone (fig. 9). Updip flow indicated in
the Lamprecht deposit area should move waters into the
zone of surface oxidation and ultimately to the water table.
There, discharge should occur either by base flow into
Sulfur Creek or by evapotranspiration. Natural depletion
of any concentrated dissolved species relies primarily on
reduction and precipitation of metals and on adsorption
by clay and, in shallow oxidized sands, by iron hydroxide.
Mined ground should remain permeated with hydrogen-
sulfide-bearing water. In addition, clinoptilolite is present
in trace amounts and may adsorb migrating ammonium,
trace metals, or both.
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Figure 11. Computer simulation of ground-water flow in a faulted aquifer-aquilard sequence. The model is based on the generalized
geologic and hydrologic framework of the Ray Point district and on conservative assumptions about anisotropy of hydraulic conductivity
across the fault plane. Hydraulic head values (A), which are in feet above sea level, indicate that flow generally parallels bedding in
aquiters and is perpendicular to bedding in confining units. The fault seems to accentuate vertical hydraulic gradients in confining units
but does not induce vertical flow in aquifers. Comparative vertical fluxes computed by the model along the fault plane and along a column
6 km (3.8 mi) downdip from the fault are shown in the table. These flux values, which represent the upward flow rate between aquifers,
demonstrate that the fault locally increases relative vertical flux, Aithough the magnitude of flow along the fault plane is small compared
with total flow through the system, it is approximately double the flow across unfaulted, confining units. Formulation of the problem
(including aquifer geometries and their representation in the finite element mesh), hydraulic conductivities, and boundary conditionsare
shown in B. Model simulations, generated by Graham E. Fogg, Bureau of Economic Geology, use the ground-water flow simulation
program FLUMP (Fogg and others, 1979; Narasimhan and others, 1977, 1978; and Neuman and Narasimhan, 1977).
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OBSERVATIONS AND RECOMMENDATIONS

This report concludes a series of reports on the
geology (Galloway and others, 1982a), hydrodynamics
(Smith and others, 1982), and hydrochemistry (Henry and
others, 1982) of a uranium-bearing aquifer system. Much
of the data in these reports was provided by mining
companies; additional data were compiled from files of the
Texas Department of Water Resources and the Railroad
Commission of Texas. This report also incorporates
results of numerous mining and restoration tests carried
out during the past several years while uranium mining
practices and their regulation by the State have evolved.
Observations and experience of many individuals from
both active mining companies and State regulatory
agencies have enhanced technology of uranium
extraction and concomitant aquifer protection. Detailed
study of the hydrogeology of the uraniferous Oakville
aquifer and of the mining and regulatory history in the
province led to several observations. We believe these
observations apply not only to the Oakville aguifer but
also to analogous aquifers in the South Texas Coastal
Plain and elsewhere.

(1) As mining becomes widespread and extends into
other geologic formations, systematic regional studies,
which summarize existing knowledge of the
hydrodynamics, water quality, and current use of aquifers
according to their natural geologic subdivisions, provide a
framework for integrating and evaluating new baseline
data. The complexity of both flow and composition of
ground water in natural aquifers, particularly those
containing uranium deposits, requires such a framework.

To interpret regional changes in water chemistry and
to anticipate local effects of changes in ground water in
the Oakville or other aquifers, data must be acquired on
regional baseline ground-water quality. These data can be
used most effectively if correlated with regional
stratigraphic studies (Galloway and others, 1982a; Smith
and others, 1982). Such data, given in map form, help
planners to design appropriate programs for monitoring
ground-water quality and restoring mined areas.
Similarly, county and state ground-water planning and
development have benefited from such programs.

As major mining districts develop within the province,
hydrogeologic data from permit applications can be
synthesized with the regional framework to describe as
accurately as possible the hydrogeology of the district
and surrounding area. Such syntheses, continually
updated as new data are submitted, enable planners to
prescribe flexible, efficient, long-term restoration and
monitoring programs. Furthermore, should unforeseen
problems emerge, these syntheses allow accurate
prediction of affected areas and development and
application of corrective measures. Syntheses of the data
from the Ray Point and George Westdistricts in this report
illustrate the approach.

(2) Aquifer sensitivity is defined as the balance
between ground-water quality and/or ground-water
withdrawal and the effects of external changes imposed
on the aquifer. These external changes can be either
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natural (such as rainfall shortages) or cultural (such asin
situ mining), or a combination of both. Aquifer sensitivity
as it relates to present and future ground-water use should
be determined in view of the overall hydrology and
land and water use within the area affected by mining.
Climate, by influencing vegetative patterns, soil
conditions, and population growth, partly determines the
requirements for water from the Oakville aquifer, and will
undoubtedly continue to do so. Figure 12 summarizes
regional hydrologic and land use patterns within the study
area.

The Oakville aquifer is divided into three zones on the
basis of density of water use, type and suitability of land
use, and amount of rainfall (fig. 12):

(A) Southwest of the middle of Live Oak County, the
Goliad Formation, currently the most heavily used aquifer,
has the capacity for considerable additional development
without exceeding its yearly recharge. The land surface is
mostly rangeland. The quality of Oakville ground waterin
the zone is poor compared with that in areas characterized
by greater recharge and by an absence ofhigh-TDS water
entering the aquifer along faults.

(B) Northeast of the border between De Witt and
Lavaca Counties, the Oakville recharge zone receives
abundant rainfall that both dilutes and freshens the
ground water, thereby reducing the need for extensive
ground-water development. In Grimes County, ground
water is almost entirely undeveloped relative to the total
quantity available in the Oakville and other aquifers. The
same is true in other counties of this zone.

(C) De Witt, Karnes, Bee, and northeastern Live Oak
Counties encompass an intermediate area along the
Oakville outcrop where ground water has been fairly
extensively used (figs. 3 and 6). The Oakville Formation is
one of the primary aquifers within this area. Periodically
low seasonal or yearly rainfall creates a need for
supplemental water and increases ground-water use in
these counties. Because of significant interdependence
among population density, land use, and present and
potential aquifer use, this area of the aquifer is more
sensitive than are surrounding areas (fig. 12).

Establishing regional aquifer sensitivity zones does
not obviate the need for local monitoring of mining and
restoration projects but does point out regional
differences in aquifer use and emphasizes the relative
aquifer sensitivity among aquifers in different areas and
formations. Ground-water monitoring and restoration
programs may then be evaluated within the context of
regional variations so that greatest effort can be directed
to important ground-water resources.

(3) Circulation of ground water within an aquifer
system occurs in geometrically complex, hierarchical flow
cells (Smith and others, 1982). Compilations of existing
hydrologic data, such as county reports, adequately
define regional and some larger intermediate flow
systems. Applying several predictable relations among
structure, topography and physical stratigraphy, and
ground-water flux patterns further increases the use of the




commonly meager data (Smith and others, 1982).
However, local flow systems can be defined only where
water-level data are densely spaced, such as within major
mining districts. As in the Ray Point district, such local
flow cells may dominate in shallow parts of the aquifer
commonly subjected to mining activity. Because rate and
direction of migration of dissolved species from a mine
site are determined by ground-water flux, the physical
hydrology of mine areas needs to be accurately described
and tested if monitoring is to be both effective and cost-
efficient. The additional data necessary for site
descriptions are usually provided in the permit application
required of the mining company.

The hydrodynamic setting of mine areas should be
adequately defined for both leach and open-pit
operations. A complete description typically includes the
following:

(A) A hydraulic head map for the ore-bearing unit.

(B) Measurements of the vertical head distribution for
principal water-bearing zones above and directly below
the ore-bearing aquifer.

(C) Standardized calculations of both permeability and
transmissivity of the aquifer.

(D) Interpretation of one or more pump tests lasting
long enough to quantify leakage between the mineralized
aquifer and surrounding zones, thus establishing upper
limits on permeability of surrounding agquitards.
Permeability anisotropy within the aquifer should be
quantified if possible. Tests and analytical technigues
used in reported permit-area pump tests have commonly
been found to be inadequate for these tasks. We suggest
further study of this aspect of aquifer characterization.

(E) An assessment of general flow direction(s) in the
permit area, calculated to show the effects of significant
measured permeability anisotropy and vertical head
components.

(F) Sufficient stratigraphic information to allow
interpretation of hydrologic data in geologic context.

(G) Documentation of pump test methodology,
measurements, calculations, and the geologic model used
to evaluate flow (boundaries, aquifer trend, and thickness
and textural composition of confining beds).

Incorporating new data from each permit application
into ongoing district and regional framework syntheses
would test data guality, place the permit area in its
appropriate position within an individual flow cell, and
update the hydrogeologic description of the aquifer
system. Districts with the largest mining area, and thus the
greatest potential for cumulative impact, would likewise
have the most extensive data, should a problem develop.
In recognition of the above requirements, the Texas
Department of Water Resources has recently drafted
technical guidelines on pump-test methodology,
duration, and expected results.

(4) Meteoric recharge, local oxidation-reduction
(redox) conditions within the aquifer, adsorption of
dissolved ions by matrix minerals, and buffering by
carbonate content characteristic of Oakville lithologies
may either inhibit the movement of soluble toxic
constituents or reduce their overall concentration within
the aquifer (Henry and others, 1982). Regional redox
reactions and ion adsorption gradually change water
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chemistry as ground water migrates down gradient. Total
natural concentrations of potentially toxic ions decrease
by precipitation of less mobile mineral species, or their
movement is retarded by adsorption and later slow release
(Henry and others, 1982). These chemical reactions are,
however, reversible. Remobilization could occur if the
aquifer chemistry or ground-water flow were changed by
an outside stimulus, such as increased recharge, local
ground-water drawdown, or injection of chemically
different fluids into the aquifer.

To monitor and anticipate effectively the complex
relations between the aquifer matrix and ground-water
quality in a potential mine area requires careful planning:

(A) The analyses for monitoring uranium mining and
subsequent reclamation or restoration will be most
effective if designed to take into account characteristics of
the ore zone, composition of the lixiviant used in in situ
leaching, and related water chemistry and matrix factors
that affect mineral solubility and complexing. The
following analyses are recommended for developing a
complete baseline for monitoring in the South Texas
uranium province, and include metals present in Texas
uranium ores and soluble constituents of the rock matrix
or commonly used leach solution (Galloway and others,
1982a; Henry and others, 1982). Although Texas deposits
are geochemically similar to many roll-front uranium ore
bodies, the analyses selected would probably vary from
province to province.

Trace metals

Uranium

Molybdenum

Arsenic

Selenium

Iron

228Radium

Vanadium (recommended for measurement in new
mining districts only; if not present, it can be
deleted from the required routine analyses)

Major ions and lixiviant components
Bicarbonate
Sulfate
Chloride
Nitrate
Sodium
Calcium
Potassium
Magnesium
Ammonia
Ammonium

Electrochemical and related parameters
Dissolved oxygen
pH
Eh (measured with electrode or described qualita-
tively by visual examination of matrix redox
or alteration state)
Total reduced sulfur

(B) Measurements of cation exchange capacity of the
representative permeable matrix lithologies can be used
to anticipate the effects of exchange on the migration of
toxic components through the surrounding aquifer. These
measurements should reflect the general composition of
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Figure 12. Summary of Oakville hydrology, land use, and consequent inferred aquifer sensitivity, South Texas Coastal Plain.

the type of lixiviant used or proposed for the in situ determine the migration rate of any dissolved
uranium leaching. constituents. In Texas, baseline studies and monitoring

(C) Data accuracy, particularly regarding trace during mining and restoration are required by the
components, is crucial. Consequently, it is recommended Department of Water Resources as a part of the company
that the results of ground-water analyses be periodically mining program and by the Railroad Commission of Texas
confirmed to ensure high quality and sample as part of the reclamation requirements. Such studies are
reproducibility. For example, a few coded duplicate limited to the immediate area of mine development and
samples could be included in each set of water samples end after a prescribed period of aquifer stability. Given the
that is submitted to a laboratory to determine complexity of ground-water flow and composition,
reproducibility. A cooperative program could be set up so particularly in mineralized areas, we propose that limited,
that a standardized sample or samples could be but long-term, post-restoration testing be maintained by
periodically submitted along with a group of unknowns. public institutions. These institutions can retain access to
Minimum detection limits of analytical procedures should public and private land as well as to the geologic data that
meet public health requirements. are made available through the permit process.

The thorough determination and record keeping of In response to open discussions with mine operators
water chemistry suggested here will require cooperation and State regulatory personnel, several recommendations
between both public and private organizations. However, for monitoring, many of which are already incorporated in
it problems develop, the data base will aid in early Texas programs, are proposed:
detection and appropriate action. (A) Active leach mine—Monitor wells should sample

(5) Ground-water monitoring programs at mine sites the affected aquifer around the periphery of the permit
have two divergent objectives. Short-term monitoring area, all aquifers above the injection zone, and any aquifer
during active mining is designed to detect excursions of below and separated from the injection zone by a
disturbed mine waters or leachate beyond the prescribed demonstrably leaky aquitard. Leach mining induces major
area. After mining and appropriate reclamation or changes in ground-water chemistry. In particular, SO4
restoration programs, long-term monitoring is designed and CI” are commonly altered significantly. Both
to detect any unforeseen deterioration of water quality or represent a change in a mobile ionic species. The CI” ion,
remobilization of adsorbed, potentially toxic ions and to which can be adequately monitored by conductivity
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(Figure 12, continued.)

changes (as a component of total dissolved solids), seems ammonium), and TDS. Such monitoring ensures
to be an optimum choice for routine measurement. detection of unforeseen long-term contamination of
Routine measurement of additional constituents can be nearby wells.
tailored to the individual leach solution used. Mining (C) Open-pit mine site—Monitoring during mining,
experience to date indicates that concentrations of NH4', although desirable, is unlikely to reveal any outflow from a
SO.%, or uranium can be good leading indicators at mine because the mining process typically requires large-
specific mines, but none is adequate for all sites. As scale dewatering of the mined and overlying aquifers,
mining progresses within a district, required monitoring which creates inwardly directed flow and a cone of
can be adjusted so that individual companies assume depression. Monitor wells established along the downflow
responsibility for only the parts of the aquifer adjacent to edge of disturbed ground for analyzing trace metals and
their operating sites. TDS -would ensure ground-water integrity after
(B) Restored leach mine site—We recommend that as reclamation and could be incorporated into the State
major mine sites are deactivated and restored (beginning water-quality grid. In addition, water in pits converted to
in the early 1980's), a selected monitor well or wells along stock tanks should be tested periodically.
the downflow edge of mined ground be incorporated into As a part of an ongoing research program, more
the State water-quality grid and sampled periodically. extensive analyses of monitor-well waters would be made
Should changes in water chemistry be detected, periodically, particularly if any systematic long-term
particularly in areas of high aguifer sensitivity, existing or changes in water chemistry were noted. Results of these
new wells at an appropriate distance downflow (based on analyses would enhance our understanding of aquifer
calculated flow velocity) could be sampled to determine processes, thereby improving future mining, restoration,
the velocity and magnitude of downflow dilution or and monitoring programs.
mitigation of the chemical plume. Such monitor wells (6) Most impacts on water quality and the chemical
would need to be sampled only at extended intervals reactions that produce or mitigate them are, at present,
(determined by consideration of extant flow velocity), but only qualitatively predictable (Henry and others, 1982).
analyses should include principal metals and potential Cation exchange involving ammonium during mining
contaminants known to be present in mined parts of the and restoration is relatively well understood (Walsh and
aquifer, any introduced ionic species (such as others, 1979), and, because they are aware of the
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problem, many companies are using low-concentration
or non-ammonia leach fluids. Trace element behavior is
less predictable. Uncertainties include the form and
abundance of trace elements in many deposits, the
amount of release during mining, the amounts and
mechanisms of mobilization during restoration, and the
efficiency of trace element removal from ground water
by processes naturally occurring after mining.
Conseguently, the long-term implications of mining for
trace element mobility could be addressed only
qualitatively in this report.

More knowledge of pre-mining conditions is
necessary, including baseline water quality discussed
previously, but also mineralogical form of the trace
elements and mineralogy of the deposit area in general.
Deposit mineralogy affects release and mobility of the
trace elements during mining and reveals the
mechanisms of trace element concentration during
mineralization, which may recur and immobilize
constituents after mining. However, identifying trace
element mineralogy is difficult and beyond the
capability of routine mining or regulatory applications.
This and many other kinds of information can be
obtained only through directed basic research.

Complete, thoroughly documented studies of
restoration efforts are needed. This is the only method
of examining actual behavior of contaminants in a
natural system. Most pilot restoration studies are
designed primarily to meet regulatory requirements and
commonly consider only major ions such as uranium
and ammonia, and, at most, one trace element such as
molybdenum. To determine more fully the chemical
processes occurring in the aquifer after mining,
additional information is necessary, including analysis
of other trace elements and of evolving oxidation-
reduction states of water. Only by understanding the
processes themselves as well as what controls them in
the field can one predict impact, estimate natural
mitigating reactions, and evaluate artificial controls
where necessary.

More knowledge of the thermodynamic behavior of
trace elements in typical ground water is also necessary.
This study used the best available data; results showed that
some of the data accurately predicted behavior, whereas
most did not. Little is known about complexing of the trace
elements and its effect on precipitation and adsorption, or
about kinetics of these processes. Basic research is neces-
sary to determine these processes and to supplement
actual field data. Laboratory studies supplement field tests,
which demonstrate actual behavior but are difficult to
evaluate because of the number of variables involved.
Laboratory experimental studies are advantageous in that
one can control events by isolating individual variables and
evaluating their significance. Understanding the
geochemistry of mining and restoration or reclamation
processes should eventually make multiple use of the
aquifer more effective and efficient.

Results of the Oakville aguifer study show that uranium
extraction by open-pit mining or in situ leaching of
necessity modifies an aquifer locally. Because aquifers
are both physically and chemically complex, many
modifications probably have little effect on water use;
such effects may be limited by natural processes to levels
below detection or concern. However, this same
complexity and site-specific variation among uranium
deposits and associated ground waters, as well as the
concentration of several additional trace metals in
uranium deposits, precludes absolute prediction of all
short-term or long-term effects of mining activity, at least
according to our current understanding of the physical
and geochemical systems involved. The broad technical
goals of a cooperative government and industry
regulatory program would thus include (1) developing a
data base that describes the undisturbed aquifer system,
(2) detecting any changes induced outside the mine area
during mining, (3) testing and documenting post-mining
aquifer restoration, and (4) developing long-term water
quality monitoring parameters and procedures at key sites
to ensure early detection of unforeseen changes in water
quality that might be slow to develop.
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APPENDIX

OAKVILLE WATER WELLS DETERMINED FROM TEXAS DEPARTMENT OF WATER RESOURCES
(TDWR) REPORTS AND NATIONAL URANIUM RESOURCE EVALUATION (NURE) REPORTS.

Asterisk indicates water use only, without accompanying chemistry.

County Bureau no. TDWR no.
Duval 1 05-301*
2 05-703*
4 12-901
5 13-101
6 13-201.
7 13-502
8 14-501*
9 14-502*
11 19-801*
12 19-901*
13 20-101
14 19-902
16 20-102
17 20-201*
18 20-301"
19 20-302
20 20-303*
21 20-401*
22 20-403
24 20-701*
25 20-801*
26 21-304*
27 21-305*
29 21-405*
30 21-501*
31 21-502
32 21-503*
33 21-801*
34 27-201
35 27-301"
36 27-502*
37 27-503"

32

County Bureau no. TDWR no.
Duval (cont.) 38 28-302*
39 29-302
McMullen 1 78-54-401"
2 -403*
3 -404*
4 78-53-904*
5 -906"
6 -61-301
Live Oak 1 D-20
2 D-21
3 D-26
4 D-27
5 D-28
6 E-14
7 E-18
8 E-21*
9 F-2*
10 F-3
11 F-5*
12 F-6"
13 F-8*
14 F-16
15 F-17
16 F-18
17 F-19*
18 F-62*
19 F-63*
20 F-64*
21 F-60
22 F-73"



County

Live Oak (cont.)

Bee

Bureau no.

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
42
43
44
45
46
47
48
50
51
52
53
54
55
56
57
58
59
60
61

TDWR no. County Bureau no. TDWR no.

F-74* Bee (cont.) 15 -802
F-75" 16 -902
F-76 17 -18-501
F-77 18 -502*
F-78 19 -503
F-79* 20 -25-101*
F-80* 21 -102*
F-81 22 -104
F-82 23 -105
F-83* 24 -401*
F-85* 25 -602
F-87 26 -26-203"
F-88 27 -34-901*
F-90* 28 -903*
F-54 29 -35-701
H-15 30 -702*
H-16 1 NURE 6811
H-18 2 NURE 385
H-21* 3 NURE 381
H-22* 4 NURE 6852
H-23*
H-25 Karnes 1 D-34
H-27 2 D-36
H-50* 3 D-38
H-51 4 D-39
H-70 5 D-40
H-71 6 D-41
J-18 7 D-44
J-14 8 D-45
J-44 9 D-46
L-1 10 E-14
L-2¢ 11 E-15
L-37 12 E-20*
L-6 13 E-17
L-10 14 E-18
L-15* 15 E-21
L-18* - 16 E-39
L-19 17 E-40
L-20 18 E-42
NURE 6823 19 E-43
NURE 6840 20 E-44
NURE 693 21 E-45
NURE 685 22 E-46
NURE 6851 23 E-47
NURE 6850 24 E-49
25 E-50

78-32-303 26 E-51

-304* 27 E-53

-305* 28 G-12

-306* 29 G-17

-307* 30 G-18

-308* 31 G-20

-309 32 G-22

-601* 33 G-23
79-17-401 34 G-24

-402* 35 G-28

-701* 36 G-29

-702 37 G-30

-703 38 G-31
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County

Karnes (cont.)

De Witt

Bureau no.

39
40
41
42
43
44
45
46
47
48
49
50

1

2

—
W=~ WmWwM —

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
33
34
35
36
37
39
40
41
42
43
44
45
46
47

ITIITOOOOO
QR ;A

H-58
NURE 319
NURE 6812

67-46-302"
-503*
-508*
-603
-604*
-702*
-703”
-801*
-802
-803
-804
-805*

-47-807
-101*

-59-601
-602*
-803*
-901*
-902*

79-03-101*
-102*
-201*
-202
-203"
-301
-601*
-901

-04-306
-401
-406
-506*
-802

-05-101

-12-106
-108*

67-52-903*

-53-405*
-703*

67-53-704"
-705*
-801*
-802*
-901

-54-101

County

De Witt (cont.)

Lavaca

Bureau no.

48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
69
70
71
73
74
75

76
77
78
79
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

OO0~ WwMnn =

P SR e &
N - o

TDWR no.

-2017
-203*
-401*
-601
-802
-803
-60-103*
-301*
-402
-403~
-701
-702*
-703*
-704*
-903
-61-101
-301
-62-101
-102
-202*
-207
-208
-209
-301
-302
-304
79-04-3017
-302
-601"
-101*
NURE 15481
NURE 1481
NURE 1468
NURE 10611
NURE 15478
NURE 8829
NURE 1439
NURE 10637
NURE 1422
NURE 1424
NURE 1423
NURE 1385
NURE 1384
NURE 10641
NURE 10642
NURE 1156

67-31-603"
-901*
-802*

-32-101*
-302
-303*
-401
-501*
-602*

-39-201
-305*
-401~



County Bureau no. TDWR no. County Bureau no. TDWR no.

Lavaca (cont.) 13 67-39-501* Fayette (cont.) 39 -103"
14 -503* 40 -104
15 -504 41 -201"
16 -506* 42 -203
17 -507 43 -204
18 -508" 44 -206
19 -511" 45 -702
20 -512* 46 -02-202*
21 -513° 47 -203*
22 -514 48 -302*
23 -515* 49 -506
24 -516* 50 -02-601
25 -601* 51 -03-101*
26 -602* 52 -103*
27 -40-101* 53 -202*
28 -401* 54 -203"
29 -47-201" 55 -301*
30 66-33-504 56 -304"
31 -506 57 -404*

1 NURE 1547 58 -502*
2 NURE 1546 59 -602
3 NURE 15516 60 -603*
4 NURE 1526 61 -702*
5 NURE 1515 62 -801*
6 NURE 1512 63 -802"
64 -904"
Fayette 2 -24-504 65 -59-203"
3 -505 66 -302
4 -609 67 -403*
6 -901 68 -601
7 -17-102 69 -701
8 -202 70 -901*
9 -301* i -902"
10 -302 ] NURE 8326
11 -401 2 NURE 16303
12 -402" 3 NURE 16305
13 -403 4 NURE 16319
14 -501 5 NURE 5399
15 -601 6 NURE 5437
16 -602 7 NURE 5402
17 -604 8 NURE 5408
18 -608 9 NURE 5375
19 -609 10 NURE 10119
20 -612"
22 -702 Washington 1 59-46-903
23 -802 2 -901
24 -902* 3 -47-402
25 -905 4 -503
26 -906 5 -504
27 -18-404 6 -601
29 -09-705 7 -606
30 -10-204" 8 -608
31 -401 9 -609
32 -504 10 -610
33 -505" 11 -702
34 -702 12 -704
35 -703" 13 -802
36 -704 14 -803
38 -11-101" 15 -805
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County Bureau no. TDWR no. County Bureau no. TDWR no.

Washington (cont.) 16 -806 Washington (cont.) 78 -60-103*
17 -903 79 -108*
18 -904 80 -202*
20 -52-905 81 -505*
21 -53-102 82 -605*
22 -403 83 -61-201*
23 -505 84 -410
24 -602 1 NURE 8221
25 -702 2 NURE 8219
26 -803 3 NURE 8280
27 -804 4 NURE 8281
28 -805 5 NURE 8282
29 -808 6 NURE 8275
30 -809 T NURE 8311
31 -902 8 NURE 8312
32 -903 9 NURE 8314
33 -904 10 NURE 8318
34 -906
35 -907 Grimes 1 59-48-201
36 -908 2 -202
37 -921 3 -204*
38 -922 4 -301
39 -923 5 -501
40 -54-103* 6 -804
41 -1057 7 -808
42 -202 8 -56-205
43 -204"° 9 60-41-104*
44 -301* 10 -33-701*
45 -302* 11 59-40-602
46 -303" 12 -801*
47 -401 13 -902
48 -402° 14 -903*
49 -404
50 -406" Austin 1 59-60-503*
51 -501* 2 -B01*
52 -502 3 -802*
53 -503* 4 -61-602*
55 -603* 5 -62-502*
56 -604" 6 59-63-902*
57 -605
58 -702* Waller 7 59-55-901*
59 -704* 8 -56-103
60 -705* 9 -201*
61 -707* 10 -202*
62 -802° 11 59-64-204*
63 -803* 12 66-08-905
64 -902 13 65-01-805
65 -909
66 -55-101 Colorado 1 DW-66-11-704"
67 -102 2 -18-603
68 -103* 3 -20-409
69 -104* 4 -28-908*
70 -105*

71 -303° Goliad 1 G-4"
72 -504* 2 G-6*
73 -511 <) G-34*
74 -512

76 -808" Jim Wells - 47-810
77 -56-109 eeee- 40-703
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