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ABSTRACT 

Subsidence in The Houston-Galveston Region: 

A Comprehensive Analysis 

by 

John S. Teutsch 

Low cost has led to steadily increasing withdrawals 

of ground water in the Houston-Galveston region with a 

resultant decline in artesian pressures in the region's 

aquifers. Artesian pressure provides hydraulic buoyant 

support for compressible clay layers within the region's 

aquifers, and the declines in pressure brought about by 

heavy, concentrated pumping have reduced this support, 

causing compaction of the clays, manifested by land sur¬ 

face subsidence of from 0.5 to 8.5 feet over a 4700 square 

mile area by 1973. This subsidence threatens lives with 

flooding and is responsible for property damage of hundreds 

of millions of dollars. Such consequences outweigh the 

economic benefits of ground water withdrawals. 

Alternatives exist; an expanding regional data base 

on subsidence and pressure declines makes possible a deter¬ 

mination of the optimal spacing and production pattern to 

obtain the maximum safe ground water yield without causing 

unacceptable subsidence. Current studies recommend a 

reduction in pumping in some areas with an ultimate regional 

(6600 square miles) safe yield of 490-700 mgd which will be 

exceeded by demands before 1980. Water from the Brazos, 

ix 



San Jacinto, and Trinity Rivers can meet demands beyond the 

year 2000, but at a much higher price than that for ground water. 

Uncertainty in the common law and inadequate statutory 

laws have delayed efforts to control ground water with¬ 

drawals causing subsidence. The uncertainty in the common 

law will be resolved in 1978 by the case of Friendswood 

Dev. Co. v. Smith-Southwest Industries, 546 S.W.2d 850 

(Tex. Civ. App.—Houston [1st Dist.] 1977), an appeal to 

the Texas Supreme Court of an appellate court ruling that 

shifts the cost of subsidence from the victim to the ground 

water user by allowing recovery for subsidence damages 

caused by negligently conducted ground water withdrawals. 

Previous Texas cases have consistently refused to restrict 

ground water use in water rights disputes. In 1975 the 

legislatively created Harris-Galveston Coastal Subsidence 

District began to regulate ground water withdrawals in the 

two county area in order to prevent any further subsidence 

that causes flooding within the District. The District's 

primary regulatory tool is the authority to enforce well 

spacing and production restrictions through a permitting 

procedure based on a comprehensive district plan for con¬ 

trolling subsidence. The constitutionality of the District 

and its efforts have been appealed to the Texas Supreme 

Court, after favorable review in the lower courts, in the case 

of Beckendorff v. Harris-Galveston Coastal Subsidence  S.W.2d 

  (Tex. Civ. App.—Houston [14th Dist.] 1977). 

x 



I. INTRODUCTION 

The ground water resources of the Houston—Galveston 

region of the Texas Gulf Coast constitute an enormously 

valuable renewable resource that has played a key role in 

the continuing expansion of the area's agricultural, in- 

dustrial, and urban development. However, unrestrained, 

massive ground water withdrawals have caused declining 

artesian pressures resulting in land surface subsidence 

of from Q.5 to 8.5 feet over a 4700 square mile area. Some 

of the problems attendant to subsidence include; economic 

costs of tens of millions of dollars each year; total 

destruction of hundreds of homes with thousands more 

threatened; and the enormous threat during hurricanes to 

thousands of persons who must rely on evacuation routes 

that are presently subsiding and consequently, increasingly 

more susceptible to tidal flooding. The declining artesian 

pressures caused by ground water withdrawals in the region 

have also led to saline water encroachment into the fresh 

water aquifers and to increased pumping lifts for wells* 

Ground water problems in the Houston-Galveston region 

stem from serious gaps in both the common law and statu¬ 

tory law of Texas concerning ground water* The Texas 

Supreme Court has steadfastly refused to impose any re^ 

strictions on ground water pumpage since it adopted the 

rule of ''absolute ownership" of ground water in 19Q4 which 

1 
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allowed the surface owner to "capture" all of the water 

that flowed beneath his land without regard to the 

effects of his pumping on surrounding ground water users. 

This law, in effect, allows ground water development at an 

artifically low price that reflects only the costs of 

capital investment and operation, without taking into 

account the costs that the activity imposes on other land- 

owners and the general public. The Texas Supreme Court is 

now faced with the issue of damages for land surface sub¬ 

sidence caused by ground water withdrawals. Hopefully 

the court will place some logical restrictions on ground 

water usage and bring ground water pumping within the 

same rules of reasonable care that apply to other activities. 

While ground water regulations passed by the legisla¬ 

ture in Texas have historically been completely ineffective, 

recently enacted legislation created a regional district 

to stop subsidence that causes flooding in the region 

while optimizing utilization of ground water. In a 

broader sense, this legislation represents a step in the 

direction of a conjunctive use approach to water resource 

management in the Houston-Galveston region. 

This thesis will examine the nature and extent of the 

problems associated with ground water development in the 

Houston-Galveston region, with particular emphasis on the 

subsidence problem, and the various alternatives available 

for solving these, problems. Existing statutory law and 
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common law in Texas will then he analyzed and examined 

to determine if the law in Texas provides the basis for 

implementing a scientifically sound and socially equitable 

resolution of the problems associated with ground water 

withdrawal. 

The Houston-^Galveston region, as defined in this 

thesis, consists of all of Harris, Galveston, Waller, 

and Fort Bend Counties and parts of Montgomery, Brazoria, 

Chambers and Liberty Counties (an area slightly larger 

than 660.Q square miles) located in the west Gulf Coastal 

Plain in southeast Texas (see Figure 1 in Appendix A). 



II. MAJOR ASPECTS OF GROUND WATER DEVELOPMENT 

AND SUBSIDENCE 

The physical, scientific, and economic aspects of the 

subsidence problem will be addressed in this section of 

the thesis. To place the problem in perspective, the 

incentives for using ground water and the social and 

economic costs of subsidence will be discussed first. Then 

the Houston-Galveston region's geo-hydrology and ground 

water development will be examined to provide a basis for 

understanding the occurrence of subsidence and other prob¬ 

lems. related to ground water withdrawals. In the latter 

portion of the section, existing model studies of the 

region's ground water resources, projected future demands 

for water, and various alternatives for meeting these 

demands will be presented. 

4 



A. Current Incentives for Ground Water Usage 

Ground water offers several advantages over alterna¬ 

tive water sources in the Houston-Galveston region, all 

of which translate into economic savings for the individual 

user. Ground water, in most parts of the region, offers 

a high quality, high volume source of water that can 

be utilized completely on site, as needed, without 

storage facilities or transportation lines from a distant 

source. Muncipalities need only chlorinate ground water 

to render it acceptable for domestic use, and no treat¬ 

ment is required for most industrial processes. Another 

advantage related to the relatively short period of time 

Cless than six months) required for developing a 1.5 

million gallons per day (hereinafter expressed as mgd) 

water well, compared to a decade or more required to 

develop a surface water supply. Moreover, water distri¬ 

bution lines do not need to be as large for water wells 

spaced throughout an area as for water derived from a 

single surface source.^ 

In 1976, ground water could be developed from a large 

capacity municipal or industrial well in the region at a 

cost of from 6-8Ê/1000 gallons, including all capital and 

2 operating expenses and chlorination costs. In compari¬ 

son, the city of Houston offers untreated surface water 

from the Coastal Industrial Water Authority Canal and 

5 
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its distribution lines at prices that vary from 12,0.43$/ 

1000 gallons for 1Q0 mgd users to 22.819£/10QQ gallons 

3 
for 5 mgd users. In addition to charges paid for water, 

entities desiring to use surface water must pay all costs 

of right-of-way and connecting lines to the distribution 

system. Connection expenses are considerable, varying 

according to the size and length of the line and the cost 

of land in the right-of-way. Costs for those communities 

far from existing surface water lines promise to be 
4 

particularly high. The treatment of surface water in the 

region at a plant built in 1977 will cost a total of 20C 

to 40«?/10LQOI gallons, varying inversely with volume. Plan¬ 

ning and construction of such plants can take several 

years. The total cost of treated surface water, not 

including costs of connection lines and changes in distri¬ 

bution lines, can thus run anywhere from 32C/100Q gallons 

for large volume users to 62.8C/100Q gallons for smaller 

6 users. 

Treatment costs from existing treatment facilities 

are less expensive. For example, the city of Houston sells 

treated surface water to various communities, under the 

terms of take or pay contracts, at a charge of 27.89^/1000 

gallons for the minimum usage rate of 5 mgd and 2Q,284£/1000 
7 

gallons for entities using a minimum of 15 mgd. 

Comparing the costs of ground water at the well head 

of 6^/lQO'Q gallons with treated surface water at a major 
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distribution line of 20.284C/1000 gallons produces a very 

conservative cost difference of 14.284C/1000 gallons. For 

total regional ground water pumpage of approximately 201 

billion gallons in 1974, ^ this produced a savings of 

$28,710,000 for the region, a $8,164,000 savings for the 

156.6 mgd pumped by the city of Houston, and $782,000 for a 

q 
municipality pumping 15 mgd a day. However, the figures 

given here for ground water costs include only the costs 

internalized by the user and not the external costs that 

have resulted from excessive ground water production in vari¬ 

ous parts of the region. The external costs of subsidence, 

faulting, and salt water encroachment caused by ground 

water withdrawals will be shown in later sections to exceed 

the benefits of ground water production in amounts that 

cause the occurrence of these phenomena. 

^Turner, Collie, and Braden, Inc., Comprehensive Study 
of Houston's Municipal Water System, Phase 1 (Houston-Port 
Arthur: Turner, Collie, and Braden, Inc., Consulting 
Engineers, 1966), p. 20. 

2 Interview with Tony Scalapino of William F. Guyton and 
Associates, Consulting Ground Water Hydrologists, Austin- 
Houston, Texas, 15 December 1976. 

3 
Houston, Texas, Code of Ordinances, Ch. 49, Article 

II, Division 2, Sec. 49-73 (b) (1976). 

^In 1976, some of the smaller cities in southeast Harris 
County projected a cost of $0.60 per 1000 gallons for 
treated surface water. Interview with Ed Wagoner, General 
Manager, Harris-Galveston Coastal Subsidence District 
(hereafter HGCSD), Houston, Texas, February 1976. 

C 

Interview with Dr. Jack Matson, Consulting Engineer, 
Houston, Texas, 9 May 1977. Testimony of Engineers for 
Southland Paper Co. before the HGCSD. 
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^Computed as follows: 

12.043$ 22.819$ 
+20.000$ +40.000$ 
32.043$ ; 62.819$ 

7 
Houston, Texas, Code of Ordinances, Ch. 49, Article II, 

Division 1, Sec. 49-53 (1976). 
g 
See Appendix A, Fig. 13. 

g 
Computed as follows : 

Regional 201,000,000,000 x $0.14284/1000 = 
$28,710,000 

City of Houston 156,500,000 x 365 x $0.14284/1000 = 
$8,164,000 

Municipality 15,000,000 x 365 x $0.14284/1000 = 
$782,000 



B. Physical, Economie, and Social Consequences 

of Land Surface Subsidence 

The physical effects of land surface subsidence in the 

Houston-Galveston region have been devastating in areas 

where elevation loss is problematic. Declines in elevation 

have resulted in permanent inundation or increased exposure 

to flooding of land near Galveston Bay. Subsidence has 

also caused collapsed casings in some wells penetrating 

compacting sediments. Slope changes precipitated by eleva¬ 

tion declines, while in some cases beneficial, have in 

other instances caused storm drainage flooding difficulties 

and clogged sewer lines. Abrupt vertical displacement 

due to activation of geologic faults by pressure declines 

and subsidence constitutes a threat to existing or planned 

structures. The present and projected physical extent of 

these problems will be discussed in this section. 

Tidal inundation 

The most obvious problem caused by land surface sub¬ 

sidence has been the gradual submergence of lowlying areas 

adjacent to Galveston Bay and the tidal portions of bayous 

and rivers that drain into Galveston Bay. Since 1943, 

several thousand acres of valuable shorefront property have 

been submerged into the tidal reaches of Galveston Bay, 

9 
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It has been estimated by the Bureau of Economic Geology at 

the University of Texas in Austin that ultimate subsidence 

of 10 to 12 feet in the greater Houston area would increase 

the land submerged to a total of 20,000 acres.^ 

Submergence has resulted in the loss of many homes, 

buildings, dock structures, and public works in the vicinity 

of Galveston Bay. For example, tidewater encroachment, 

following 9 feet of subsidence at the San Jacinto 

Battleground State Park, now covers over 100 acres of land. 

Six more feet of subsidence will increase the total to 179 

2 
acres. In addition to land submergence, tidewater encroach¬ 

ment creates brackish water conditions in formerly fresh 

water portions of the bayous and rivers draining into 

Galveston Bay. This change in the water regimen destroys 

fresh water vegetation and diminishes suitable habitats for 

resident animal populations already threatened by man's 

encroachment from the land. 

Storm flooding problems 

Increased exposure to tidal flooding for lowlying 

coastal areas presents a less obvious but more dangerous 

problem than gradual submergence. The frequency of high 

tides in Galveston Bay, based on 100 years of records, indi¬ 

cates: (1) tides up to 5 feet at least once each year; (2) 

tides in the 5 to 10 feet range at least once every 10 years; 

4 
and (4) tides in excess of 15 feet once every 25 years. 
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Hurricanes, striking the Texas Gulf Coast more than 

once every three years, account for almost all tides in 
5 

Galveston Bay greater than 10 feet. High beach tides 

produced by hurricanes are magnified by a factor meterolo- 

gists term "wind set-up" as they enter bays and estuaries. 

Wind set-up is simply the result of the wind driving and 

channelling the bay water and, in effect, damming or 
g 

piling it up in the upper reaches of bays and in estuaries. 

For example, one of the most severe hurricanes of this 

century, Hurricane Carla (1961), produced maximum tides of 

12 feet on the gulfward side of Galveston Island, con¬ 

trasted with 16-1/2 foot tides in the upper reaches of 
7 

Galveston Bay. Carla made landfall over 100 miles south¬ 

west of Galveston at Port O'Connor. If a Carla-sized 

storm made landfall at Galveston Island, tides in excess 

of 22 feet are predicted for various parts of Galveston 
g 

Bay. 

Hurricane Carla's storm tides flooded 123 square miles 

of land in Harris and Galveston Counties in 1961. Similar 

tides in 1976 would flood at least 25 additional square 
g 

miles, much of it extensively developed. Carla's tides 

surged 14.7 feet above sea level at Baytown, 14.2 feet at 

Seabrook, and 13.6 feet near Texas City, causing tremendous 

damage at all three locations.Experts now predict 

that between 1964 and 1995, Baytown, Seabrook, and Texas 

City will experience losses in elevation of 9.4 feet, 

8.6 feet and 3.9 feet, respectively, if ground water 
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level declines causing subsidence at these locations 

continue at present rates.^ Should this additional 

subsidence occur, approximately 184 square miles of land 

would be inundated by tides of the same height Hurricane 

12 Carla generated in Galveston Bay. The threat of tidal 

surges clearly renders any further subsidence in low- 

lying coastal areas intolerable. 

Flooding problems represent the most alarming aspect 

of land surface subsidence in the Houston-Galveston region, 

where the areas experiencing the most land subsidence can 

least afford it. Between the 600 mile shoreline of 

Galveston Bay and the current 20 foot topographic contour 

reside approximately 250,000 persons (50,000 more than in 

1961) , one-half of these residing in areas less than 10 

13 feet above sea level. In order to take advantage of 

access to barge and ship transportation, a large portion 

of the region's heavy industrial installations comprising 

one of the largest concentrations of industry in the 

country, is located adjacent to the tidal reaches of 

Galveston Bay on its western shores and along the Houston 

14 Ship Channel. 

Only through enormous investments in hurricane pro¬ 

tection levees can lowlying areas gain at least temporary 

protection from hurricane tides. Land subsidence may 

subsequently render a protection system inadequate. To 

meet the tidal flooding generated by the "maximum design 

hurricane", hurricane levees are generally built to heights 
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of 15 to 22 feet, depending on their location on Galveston 

Bay. These levees grade into the 15-22 foot natural 

topographic contour wherever it is encountered inland. The 

further inland the levees extend before the desired contour 

is encountered, the higher the construction and right-of-way 

costs are.^ Subsidence now necessitates construction of 

hurricane protection systems in areas that did not formerly 

require them and requires alteration of many existing 

systems.^ 

Two major public hurricane protection levee systems 

have been erected in the region: (1) 16 miles of earthen 

levees from 15-23 feet high in the Texas City vicinity; and 

(2) a 10.29 mile concrete sea wall with 13 groins constructed 

17 of rock and fill protecting the city of Galveston. Several 

smaller systems have been constructed to protect specific 

18 public and industrial installations. 

The enormous costs of levees and sea walls will 

obviously not assure protection from tidal flooding when 

they are lowered by subsidence. The structures may, in 

fact, exacerbate the effects of stream flooding and tidal 

spillover by acting as a dam for water trapped behind the 

system. The cost of constructing an adequate flood 

protection system to protect Texas City from storm water 

flooding caused by subsidence behind its hurricane levee 

1 9 was estimated at 5.8 million dollars. 
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The escalating costs of constructing tidal and storm 

water protection systems may exceed the value of the land 

and the structures on the land. An analysis of flooding 

performed by the Army Corps of Engineers for the Brown- 

wood subdivision in Baytown, where 8 feet of subsidence 

has occurred, estimated that the costs of a levee system 

that would adequately protect the area from the 19-1/2 

foot tidal surge predicted for a 100 year flood, and also 

allow for storm water drainage, would be 130-150 million 

dollars, with a cost-benefit ratio of 1:0.1 (a return of 

10 cents on the dollar). The Corps study ultimately 

recommended that the federal government evacuate and relocate 

the residents of 450 homes in the subdivision located 

between the reach of the 100 year flood and the 50 year 

flood, and turn the area into a park at a total cost of 

$16.98 million, with a cost benefit ratio slightly 

better than 1:1. Relocation was found to be cheaper than 

the cost of disaster relief and flood insurance indem- 

20 nification that would follow a major storm. 

In several areas, differential rates of subsidence 

have resulted in slope changes that have reduced the 

gradient of natural and man-made drainage systems, there¬ 

by lowering the carrying capacity of the drainage channel 

21 and increasing flooding. Storm water flooding during 

the heavy rains accompanying hurricanes will be further 

aggravated when tidal surges, channelling up bayous, back 



15 

up storm water runoff. Reduced slopes have also caused 

22 
clogged sewer lines in some areas, 

The total capital cost of relocating dock facilities, 

constructing hurricane levees, and rectifying drainage 

problems due to subsidence will exceed 81,,5 million dollars 

23 
at Exxon1s Baytown Refinery and 40 million dollars at 

24 
the Shell Refinery on the Houston Ship Channel.. Other 

industries near the tidal reaches of Galveston Bay are 

making similar investments as a result of subsidence. 

Tides produced by swells preceding a hurricane reach 

several feet, and sometimes preceed hurricanes by several 

25 days. Because subsidence has lowered many stretches of 

major highways and roads in the lowlying areas surrounding 

Galveston Bay to elevations of less than 6 feet above 

mean sea level, vast areas of Harris and Galveston Counties, 

including all of Galveston Island, may be virtually isolated 

days before a hurricane strikes with its attendant high 

winds, tornadoes and high tides. Loss of evacuation routes 

presents a grave threat to the lives of persons residing 

2 6 in the Galveston Bay area. 

Locational and design uncertainty for future structures 

The prospect of future subsidence injects consider¬ 

able uncertainty into siting and design considerations for 

all structures planned in subsiding areas. This includes 

not only flood protection works and structures subject to 

flooding, but any facility where elevation is an important 
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parameter. For example, an essential consideration in 

designing a major highway bridge spanning the Houston Ship 

Channel is a bridge clearance that will always be suffi¬ 

cient to allow passage of ships up the channel. A report 

prepared for one such bridge, currently planned by the 

Texas Highway Department, determined that each additional 

foot of elevation will increase the cost of the bridge by 

$330,000. Additional subsidence near the vicinity of 

the bridge has been projected from 7 to 11 feet, if 

artesian pressure declines continue dropping at their 

28 
present rate. The cost of either overdesigning to in¬ 

sure maintenance of functional integrity, or underdesigning 

and subsequently losing a structure, will remain formidable 

as long as subsidence continues. 

Legal uncertainties 

Legal questions provoked by subsidence assume costly 

proportions. The primary legal questions concerning tort 

liability and control of ground water withdrawals will be 

addressed in the legal section of this thesis. Submer¬ 

gence caused by subsidence also raises complex questions 

of title to the submerged land, since the state tradi¬ 

ng 
tionally holds title to submerged land in navigable waters. 

Other questions in a similar vein concern the effect of 

subsidence on flood plain mapping for the Federal Flood 

Insurance Program, the propriety of diminished property 
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taxes, and income tax deductions for owners of subsidence 

impacted lands.^ 

Other costs 

Structural costs unrelated to flooding have also 

generated sizeable costs. Casings for water, gas, and oil 

wells which penetrate compacting sediments have been sub¬ 

jected to compression loads as the soil adjacent to the 

casing moves downward. There are numerous instances of 

wellheads protruding above land which has subsided. In 

other cases, the downward force of the subsiding soil 

32 has caused collapse of well casings. 

Subsidence activated faults constitute an even greater 

structural problem. In the region, two airports (Hobby 

and Ellington Air Force Base) have active faults through 

runways; the interstate highway system is cut at 11 dif¬ 

ferent locations by active faults; railroad lines cross 

active faults at 28 different locations; faults pass through 

11 residential neighborhoods; several different industrial 

33 
buildings are built on active faults; and even the 

Coastal Industrial Water Authority surface water distri¬ 

bution system is intersected by faults,^ 

Overall cost analysis of subsidence 

The total cost of subsidence in social and economic 

terms is incalculable. However, a study by Jones & Larson 

attempted to quantify the costs of subsidence in three 
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heavily subsidence impacted areas in Harris County, Texas, 

35 
comprising 945 square miles of land» Questionnaires 

were submitted to a random sampling of governmental, 

industrial, commercial and residential entities in the 

areas.. The results of 1100 interviews conducted in the 

three study areas estimated annual costs and property 

value losses conservatively at $31.7 million per year for 

3 6 the entire study area. These were primarily costs to 

residential, commercial, and industrial property owners, 

but included over $5 million per year in public costs 

for damage abatement and repair to public facilities. 

The study assumed that if 347.3 million gallons per day 

of ground water were pumped in the study area each day, 

the true economic cost of ground water would be 25 cents/ 

10.00 gallons (6 cents/lOQO gallons capital and operating 

costs for ground water + 19 cents/1000 gallons subsidence 

costs = 25 cents/1000 gallons total cost of ground water) 

Thus, the major portion of the cost is inflicted upon 

all landowners irrespective of whether they pumped ground 

water. The inequities of this situation call for develop 

ment of legal mechanisms to prohibit excessive ground 

water withdrawals and to shift the cost of subsidence 

to ground water users» 

-*-L. F. Brown, Robert A. Morton, Joseph H. McGowen, 
Charles W. Kreitler, and W. L. Fisher, Natural Hazards of 
The Texas Coastal Zone (University of Texas, Austin: 
Bureau of Economic Geology [hereafter cited as UTBEG], 
1974) , p. 10. 

37 
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2 
Turner, Collie, and Braden, Inc., Flood Protection 

Feasibility Study for San Jacinto Battleground State Park 
for the Texas Parks and Wildlife Department (Houston-Port 
Arthur: Turner, Collie, and Braden, Inc., Consulting 
Engineers, 1972), pp. 7-8. 

3 
Houston Audubon Society, Armand Bayou Park and Nature 

Center (Houston: Houston Audubon Society, 1974) , p. 12. 

4 
Davis Benton, "Disaster Potential of Tidal Flooding 

from Hurricanes in the Galveston Bay Area Increasing Be¬ 
cause of Land Subsidence" Ü.S. Weather Service Release, 
Galveston, Texas Office, 1975), p. 4. 

5 
John T. Carr, Hurricanes Affecting the Texas Gulf 

Coast (Texas Water Development Board [hereafter cited as 
TWDB] , Report 49, 1967), p. 22. 
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C. Geo-Hydrology of the Houston-Galveston Region 

A basic understanding of the geology and hydrology of 

the Houston-Galveston region serves as a useful starting 

point for understanding the region's ground water re¬ 

sources and the subsidence hazards associated with ground 

water usage. The region's surface is characterized by 

gently sloping featureless prairies that rise from sea 

level on the coast to an altitude of 160 feet at the foot 

of the Hockley escarpment which runs northeasterly across 

the northern part of the region approximately 80 miles 

inland.1 The surface slope increases somewhat at the 

2 
scarp to about 8 feet to the mile west and northwesterly. 

Only a few broad, shallow valleys formed by the existing 

streams and remnants of older channels furnish topographic 
3 

relief to this level depositional plain. Prior to man's 

influence, the only forested areas in the region were found 

along the borders of streams, in the river bottoms, and in 

4 
Montgomery County and northeastern Harris County. 

Depositional environment 

Since Jurassic times (over 180 million years ago), 

the region has served as a sediment sink for various 

tributaries draining the interior in a manner much like 

5 that seen today. These tributaries presently include 

the Brazos River which drains the extreme western flank 

of the district; Chocolate Bayou, draining the central 

22 
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southwestern parts; the San Jacinto River which drains 

the northeastern part; Spring Creek, Cypress Creek, 

Buffalo Bayou and its tributaries, and Clear Creek 

which drain the central and southern parts; and finally 

the Trinity River, defining the eastern boundary of the 

region. The oldest of the present day tributaries are 

the Brazos and Trinity Rivers, which antedate the deposi¬ 

tion of the Tertiary plain. The other streams have formed 
g 

during the Quaternary and Recent. 

During the later Tertiary and early Quaternary ages, 

river systems brought in huge quantities of clay, silt, 

sand, and gravel from their drainage basins, the dominant 

depositional material at any given location depending 

on the velocity of the stream. Thus the material 

progressed from primarily gravel in the fast flowing 

portions of streams, to sand and gravel as velocity 

declined, and finally to silt and clay in flood plain 

areas and in the bays and estuaries. These sediments 

were continuously spread over the entire region as the 

streams shifted laterally over the flat coastal prairie. 

The spreading of sediment was facilitated by the low 

gradients of the sluggish streams which frequently over¬ 

flowed into broad flood plains and meandered widely over 

the plain, depositing part of their load as alluvial 

fans, which grew until coalescing to form virtually 

7 
continuous sheets of sediments. 
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The sediments reaching the ocean were reworked by 

prevailing southwesterly littoral current to form sandy 

barrier islands on the shallow floor of the Gulf Coast, 
g 

creating shallow estuaries and lagoons behind them. Be¬ 

neath the surface of the Gulf Coast the isostatic 

properties of the earth's crust have caused the crust to 

slowly subside a few centimeters each century to accommodate 

the enormous sediment load carried to the coast by the 

river systems. Over geologic time, coastal sinking has 

formed an enormous subsurface trough known as the Gulf 
9 

Coast geosyncline (see Figure 2 in Appendix A), At the 

trough's deepest point, in the vicinity of the city of 

Houston, 60-65,000 feet of sediment overlie the earth's 

crust,^ thinning to 20,000 feet at the continental 

slope.H The Gulf Coast Geosyncline resembles a sediment- 

filled, elliptical bowl with an axis that parallels the 

Gulf from northern Mexico to Alabama. As the coast has 

slowly subsided, inland uplift has occurred, thereby 

maintaining slope and continued sediment flow towards the 

12 
present coast and propagating further natural subsidence. 

The related processes of coastal downwarp and inland 

uplift have been the major influences on sediment deposi¬ 

tion along the Gulf coast. Dramatic changes in sea 

level caused by various periods of glaciation during the 

Pleistocene constitute a more recent factor that has 

greatly influenced the geo-hydrology of the Houston- 

13 Galveston region. 
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At the high point of the Sangamon interglacial epochr 

100.000 years ago, sea level had risen to more than 150 

feet above the present level. The onset of the Wisconsin 

glaciation approximately 70,000 years ago caused a rapid 

shift towards ice in the earth's hydrologic budget. 

By 20,000 years ago the Wisconsin glaciation had reached 

its maximum point, lowering sea level to 45Q feet below 

its present level, placing the Texas coastline over 100 

miles seaward of its present location at Galveston Island. 

Declining sea level caused an attendant increase in 

gradient and velocity for rivers following the receding 

sea, causing meanders to become entrenched, and eroding 

broad steep-walled valleys beginning near the present river 

mouths. As the Wisconsin Glaciation began to recede,almost 

20.000 years ago, the sea level rose rapidly, flooding the 

recently formed valleys and creating the large bays and 

estuaries of today, fronted by a new barrier bar system.^ 

The constantly moving coastline of the Pleistocene, 

combined with crustal downwarping, resulted in a continually 

shifting depositional environment for the formations con¬ 

taining the region's ground water supplies. Barrier islands 

and other surface features left behind by a receding 

shoreline were subsequently buried by incoming alluvial 

sediments. For example, the Ingleside Barrier beginning 

in Chambers County and roughly paralleling the present 

coastline into Louisiana, represents the surface traces 

of a relict barrier bar system formed near the beginning 



26 

of the last major glaciation.^ The Alta Loma Sand of 

Rose, corresponding to the lower Chicot hydrologic unit, is 

another sandy lithologic unit extending to Louisiana 

and thought to possibly represent a buried Pleistocene 

barrier bar system. 

Geology and structure 

From the Miocene until the Holocene Age, strata have 

been transported and redeoposited several times as the 

coastal plain continues to build seaward. During these 

three epochs, the formations containing the major fresh 

17 ground water aquifers were deposited. The complex forces 

influencing their deposition are reflected in an extremely 

varied subsurface geo-hydrology. Hydrologic units are 

defined according to the conductivity of the unit and do 

not necesarily correspond with boundaries for geologic 

formations, which are classified according to various 

stratigraphic considerations.-^ Consequently, aquifers in 

the Houston-Galveston region frequently overlap several 

geologic formations (see Table 1 in Appendix B). 

With the exception of the alluvium and the Alta Loma 

Sand, successively older formations crop out inland in 

gently rising belts subparallel to the shoreline of the Gulf 

of Mexico (see Figure 3 in Appendix A). The depositional 

processes creating the Gulf Coast Geosyncline manifest a 

thickening of formation downdip, causing older formations to 

dip at considerably steeper angles than the 
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19 younger formations (see Figure 4, Appendix A). In 

southern Harris County, the estimated dip in the base of 

the Evangeline aquifer varies from 50-60 feet per mile 

while the base of the geologically younger Chicot aquifer 

20 dips 15-20 feet per mile. In Montgomery County the dip 

in the base of these two aquifers lessens to 40 feet per 

21 mile and 10 feet per mile, respectively. 

Geologic structures such as faults and salt domes, 

originating from older formations beneath the younger 

sediments used for ground water, have caused localized 

22 
reversals of dip and thickening or thinning of beds. 

Salt domes can be traced to the Louann Salt formation of 

the Jurassic when reduced Gulf circulation resulted in 

23 large evaponte salt deposits along the coast. As over¬ 

burden pressures on the salt increased with burial, the 

less compressible salt was squeezed upward in a cylindrical 

24 
mass (1-1/2 - 4 miles in diameter) through breaks in 

25 
overlying sediments like a giant hydraulic ram. While 

the presence of many salt domes can only be inferred by 

domal structural anomalies in overlying sediments, a 

number of others penetrate almost to the surface, causing 

faulting and salt water contamination as well as bed 

2 6 distortion. Faulting and salt water contamination will 

be dealt with more extensively in the section on conse¬ 

quences of artesian pressure declines. 
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Hydrology 

The aquifers providing the Houston-Galveston region 

with ground water consist of predominantly sandy zones 

comprised of unconsolidated lenticular beds of sand and 

gravel, interbedded with relatively impermeable clay 

27 
lenses. Due to the conditions of deposition, these beds 

are not persistent in lithology or thickness, allowing for 

hydraulic communication between adjacent and overlapping 

diachronous sands. The similarity of sediments and the 

discontinuity of the beds render differentiation of geo- 

28 logic formations virtually impossible. However, White 

29 30 
et al. (1944) and Lang et al. delineated the aquifers 

into seven zones based on the amount of sand and clay 

present as interpreted from electric logs. More recently, 

these zones have been classified by Wessleman (1971 and 

31 
1972) according to their hydraulic conductivity, lithology, 

and water levels in wells, into four major hydrologic units 

which are from the surface to depth: the Chicot aquifer, 

Evangeline aquifer, the Burkeville confining layer, and the 

Jasper aquifer (see Figure 4 in Appendix A). 

Chicot aquifer — 

The Chicot aquifer includes all deposits from the sur¬ 

face of the land to the top of the Evangeline aquifer, in¬ 

corporating five geologic formations (see Table 1 in Appen¬ 

dix B). The Chicot can be distinguished from the Evangeline 

aquifer by differences in lithology, generally greater 

hydraulic conductivity, water level differences, and higher 
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32 
stratigraphie position. Nearer to the coast, xn the 

southern and southeastern part of the region, the Chicot 

can be divided into an upper and lower unit. In areas 

where the two units can be delineated, wells screened 

solely in the upper unit of the Chicot aquifer currently 

have higher water levels than wells screened only in the 

lower unit. Thus the lower unit is generally defined as 

those sections of the Alta Loma Sand and other sands of 

the base of the Chicot which show similar potentiometric 

33 surface fluctuations. The Alta Loma Sand consists of 

a massive sand unit overlying the Evangeline, which can 

be found in a persistent, subsurface belt parallel to the 

34 coastline from Brazoria County to western Louisiana. 

The depositional pattern and the composition of the 

Alta Loma suggest that it may represent a buried Pleistocene 

barrier bar system. Instead of outcropping further inland 

like other formations in the area, the Alta Loma appears 

to grade laterally into the sands and clays of the Willis 

Sand, Bentley Formation, and Montgomery Formation in north¬ 

ern Brazoria County, south central Harris County, and 

35 northern Chambers County. This pattern is similar to 

beach sand transition to lagoonal and deltaic facies along 

the present Gulf Coast. Higher uniformity sands than 

deltaic and fluvial sands in Pleistocene sections of the 

Gulf Coast predominate the composition of the Alta Loma 

Sand at a high sand to clay ratio of 6 to 1. As it dips 

under the Gulf, the Alta Loma Sand is believed to gradually 
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pass into marine facies and then grade into shale, without 

3 6 cropping out on the floor of the Gulf, 

The Alta Loma Sand's lithologic characteristics dis¬ 

tinguish the lower unit of the Chicot as an excellent 

water bearing unit which has been heavily relied on for 

ground water in Galveston County and southeast Harris 

County. However, in southern Brazoria, southern Galveston, 

and southern Chambers Counties, the water of the lower 

Chicot becomes too saline for most uses, and the saline 

waters have in recent years been moving inland and updip 

37 as a result of heavy, concentrated pumping. 

The lower unit of the Chicot aquifer is under artesian 

conditions throughout its areal extent. The confining 

layers overlying the lower unit of the Chicot aquifer 

are the thick, predominently clay beds of the Beaumont Clay 

formation. However, these clays occur as discontinuous 

lenses with some hydraulic communication occurring 

through interbedded sands. The clay layers thin and the 

38 proportion of sand to clay increases moving inland until 

artesian pressures between the upper and lower portions 

of the Chicot reflect similar water-level fluctuations 

39 in the northern part of the region. Where this occurs, 

the Chicot is said to be undifferentiated. The areal 

extent of the upper and lower unit differentiation roughly 

corresponds to the surface areal extent of the Beaumont 

Clay Ccompare Figures 4 and 5 in Appendix A), 
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The upper unit of the Chicot aquifer generally con¬ 

sists of interconnected shallow sands between 100 feet 

and 300 feet below land surface and includes the upper 

portions of the Beaumont Clay and Quaternary alluvium. 

The intervening material between the upper portion of the 

Beaumont Clay and the lower unit of the Chicot contains 

too much impermeable material for production of significant 

quantities of ground water, except near the Texas City 

area. Unlike the Alta Loma sand portion of the lower 

unit of the Chicot, the material in the upper unit 

reflects rapid lateral changes in facies. Deltaic, 

lagoonal, and marine sediments are interbedded in a complex 

manner. The sands are of a much finer grain size than 

those of the lower unit, occurring in lenticular deposits 

41 that can only be traced for short distances. 

Due to its low specific yields the upper unit is not 

a major source of water, although most large wells in 

the area of its occurrence are screened in it as well as 

in the lower units. The water contained in the upper 

unit of the Chicot remains fresh much further south than 

the Evangeline and lower unit of the Chicot, qualifying 

it as an important, albeit limited source of water in 

42 the southeastern part of the region. 

The storage coefficients of the Chicot aquifer un¬ 

differentiated in the region indicate that the beginning 

of the undifferentiated section roughly corresponds with 

a change from artesian to almost water table conditions 
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(.compare Figures 5 and 6 in Appendix Al, Moreover f the 

Lissie formation begins to outcrop and thus serves as the 

recharge material where the undifferentiated portion 

of the Chicot begins to occur (compare Figures 3 and 5 in 

Appendix Al. 

Evangeline aquifer —- 

The Evangeline aquifer is a thick sequence of alternat¬ 

ing sands and clays that are present in roughly equal amounts 

throughout the region, except where the unit is pierced 

by salt domes. All of the Goliad sand and the upper 

part of the Fleming formation are encompassed by the 

Evangeline aquifer. From its outcrops in the northern part 

of the region in Waller, Grimes, Montgomery, and San Jacinto 

Counties, the Evangeline dips to a depth of 3000 feet in 

southeast Harris County and to 5100 feet in Galveston 

County (.see Figure 3 in Appendix A) , It remains partly 

under water table conditions and susceptible to surface 

recharge through the Chicot aquifer in a line that extends 

southwesterly across the extreme northeastern portion of 

Harris County, reaching into Austin, Waller, and Montgomery 

Counties (see Figure 7 in Appendix A). South of the line 

it becomes effectively confined by clays in the Chicot 

aquifer. Within the Chicot and Evangeline aquifers, po- 

tentiometric surfaces vary among the many different sand 

layers comprising each aquifer? therefore, a weighted 

average is used to reflect the average artesian—head 

43 
levels within each aquifer. 



33 

The Evangeline serves as the most important source of 

ground water for the Houston metropolitan area. Howeverf 

downdip from the Houston vicinity, the Evangeline becomes 

too saline to justify pumping in most of Brazoria, 

44 
Galveston, and Chambers Counties, 

Burkeville confining layer -— 

The Burkeville confining layer, consisting of a thick 

layer of primarily clay deposits interbedded with a minor 

amount of sand, underlies the Evangeline aquifer and is 

incorporated within the upper portion of the Fleming 

Geologic Formation. As its name implies, the Burkeville 

confining layer is not generally a source of water. The 

Burkeville confining layer's significance derives primarily 

from its properties as an aquiclude defining the base 

45 of the Evangeline aquifer. 

Jasper aquifer —' 

The Jasper aquifer, underlying the Burkeville confin¬ 

ing layer has not been significantly utilized as a source 

of water for the Houston-Galveston region, owing to its 

depth and saline conditions throughout a large part of the 

region. However, fresh water contained in the Jasper's 

upper unit beginning in the northern half of Harris County 

renders it an important potential source of ground water 

in Harris and Montgomery counties, and other counties located 

45 
north of the Houston-Galveston region. 
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Recharge, movement, and discharge of ground water 

The principal source of fresh ground water in the 

Houston-Galveston region is precipitation entering the 

aquifers as recharge through the topographically higher 

outcrops in the northern part of the region and in the 

counties north of the region. The rate of recharge depends 

on the amount and temporal pattern of precipitation, the 

infiltration characteristics of the surface cover, the 

drainage characteristics of the recharge area, and the 

4 7 ability of the aquifer to transmit water. 

The largest percentage of the 45-50 inches of precipi¬ 

tation occurring in the recharge area each year runs off 

to become stream flow, evaporates immediately, or is 

48 
captured and transpired by plants. Evenly spaced 

periods of rain contribute greater amounts of recharge 

than sporadic heavy rains, since in the latter case an 

excess of the recharge capacity of the aquifers is lost as 

surface runoff into streams. Correlatively, greater 

recharge occurs if surface drainage is slower and if hydrau¬ 

lic gradients within the aquifer are increased. 

The infiltration characteristics of the land surface 

vary greatly throughout the region with the soils in the 

northern portion being more permeable than those in the 

southern. Since the outcrops of the Goliad sand comprising 

the Evangeline aquifer are largely overlapped by the Willis 

Sand of the Chicot, recharge of the Evangeline occurs 



35 

primarily by percolation of water through the sands of 

49 
the Chicot in Montgomery County. The Chicot aquifer 

receives recharge through permeable outcrops that extend 

as far south as the outcrop of the Beaumont Clay, a line 

which corresponds roughly with the downdip limit of the 

Chicot aquifer undifferentiated and the occurrence of 

almost water table storage coefficients in the Chicot 

(compare Figures 3, 5, and 6 in Appendix A). The relatively 

impermeable Beaumont Clay outcrop inhibits infiltration 

into the upper unit of the Chicot aquifer. 

As will be shown in the section on alternative 

sources of fresh water, several methods of artificially 

enhancing the recharge potential of an aquifer exist. 

Man-induced changes in the hydrologic regimen can also 

greatly inhibit recharge through increases in impervious 

cover and accelerated drainage channels following 

urbanization. For instance, a study of the Houston metro¬ 

politan area indicates that its storm water runoff 

volume has increased to more than three to five times 

that of surrounding rural areas with similar slopes and 

50 soils. Northern and northwestern Harris County, 

along with southern Montgomery County are already experi¬ 

encing extensive urbanization with much more projected 

51 for the future. Such urbanization will reduce the 

amount of recharge reaching the aquifers, although the 

extent of interference is difficult to assess since 
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large portions of the recharge area will remain rural 

well into the future. While recharge from northern parts 

of the region does not reach, the southern part of the 

region for centuries, a decline in artesian pressures in 

the northern part of the region due to diminished re-* 

charge may be felt in the southern portion in as few 

. 52 as ten years. 

The other major factor determining the rate of recharge 

is the ability of the aquifers to transmit water, which 

depends on the hydraulic conductivity of the aquifer and 

the existing hydraulic gradient. Development of ground 

water increases the hydraulic gradient by lowering water 

levels, which in turn increases the rate of ground water 

flow and the rate of recharge. Instead of percolating 

into deeper sands, effluent seepage (rejected recharge) 

from ground water provides the base flow of streams and 

rivers during a large part of the year in areas where the 

water table is intersected by seeps and streams; indicat¬ 

ing that recharge frequently exceeds the carrying capacity 

53 of the transmitting sands in these areas. On the other 

hand, a significant amount of the water used for rice 

irrigation, possibly as much as 20-30 percent, percolates 

back down to the water table, indicating that more re-** 

54 
charge can be induced in many parts of the outcrops. 

The conditions change to artesian as the water entering 

outcrop areas follows a tortuous path laterally and down 
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the dip of the beds, in a generally southeasterly direc¬ 

tion, and the water's upward movement becomes restricted 

by overlying clay layers (sometimes referred to as aqui- 

tards) of less permeability than the water-bearing sands. 

Before pumping of ground water began in the region, 

the potentiometric surface (static head) in artesian parts 

of the aquifers was determined by the surface elevation of 

the aquifer's outcrop area, the elevation of the natural 

discharge area, and the hydraulic conductivity of the aqui¬ 

fer. Therefore the deeper sands had higher potentiometric 

surfaces before withdrawals by man, because of recharge 

areas at higher elevations than overlying sands. With 

depth the increased pressure caused vertical upward leak¬ 

age through confining clays and coarser material inter- 

bedded with the clays, into overlying sand beds and even¬ 

tually to the surface where the water was discharged by 

evaportranspiration, seepage into streams, or directly 

into the Gulf of Mexico. Recharge from the outcrops 

replaced the water lost from discharge and fresh water 

56 
moved progressively further downdip. 

The sediments composing the aquifers of the Houston- 

Galveston region either contained saline water at the time 

of deposition or were deposited in a fresh water environ¬ 

ment and filled with salt water at a time of higher sea 

level. Over geologic time fresh water moving from the 

outcrops slowly flushed out the saline water until pressures 
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within the fresh, water portion of the aquifer were in 

equilibrium with pressures in the saline water portion 

downdip. Updip from the interface, fresh water continued 

to discharge upward. The increased resistance to discharge 

in deeper formations has reduced the extent of flushing 

that has occurred, so that the salt water/fresh water 

interface appears to move inland with depth, appearing as 

a wedge if viewed in a cross section (see Figure 8 in 

57 Appendix A}. Some geo-hydrologists speculate that 

lowered sea levels during periods of glaciation may have 

increased discharge flushing of salt water from the 

aquifers as a result of the exposure and erosion of 

5 8 material formerly inundated by the Gulf. 

Within the last seventy-five years enormous ground 

water withdrawals by hundreds of water wells have sub¬ 

stantially altered the movement, flow and discharge of 

ground water in the region, precipitating several other 

changes as a consequence. The local effect of pumping 

from one well illustrates the regional effect of pumping 

from hundreds of wells. 

When a well begins to pump from an aquifer it causes 

an immediate lowering of the potentiometric surface at the 

well, which diminishes with distance from the well. The 

hydraulic gradient towards the well caused by the lowering pro¬ 

vides the driving force to move water towards the well at the 

rate it is being pumped. The drawdown of the potentiometric 
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surface assumes the shape of an Inverted cone around the 

well called the cone of depression, with its shape 

determined by the transmissivity of the aquifer. In an 

unconfined (water table! aquifer the change in potentio- 

metric surface represents a dewatering of the sands in 

the vicinity of the well. In a confined (artesian! 

aquifer, however, a change in potentiometric surface 

level results primarily from changes in pressure rather 

than dewatering of the sands. In other words, although 

the confined sand layer remains saturated with water, the 

artesian pressure, measured in pounds/inch2, has diminished, 

as reflected in a lower potentiometric surface (artesian- 

head!, measured in feet. Hence, confined aquifers 

experience only small changes in storage as they are 

pumped and serve mainly as conduits for conveying water 

59 from recharge areas to points of discharge. 

The areal extent of the decline in potentiometric 

surface for a well pumping at a rate of 1 mgd in a confined 

aquifer is much less than that of a well pumping at the 

same rate from a water table aquifer with the same 

transmissivity (compare Figures 9 and 10 in Appendix A), 

because, under water-table conditions, the coefficient of 

storage is larger. Pumping tests demonstrate that the 

rate of drawdown of potentiometric surface decreases with 

time for either kind of aquifer until equilibrium is 

approached and the surface stabilizes at a new static 

60 level. 
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The cones of depression in the potentiometric sur¬ 

face created by many wells pumping in the same area will 

gradually merge and form a regional cone of depression 

of considerable depth as has occurred in the Houston- 

Galveston region (see Figures 11 and 12 in Appendix A). 

The sands of the heavily pumped aquifers in the region 

have not been "dewatered" and they remain artesian, since 

the pumping levels have not lowered the potentiometric 

surface below the top of the beds from which the wells 

are screened. Nonetheless, regional cones of depression 

in potentiometric surface, caused by heavy withdrawals 

from the artesian aquifers of the Houston-Galveston 

region, have caused large alterations and, in many 

instances, reversals in ground water flow in the sub- 

fi 1 surface and land subsidence at the surface. 
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D. Effects of Regional Withdrawals 

on Potentiometric Surface 

Under the natural conditions existing prior to exten¬ 

sive withdrawals of ground water in the region, steady state 

artesian pressures were sufficient to raise potentiometric 

surfaces to 60 feet above the surface of the land for some 

wells penetrating the Evangeline aquifer, ^ 48 feet above 

the land surface for wells penetrating the lower unit of 

the Chicot aquifer, and 30 feet above land surface in the 

2 
UDoer unit of the Chicot. Bv 1970 heavv withdrawals of 

ground water from wells tapping the aquifers had lowered 

potentiometric surfaces in some areas as much as 330 feet 

below 1890 levels in the lower unit of the Chicot, and 

over 430 feet below 1890 levels in the Evangeline aquifer. 

Records exist for approximately 90% of the region's 

3 ground water withdrawals since 1887. 

Usage increased slowly until 1937 when rapid industri¬ 

alization and urbanization of the region, and,to a lesser 

extent, increased cultivation of irrigated rice,precipitated 

a sharp, almost uninterrupted rise in ground water usage 

that continued until 1976. (See Figure 13 in Appendix A.) 

Only the development of surface water from Lake Houston 

in 1955 occasioned a short-lived decline in ground water 

production for a period of about five years. Shortly be¬ 

fore 1960, production levels for the region began to rise 

45 
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again, reaching an estimated 610 mgd by 1972, projected 

to reach almost 700 mgd by 1980 if the current rate of 

increase continues. 

The major areas of ground water development within the 

Houston-Galveston region are as follows? Katy, Houston, 

Pasadena, Baytown-La Porte, NASA, Texas City, and Alta 
4 

Loma Csee Figure 1 of Appendix A). 

Katy area 

Located in the northern and western parts of Harris 

County, southeastern Waller County, and northern Fort 

Bend County,the predominantly agricultural Katy area 

comprises the largest area in the region. Ground water 

serves as the exclusive water source in the Katy area and 

more than 90% of the water is used for rice irrigation. 

Rice irrigation in the area began in the 1890's, increased 

gradually to 8000 acres in 1935, then increased rapidly 

until 1954 when 64,600 acres were irrigated. Since 1954 

the acreage of irrigated rice has not deviated greatly. 

In addition to acreage planted, ground water pumpage de¬ 

voted to rice fields occurs primarily during five months 

of the year, but, for consistency, rice irrigation pumpage 

is presented as an average daily rate. Ground water with¬ 

drawals in the Katy area reached a high of 172 mgd in 1967, 

but have declined since that year, dropping to 150,5 mqd in 

lâ74 after four years of reduced withdrawals. The wells 
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are typically screened in both the Evangeline and the 

Chicot aquifers. Despite heavy withdrawals, potentio- 

metric surface level declines in 1972 had only fallen to 

75 feet below 189Q levels in the Chicot aquifer 

undifferentiated and 100 feet below 1890 levels in the 

Evangeline aquifer. Relatively small water level declines 

in the Katy area are attributed to the presence of higher 

storage coefficients in both aquifers, more transmissive 

sands in the Evangeline, and less areally concentrated 

withdrawals Cmgd/mi2}. 

Houston area 

Municipal supply accounts for over 93% of ground water 

pumping in the Houston area of the region followed by con¬ 

sumption by small industries. From a pumpage of 2 mgd in 

1887 the use of ground water in the Houston area steadily 

grew until 1940 when rapid growth doubled usage within a 

period of eight years. Since 1950,usage in the area 

progressively increased to approximately 190 mgd in 1974. 

Constantly increasing ground water usage in the Houston 

area has been accompanied bv the development of a reqional 

cone of depression that has qrown in circumference as it 

has deepened to 4Q0. feet below land surface in the 

Evangeline aquifer and 260 feet below land surface in the 

Chicot aquifer. 



48 

Pasadena area 

The Pasadena area east of Houston incorporates one 

of the most heavily industrialized waterways in the 

country along the Houston Ship Channel. Industrial 

water usage near the Ship Channel rose from 12 mgd in 

1936 to almost 183 mgd in 1968, 55% of this amount derived 

from ground water. Total ground water pumpage in the area 

in 1974 was approximately 112.3 mgd. Although surface 

water from Lake Houston furnished approximately 77.7 mgd 

to industries along the Houston Ship Channel in 1974, 

ground water usage continues to be the main source of 

water. In 1977 industrial ground water usage is expected 

to drop another 86 mgd when Trinity River water, delivered 

by the Coastal Industrial Water Authority Canal, will 

become available to industries on the south side of the 

Houston Ship Channel. Wells in the Pasadena area draw 

primarily from the Evangeline aquifer, but a significant 

amount is also derived from the lower unit of the Chicot 

in the southeastern part of the area. A small, unre¬ 

corded amount is pumped from the upper unit of the Chicot. 

The Pasadena area lies at the center of the regional 

cones of depression in both the Chicot and Evangeline 

aquifers, due to the heavy concentration of pumpage along 

the Ship Channel and a synergistic merger with cones of 

depression from the Houston area and the Baytown-La Porte 
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area. Declines in potentiometric surface averaged 11,3 

feet per year between 1961-1970 for the Evangeline aquifer 

and 7 feet per year between 1954-1969 for the lower unit 

of the Chicot aquifer. 

Baytown-La Porte area 

The Baytown-La Porte area includes another heavily 

industrialized area extending eastward from the Pasadena 

area to the Chambers county line, and above the southern 

city limits of the City of La Porte, In this area the 

lower unit of the Chicot becomes the predominant ground 

water source, as the Evangeline beqins to become saline 

at shallower depths. Pumpage in this area has gradually 

risen froml.5mgd in 1927 to the 1974 level of 28.0 mgd. 

Industrial users pumped 19.7 mgd of this figure, the 

rest going to municipal users. Water level declines since 

1890 have been 3Q0 feet in both the lower unit of the 

Chicot aquifer and the Evangeline aquifer, most of this 

occurring in the southwestern part of the area. The rate 

of decline in area wells jumped from 7 feet per year before 

1968 to 14 feet per year after 1968 due to increased 

pumpage in the nearby NASA area. Water level declines in 

the Evangeline aquifer in the area stem primarily from 

heavy pumpage from the Evangeline aquifer in the nearby 

Pasadena area; and upward movement of water into the lower 

unit of the Chicot aquifer. Local withdrawals from the 
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Evangeline have played a comparatively minor role in its 

pressure declines. On March 11, 1977, surface water 

became available to the area, resulting in termination of 

several large volume wells. Artesian-head levels appear 

to have risen in the area since that date. 

NASA area 

The NASA area is bounded on the north by the Baytown- 

La Porte area, on the west by the Pasadena area, and 

centered around the Johnson Space Center of the National 

Aeronautics and Space Administration (NASA). Nearly all 

pumpage is from the lower unit of the Chicot aquifer. An 

increase in ground water pumpage from only 1.2 mgd in 

1960 to 11.2 mgd in 1969, coupled with spreading of the 

cone of depression centered in Pasadena, dropped water 

levels in the lower unit of the Chicot to 230 feet below 

sea level in the northern part of the area. By 1974 

pumpage had increased to 20.2 mgd. 

Alta Loma area 

Since 1894 the Alta Loma area in west-central Galveston 

County has served as a well field for the city of Galveston 

and subsequently for the city of Alta Loma. Pumpage in 

this area is strictly from the lower unit of the Chicot. 

Pumpage at Alta Loma slowly increased from 2 mgd in 1896 

to 13.0 mgd in 1972 to satisfy the two municipal 
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users. In the fall of 1973, the city of Galveston 

began using 6 mgd of water from Lake Houston and by 1974 

pumpage of ground water had decreased to 6,8 mgd. Since 

1944, water levels have declined at a nearly constant rate 

of about 2.4 feet per year to a decline in 1970 of 150 feet 

below 1890 levels. However, as a consequence of the 

decrease in ground water pumpage in 1973, water levels 

had risen about 15 feet by the spring of 1974. 

Texas City area 

The Texas City area includes the cities of Texas 

City and La Marque and the surrounding area in south¬ 

eastern Galveston County. Rapid industrialization in the 

area during and immediatelv followincr World War II in¬ 

duced a twelve-fold increase in ground water usaae from 

onlv 2 mgd in 193Q to a high point of 24 mgd in 1944 and 

1945. Most of the pumpage came from the lower unit of 

the Chicot, although the upper unit of the Chicot 

furnished as much as 7 mgd of water in 1945. In 1948 

surface water from the Brazos River became available to 

industrial users in the area, occasioning a drop in 

ground water usage to about 10 mgd in 1950, followed by 

a slow rise to 13.2 mgd in 1974. The fluctuations in 

ground water usage in the Texas City area are reflected 

by water levels which, after dropping to 11Q feet below 

land surface in 1948, rebounded to within 70 feet of 
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land surface during the period 1955-1958; only to slowly 

fall again to almost 100 feet below land surface by 

1971. Declines since 1958 reflect the spread of the Alta 

Loma cone of depression as well as increased pumpage in the 

Texas City Area. 
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(Texas Water Development Board [hereafter cited as TWDB] 
Bulletin 5001, 1950), p. 41. 
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E. Land Surface Subsidence and Other Consequences 

of Regiona.1 Declines in Artesian Pressure 

Regional declines in artesian pressure have directly 

and indirectly contributed to problems costing the Houston- 

Galveston region millions of dollars esclr year. These 

problems are land surface subsidence; activation or 

acceleration of surface fault movement} salt water encroach¬ 

ment; and increased pumping lifts for water wells. While 

all of these phenomena are manifestations of artesian 

pressure declines, the location, seriousness, and govern¬ 

ing influences, other than pressure declines, vary for 

each one. In the following section the nature and extent 

of each problem will be discussed, with particular atten¬ 

tion to land surface subsidence as the most serious conse¬ 

quence of artesian pressure declines. 

Saline water encroachment 

Saline water encroachment into fresh water portions 

of the Evangeline and Chicot aquifers presents a growing 

problem caused by artesian pressure declines, A brief 

description of saline water encroachment will be pro¬ 

vided below describing the sources, the influence of 

pressure declines^, and the extent of the problem.^ 

Sources ^ 

The primary sources of ssline water encroachment in 

the Houston—GaIveston region are saline water downdip 

53 
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from fresh water, saline water underlying fresh waterf 

and saline water from salt dome contact. The wedge- 

shaped fresh water/saline water interface in the Houston- 

Galveston region, thickening ddwndip and occupying only 

the lower part of the aquifers updip, is typical of a 

2 
coastal aquifer Csee Figure 4 in Appendix Al,, Water 

becomes saline at the base of the Evangeline aquifer in 

southern Harris County, and throughout the vertical 

thickness of the Evangeline in northern Galveston County. 

The Alta Loma sand in the lower unit of the Chicot aquifer 

becomes saline at its base near the city of Alta Loma 

in central Galveston County and becomes saline through¬ 

out its vertical thickness in the mainland portion of 

southern Galveston County. Although the saline water 

wedge moves further northeast in Chambers County, the 

3 
general pattern continues. 

In most instances saline water contamination that 

occurs from ground water circulating in the vicinity of 

salt domes that penetrate the region's aquifers is 
4 

essentially limited to the area near the salt domes. 

Artesian pressure declines in the lower unit of the 

Chicot and in the Evangeline aquifer in Fort Bend County 

have reversed the flow of water around salt domes from 
5 

upward to downward into the aquifers at some locations. 
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Effect of pressure declines on encroachment «- 

Prior to extensive ground water withdrawals and 

resultant pressure declines, the interface between saline 

water and fresh, water assumes a relatively static position 

at a point where both are in pressure equilibrium. The 

interface between ground water and saline water signifies 

the point at which the chloride content begins to rise 

significantly, although there is usually a considerable 

vertical and horizontal distance between the interface 

and water as saline as sea water. The reversal in hydraulic 

gradient effected by a regional cone of artesian pressure 

decline causes encroachment by saline water into the formerly 

fresh water areas towards the center of the cone, from both 

downdip and below. The rate of encroachment is rather slow, 

possibly one foot per day, depending on the hydraulic 

gradient and the permeability of the sands in any locality. 

Evidence of saline encroachment from pressure declines has 

been found in both the Evangeline aquifer and the lower 
g 

unit of the Chicot aquifer. 

In 1957 researchers found saline water encroachment 

moving up the dip of beds in the Evangeline aquifer 

in southeast Harris County at a rate of several hundred 
7 

feet per year. Although saline water has yet to reach 

a producing well in the Evangeline aquifer, continuation 

at the present rate will cause contamination of producing 
g 

wells nearest the interface within several decades. 
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Clay lenses apparently prevent significant vertical 

encroachment from higher pressured saline waters below 

fresh water in the Evangeline aquifer, leaving lateral 

encroachment the greatest threat to fresh ground water 

supplies.^ 

Saline water has been encroaching from both downdip 

and below in the Alta Loma sand in the lower 

unit of the Chicot aquifer in Galveston County^ and in 

the Baytown vicinity of Harris and Chambers Counties.^ 

Water became progressively more saline during the period 

from 1950-19.73, in wells screening the lower unit of the 

Chicot aquifer in the Texas City and city of Alta Loma 

. 12 areas, forcing abandonment of some wells. Recent increases 

in artesian-head in the Alta Loma area will slow continued 

13 saline water encroachment in that area. Increased 

salinity in wells screened in the Alta Loma sand at 

Baytown is believed to be caused by vertical movement of 

more saline water from the lower part of the Alta Loma 

14 sand and upper part of the Evangeline aquifer. 

Significance of saline water encroachment — 

Concentrations of greater than 500 ppm of total dis¬ 

solved solids render water below drinking water standards 

15 set by the United States Public Health Service, Thus 
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a small amount of saline water encroachment can force the 

abandonment of costly high-capacity water wells. More¬ 

over, once part of an aquifer becomes invaded by saline 

water, it may remain unusable for decades even if measures 

are taken to remedy the problem. The slow movement of 

ground water only allows for very gradual displacement of 

16 
saline water by fresh water. This means that the 

storage potential of the affected part of the aquifer is 

impaired along with its suitability as a source of water. 

The tremendous water supply and storage value of the 

region's aquifers warrant close monitoring of future 

salt water encroachment to determine whether measures 

should be taken now to control the problem. 

Increased pumping lifts 

Declines in potentiometric surface increase the 

pumping lifts, necessitating increased capital and opera¬ 

ting expenses. However, constructing wells and pumping 

ground water is still far more economical than acquiring 

water of comparable quality from other sources. Outlays 

caused by increased pumping lifts presently constitute 

a minor part of the cost of ground water and are not 

expected to increase significantly even with projected de¬ 

clines. Hydrologists do not currently regard increased 

pumping lifts as a limitation on future ground water develop- 

T7 
ment m the Houston-Galveston Region, despite rising energy costs. 
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Land surface subsidence 

The phenomenon of regional land surface subsidence 

resulting from artesian pressure declines has been observed 

in several areas of California, Nevada, and Arizona; Tokyo, 

Japan; Mexico City, Mexico; and Venice, Italy; as well as 

18 parts of the Gulf Coast of Texas, The correlation between 

land surface subsidence and declines in fluid pressure in the 

Houston-Galveston region was first documented by Winslow and 

19 Doyel in 1954, However, the relationship had been estab¬ 

lished in a limited geographical area as early as 1926 when 

Pratt and Johnson investigated evidence of localized land 

surface subsidence in the Goose Creek Oil Field near Baytown, 

Texas, following heavy withdrawals of oil, water, gas, and 

sand from depths of less than 500 feet between 1917 and 

20 1924. Subsidence at Goose Creek was limited to an ellip- 

tically shaped area, 2-1/2 miles long by 1-1/2 miles wide, 

reaching a maximum decline in elevation of over 3 feet in 

21 the center of the ellipse. 

In 19.38, local subsidence was detected at Texas City 

where ground water alone was being withdrawn principally 

22 from the lower and upper unit of the Chicot aquifer. Al¬ 

though the Texas City subsidence appeared local in nature in 

1938, regional benchmark releveling performed in 1951 re¬ 

vealed that subsidence ha,d occurred throughout the region 

since the previous releveling in 1943, The largest amount 

of subsidence had occurred in the Texas City and the South 
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Houston areas where the greatest declines in artesian 

pressure were in evidence.^ 

By detailed comparison of the regional subsidence 

revealed by the 1951 releveling with regional declines in 

artesian pressure, Winslow and Doyel conclusively 

established a direct relationship between the two. 

Numerous subsequent studies have steadily refined and 

enlarged the body of knowledge on the region's subsidence 

through continually expanding observation and analysis 

24 
of the problem which continue today. 

Regional subsidence and pressure declines — 

Examination of subsidence throughout the region since 

1943 reveals a definite correlation between subsidence 

and artesian-head declines. This relation can be 

easily seen in comparing regional maps of both phenomena 

(see Figures 11, 12, and 14 in Appendix A), or in comparing 

a graph of subsidence over time with a graph of artesian- 

head declines over time at the same location (see Figure 

15 in Appendix A). From benchmark releveling surveys con¬ 

ducted by the National Geodetic Survey in the years 1906, 

1943, 1954, 1964, and 1973, the following increases in 

areas subsiding one foot or more have been detected: 

1943 - 1954 350 square miles 

1943 - 1964 1350 square miles 

2500 square miles 1943 - 1973 
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By 1973, 4700 square miles had subsided by Q,5 feet or 

more and 23Q square miles had subsided in excess of 5 

25 
feet centering in the Pasadena area» In 1973 f one 

researcher detected 10.5 feet of land surface subsidence 

2 6 
in the Pasadena area. Compaction monitors recently 

constructed at various locations in the region now 

continuously supplement the information provided by ex¬ 

pensive, time-consuming first-and-second order benchmark 

27 releveling surveys. Tidal gauges are also being 

2 8 
examined for use as subsidence monitors. 

Physical mechanism — 

Several variables interact to determine the amount of 

subsidence at any location. The initiating mechanism, 

artesian pressure declines beneath a site, depends on 

the storage coefficient of the underlying aquifers, the 

rate of withdrawals from each sand bed, and the recharge 

into the sands, as discussed earlier. The pressure de¬ 

cline data must be used in conjunction with information 

concerning the total clay thickness, individual clay 

characteristics, and the depth of overburden load and 

previous loading to determine the ultimate compaction. 

The rate of compaction varies according to the individual 

clay-bed thickness. The differences in these variables 

throughout the region have produced a range of subsidence 

per 100 feet of water level decline of 0,5 feet in the 

western parts of the region to 2,5 feet in the southeastern 

29 
parts of the region. 



61 

Meinzer demonstrated in 1928 that the hydraulic pres¬ 

sure in an artesian aquifer partially supports the weight 

30 of the overlying sediments. The water pumped from an 

artesian aquifer is principally derived from three sources 

(.1) transmission through the sands from the outcrops, 

C2) water released from storage, and (3) water derived 

from vertical leakage, A small part of the water derived 

from storage is due to the expansion of water resulting 

from decreased pressures, but the greatest percentage 

comes from compression of the aquifer skeleton as the 

31 pressure head is reduced. Pressure declines occur 

more quickly in the permeable sands than in less permeable 

interbedded clay, creating a pressure gradient between 

the sands and clays. The gradient causes water to flow 

from the clays into the sands until pressure equilibrium 

32 is restored. While the sands are essentially incompres¬ 

sible, the clays are plastic and compress as the effective 

overburden weight increases with decreasing artesian 

pressure. The resulting compaction in the clays, mani¬ 

fested on the surface by land subsidence, is essentially 

33 irreversible. 

Due to their compressible nature, the clays are 

effectively dewatered by pressure declines; consequently, 

clay compaction provides much more water to wells than 

34 
water from artesian storage in the sand beds. The 

compressible clays at any depth respond to a given 
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pressure decline by compacting according to their 

consolidation characteristics and the previous overburden 

loading. Consolidation tests indicate that during the 

late Pleistocene the region*s aquifers experienced 

artesian pressures less than those existing in 1890, 

35 possibly due to sea level declines. Consequently, 

artesian-head declines at the beginning of this century 

caused a relatively small amount of compaction and land 

surface subsidence until the pre-consolidation load was ex 

ceeded, which has been generally estimated to be beyond 

3 6 
the first 90-100 feet of decline in artesian-head. 

Pressure declines vary from one depth to another in 

both sand and clay layers, requiring several wells 

screened at different depths to detect the pressure 

changes causing subsidence at each depth at any given 

37 site. Pressure gradients between layers provide a 

driving force for vertical leakage, both upward and 

downward, through and around clays into the layer(s) 

experiencing the pressure decline. Vertical leakage 

supplies considerably more water for pumping than 

3 8 artesian storage (see Table 2 in Appendix Bl«, The 

multiplicity of variables emphasizes the difficulty of 

developing a predictive model for subsidence. 
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Predictive models —- 

Two methodologies have been used for predicting sub- 

sidence from future artesian pressure declines in the Houston- 

Galveston region. The first method involves the testing 

of clay samples taken from clay layers underlying 

locations in the region to experimentally determine the 

clay's compaction characteristics from a given load 

increase, and then to apply the results to the correspond- 

39 ing clay intervalsCs). Problems encountered with this 

method necessitated the development of another method 

for predicting future subsidence. The alternative method 

applies the specific unit compaction for each unit of 

clay underlying a site, determined from field data, to 

projected changes in artesian head, extrapolated from 

40 historical declines. The two methods will hereinafter 

be referred to as the experimental method and the field 

method, respectively. 

Experimental method — Through electrical logs it is 

possible to determine the thickness and number of clay 

beds in a well. If the overburden load, pressure declines, 

and consolidation characteristics for each clay layer 

between land surface and the deepest layer experiencing 

pressure declines are known, future subsidence resulting 

from predicted pressure declines can be calculated. How¬ 

ever, the clay layers interbedding the aquifers in the 

Kouston-Galveston region are too numerous to permit sampling 
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of each layer from the standpoint of time and economics. 

For example, at a test site in Baytown 68 clay layers 

were found between the surface and a depth of 2500 feet. 

The clay beds ranged in thickness from 2 to 49 feet, 

with 62 of the beds less than 20 feet thick.^ To produce 

reliable data, clay samples should be undisturbed as far 

as possible when taken from the subsurface. Obtaining an 

undisturbed clay sample is an expensive, painstaking process. 

Moreover, laboratory testing of a sample within a consolido- 

meter that accurately replicates field conditions requires 

42 two months per sample. Consequently, only a fraction of 

the clay layers can actually be sampled and tested. The 

laboratory-determined properties of a particular sample 

are then assumed to represent the properties of all clay 

layers in a depth interval from midway between the nearest 

43 samples above and below the sample. 

The laboratory consolidation tests reveal the changes 

in void space within the clay produced by increases in 

loading. By imposing steadily increasing loads on each 

sample, a curve of void ratio (ratio of void to solids) 

versus the logarithm of load can be derived. The ultimate 

compaction (consolidation) of a clay layer may be computed 

by use of the basic formula of soil mechanics: 

Ae s = (H) 
1+e 

where 

S = compaction of the clay layer 
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E = thickness of the clay layer 

e = initial void ratio, and o f 

Ae = change in void ratio caused by change in pressure 

At any given depth, the effective overburden stress 

is equal to the weight (per unit areal of sediments plus 

moisture above the water table, plus the submerged weight 

(per unit area) of sediments between the water table and 

the specified depth, plus or minus the seepage stress 

(hydrodynamic dragl produced by upward or downward components, 

respectively, of water movement through the saturated sedi- 

45 
merits above the specified depth. The historically 

effective loads at test sites in the Houston^Galveston 

region have been determined by using soil weights computed 

from individual measurements, offset by the countervailing 

artesian pressure derived from regional potentiometric 

surface maps. Current effective loads can be developed 

with greater accuracy than historical loads, since several 

wells, each screened in only one sand, can be used to 

reflect a more reliable picture of artesian pressures at 

different depths, 

By using the void ratio loading curve, the loading due 

to declines in artesian heads, and the soil mechanics 

formula, each clay layer can be analyzed for its change in 

thickness according to the procedure outlined by Terzaghi 

47 48 
and Peck C1948L and by Taylor C19481 , Summation of all 

the clay layers according to the clay sample data yields 
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a figure for ultimate subsidence. 

The low conductivity of the clays results in a time 

lag between loading and ultimate compaction. Thus, the 

rate of compaction depends upon the thickness and permeabil¬ 

ity of each clay bed. The degree of consolidation at any 

time can theoretically be derived from the formula for 

basic soil mechanics theory: 
cv 

T (H/2)2 

where 

T = dimensionless time factor 

Cv = coefficient of consolidation from consolida¬ 
tion test 

t = time period, and 

H = thickness of the clay layer 

The dimensionless time factor is then used to obtain the 

degree of consolidation from the graph presented by 

50 Taylor , with corrections made for continuous rather than 

instantaneous loading. 

Test data and calculations in the Baytown area by 

Gabrysch and Bonnet indicated that 80-85% of the expected 

subsidence due to hydrodynamic compaction caused by pres¬ 

sure declines had already occurred at the time of testing 

in 1972 and that 90% of all consolidation occurs within 

51 five years of pressure declines. Another study by 

Marshall predicted that ultimate subsidence after water 

declines cease will be at least 50%, and as much as 150%, 
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52 . 
of the subsidence occurring prior to that time. Prelimin¬ 

ary results from a consolidometer that more closely simu¬ 

lates field conditions support the rates used by Gabrysch 

and Bonnet.^ 

The results of calculations based on the above formulas 

reflect compaction due to dissipation of excess pore pres¬ 

sures only, with no allowance for non-hydrodynamic compac¬ 

tion. Until recently, laboratory consolidometers tested 

the consolidation characteristics of clays through succes¬ 

sive doubling of the load on the clay test specimen within 

a relatively short period of time. This rapid loading 

usually caused secondary (non-hydrodynamic) compaction as 

well as hydrodynamic compaction. However, detailed study 

of sediments experiencing subsidence caused by ground water 

withdrawals in California, in a hydrogeologic setting 

similar to that of the Houston-Galveston region, concluded 

54 
that secondary consolidation was minor. 

The more sophisticated consolidometer mentioned earlier 

has only recently been used by DelFlasche to test clay 

samples from sediments in the region. Preliminary tests 

with this device, which increases effective loads on a 

clay specimen by releasing hydrostatic pressure within the 

specimen while holding the overburden pressure constant, 

confirm that little if any secondary compaction occurs.^5 

In light of the California study and testing, published 

studies of subsidence in the region treat secondary 

56 
compaction as negligible. 
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The experimental method of predicting subsidence was 

employed in a study of subsidence in the Baytown vicinity 

by Gabrysch and Bonnet utilizing nine clay samples from 

different depths to represent compaction between land 

surface and 2500 feet. Subsidence calculated from the 

consolidation characteristics of the soil samples corres¬ 

ponded closely with actual measured subsidence of almost 

8.5 feet that occurred at the site during that period. 

Future subsidence projections were then made based on the 

consolidation tests and two different artesian decline 

scenarios. In the first scenario, artesian-head declines 

in the lower unit of the Chicot aquifer and the Evangeline 

continue dropping at a rate of 6 feet per year from 1973 

until 1980. Thereafter, no further declines will occur 

(case I). In the second scenario, artesian-head declines 

continue dropping in both aquifers at a rate of 6 feet 

per year until 1995 before ceasing (case II). The experi¬ 

mental method forecast ultimate subsidence at the Baytown 

site of 11.4 feet under case I and 15.1 feet under case II. 

Following the success with the experimental method 

at the Baytown site, Gabrysch and Bonnet employed it again 

in two studies, one at Seabrook in southeast Harris County 

and another at Moses Lake near Texas City in Galveston 

County. The scenarios employed at these sites used the 

same time periods as the Baytown study and a continuation 

of the annual artesian-head declines occurring at Seabrook 

57 
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and at Moses Lake. However, at the Seabrook site in 

1973, where subsidence was calculated via the experimental 

method to be 9.5 feet, only 3.3 feet of measured subsidence 
C p 

actually occurred. At Moses Lake the calculated sub¬ 

sidence in 1973 was 5.2 feet, compared to actual measured 

59 subsidence of 1,8 feet, Gabrysch attributed the gross 

differences between calculated and measured subsidence at 

the two sites to the use of non-representative samples, 

6 0 and developed the ''field method" as an alternative. 

Field method — The field method relates average 

stress change (artesian-head decline! determined from 

field records, measured subsidence, and clay thickness 

from electrical logs. The unit of compaction per unit 

clay thickness per unit stress change during a specific 

time period is the specific unit compaction in feet. 

Using the field method, under case I the total ultimate 

subsidence was estimated to be 7,6 feet at Seabrook and 

3-3,3 feet at Moses Lake, compared with actual subsidence 

in 1973 of 3,3 feet and 1.7 feet, respectively. Under 

case XI ultimate subsidence at the two sites was estimated 

at 9,9 feet and 4-4,7 feet, respectively. 

Eight borehole extensometers (compaction recorders), 

have been installed at seven sites experiencing sub¬ 

sidence in the Houston-rGalveston region Csix since 

19731 in conjunction with water level observation wells, 

each screened at a specific depth. These devices yield 

much, more detailed information on subsidence than had 
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previously been available. The data from these sites can 

be used to further refine the field method for more pre¬ 

cise prediction of future subsidence. Gabrysch and 

Bonnet's efforts at Baytown, Seabrook, and Moses Lake 

are the most recent and the most thorough efforts on 

predictions of subsidence. However, several other studies 

have been performed, one of which will be briefly discussed. 

Other predictions — Marshall predicted on the basis 

of laboratory clay testing in 1973 that Gabrysch's case I 

scenario would result in ultimate subsidence of 19 feet in 

the Pasadena area (near the Baytown test site) and 10 

feet in the Clear Lake area (near the Seabrook test site). 

He further projected that ultimate subsidence at any 

point in the region caused by artesian-head declines 

experienced by 1973 could be reasonably estimated as 

three times the subsidence that had occurred prior to 

1964. The larger values predicted by Marshall stem from 

use of a greater residual compaction factor during the 

time lag between pressure declines in the sands and 

compaction of the clays. Marshall cites as support for 

his projections the continuation of subsidence at an 

undiminished rate during the 7 year period from 1954-1961, 

when ground water levels in the Chicot and the Evangeline 

aquifers were essentially unchanged due to reduced pumping 

occasioned by the introduction of Lake Houston water to 

61 the area. While Marshall's figures appear excessive in 

light of more recent studies, they emphasize the fact 
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that all current predictions are at best rough approxima¬ 

tions utilizing many assumptions. Researchers unanimously 

agree that subsidence will continue for a period of time 

even if pressures stop dropping. The question remains as 

to how much rebound in artesian-head will be necessary to 

halt subsidence. 

Except near sea level in coastal areas, subsidence 

is generally not visibly apparent, because subsidence is 

regional in nature and altitude changes caused by subsidence 

6 2 are gradual. Benchmark surveys indicate that subsidence 

sometimes appears to be occurring at different rates 

6 3 within relatively short distances, but the difference 

can usually not be detected without the aid of surveying 

devices. Unlike buildings located on subsiding land in 

Mexico City, structures located in the areas of the 

Houston-Galveston region experiencing the greatest subsidence 

have not tilted, unless built on surface faults. 

The low lying Pasadena and Texas City areas which 

have undergone the most subsidence (see Figure 14 of 

Appendix A), have experienced large declines in potentio- 

metric surface (see Figures 11 and 12 of Appendix A), and 

overlie sediments possessing a high clay to sand ratio. 

These bay front areas can be contrasted with the Katy 

area further inland and more than 100 feet above sea 

level. The Katy area has subsided only 0.5-1 feet 

because the aquifers in that area have undergone relatively 
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small declines in potentiometric surface and have a lower 

4 percentage of clay to sand. However, other problems 

related to declines in potentiometric surface, such as 

faulting, have occurred throughout the region. 

Active faulting and pressure declines in the Houston- 

GaIveston region 

A number of researchers maintain that artesian-head 

declines are related to the contemporanious occurrence of 

active surface faulting in the area. However, opinions 

vary greatly on the nature and extent of the relationship 

and on whether faulting also affects subsidence. Over 

150 miles of active surface faults were mapped in the 

ft Houston-Galveston region in 1975, compared with 100 

6 7 miles in 1966, ' with the longest continuous fault extend¬ 

ing 30 miles.The greatest part of the increase can be 

attributed to the discovery of new surface faults, rather 

than the lineal extension of previously known faults. 

Total vertical displacement on surface faults in the 

region ranges from 45 feet on the Hockley escarpment in the 

7 n northern part of Harris County and 12 feet on the Addicks 

71 scarp to virtually zero m the case of faults tentatively 

identified by air photo lineations. Most of the surface 

displacement seen today is believed to have occurred during 

. 72 the Pleistocene; however, three or four feet of vertical 

displacement occurred on a fault in the Baytown area between 

1928 and 1966.72 
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The land surface subsidence that followed oil, gas, 

water, and sand extraction in the Goose Creek Field near 

Baytown, Texas, in 1918, was accompanied by "slight earth¬ 

quakes which shook the houses, displaced dishes, and dis¬ 

turbed the inhabitants generally," as fault movement 

caused several inches of vertical displacement within a 

73 
period of hours. However, vertical displacement by 

faults since that time has only averaged between 0.14 

74 
and 1.05 inches per year with no tremors detected. 

Even gradual movement by a fault of an inch or less per 

year can present a severe threat to stationary man-made 

structures such as pipe lines, buildings, and highways 

built across it. Kreitler lists five indicators 

geologists have found to be useful in identifying 

the presence of surface faults in the Houston- 

Galveston region. 

(1) Breaks in man-made structures caused by 
horizontal displacement of land surface, 
(2) presence of topographic scarps, (3) recognition 
of shallow subsurface faults using electric logs 
or other geophysical data and subsequent extrapola¬ 
tion of the fault to land surface, (4) recognition 
of shallow subsurface faults by coring or trenching, 
and (5) lineations observed on aerials, black and 
white, color and color-infrared photographs or 
other remote sensing techniques that identify the 
surface trace of the fault. 

Van Siclen includes land drainage anomalies such as extra¬ 

ordinarily straight segments and sharp right angle bends 

in drainage courses as another indicator of surface 

7 ft faulting.0 The presence of any of these indicators, 
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singly, does not conclusively establish the feature as a 

fault; however, the presence of more than one indicator 

can be taken as strong evidence of a fault. The rapid 

facies changes within Gulf Coast Plio-Pleistocene sedi¬ 

ments, and the generally small amount of displacement 

experienced by younger sediments hinders positive identi- 

77 fication and tracing of faults at shallow depths. 

Surface faults do not present a problem for existing 

structures until the faults become active as reflected 

by vertical or horizontal movement. Active surface 

faults have been identified primarily on the basis of 

breaks in man-made structures. Undoubtedly the 

enormous increase in areas covered by man-made structures 

in the metropolitan portions of the Houston-Galveston 

region has facilitated fault identification. Topo¬ 

graphic escarpments in the region may indicate fault 

movement during the Pleistocene, which implies a 

7 8 reasonable possibility of additional movement today. 

Some geologists contend that evidence of differential 

subsidence within short distances revealed by benchmark 

releveling surveys is another indicator of actual or 

79 
potential active surface faulting. 

Fault genesis — 

Surface faults in the Gulf Coast area are generally 

thought to be surficial expressions of deepseated faults 
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with origins in the fluvial-deltaic, Tertiary sediments 

described earlier. Most of these subsurface faults are 

believed to result from either the long-term coastward 

movement of the Gulf Coast sediment mass combined with 

changes in facies and sediment thickness, or from salt 

domes thrusting up through overlying sediments from the 

8 0 subsurface. The phenomena of coastward movement of the 

sediment mass is termed "gulfward creep." Gulfward creep 

has been mathematically modeled as the slow flow over 

geologic time of the sediment mass toward the continental 

81 slope in a massive landslide. Gulfward creep causes 

horizontal elongation of the overall sediment mass, while 

continued sediment deposition increases the vertical 

compressive stress. The resultant increase in vertical 

stress concomitant with the decrease in horizontal stress 

results in fractures called growth faults developing in 

deeper, more brittle sediments that slowly propagate 

8 2 towards the surface. The principal zones of growth faults 

originate in the subsurface approximately at the boundary 

between delta front sands and the thick, rapidly deposited 

8 3 prodelta mud facies. Regional basement tectonics are 

84 also believed to affect the development of growth faults. 

Several common features characterize growth faults in 

the Gulf Coast. They generally occur normal to the coast 

8 5 as antithetic fault pairs forming graben structures. 

Vertical displacement diminishes as the fault approaches 

the surface and penetrates younger, less consolidated 
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sediments. Most faults never reach the surface, although 

several researchers contend that lineations are surficial 

8 6 evidence of subsurface faults. 

Salt domes constitute the other major cause of faulting 

in the Gulf Coast Region. Faults associated with salt 

tectonics are generally radial or tangential to the 

circumference of the dome. Their pattern of occurrence is 

the major factor at the surface that distinguishes them 

from other faults, since they only coincidentally occur 

normal to the coast. They usually intersect the land 

surface in relatively close proximity to the dome, depend- 

8 7 ing on the dome's depth. Both types of faults described 

here dip steeply near the surface and the angle diminishes 

with increased depth to become a bedding plane fault at 

its deepest point. 

Theories concerning faulting, pressure declines, and 

land subsidence — 

Fault movement caused by salt tectonicism and faults 

generated by deltaic sedimentation and gulfward creep have 

been occurring for tens of millions of years. The question 

now raised is to what extent recent surface fault activation 

may be related to artesian pressure declines and subsidence. 

Several theories have been advanced on active faulting in 

the Houston-Galveston region: (1) The region's active 

faulting is strictly the continuation of natural processes 

unrelated to artesian-head declines. Advocates of this 

theory point out that other studies have indicated that 



77 

active faulting is probably occurring throughout the 

Gulf of Mexico coastal region independently of the with¬ 

drawal of subsurface fluids, and that the apparent increase 

in the Houston-GaIveston region is a result of the increased 

8 9 observation attendant with urban growth. 

(2) Land surface subsidence, or artesian pressure 

declines, either independently or in combination, trigger 

or accelerate fault movement on existing faults. Most 

of the known active faults in this region are located in 

areas of heavy subsurface withdrawals of water, oil, and/or 

gas. According to this theory, the stress changes caused 

by gas and fluid pressure declines and subsidence activate 

or trigger faults that are already strained. Proponents 

of this theory point to evidence indicating that extensive 

surface faulting occurred in the Houston-Galveston region 

near the end of the Pleistocene when artesian pressures 

were also believed to have dropped, as further support for 

90 a relationship. The obvious relationship between fault¬ 

ing and fluid and gas extraction at the Goose Creek Oil 

Field appears to confirm a relationship of some kind, A 

direct relationship was recently quantified at two sites 

when measurements by tiltmeters on the Eureka Heights fault 

and Long Point fault between 1971 and 1973 were compared 

with artesian-head declines in wells near the faults during 

91 the same periods. Land subsidence caused by ground water 

withdrawals in Las Vegas, Nevada, in a hydrogeologic 

setting similar to this region, has also been accompanied 
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by active faulting. 

(3) An extension of the second theory asserts that a 

synergistic relationship exists between pressure declines, 

faulting and subsidence. Proponents of this theory contend 

that the natural component of fault movement creates a 

partial hydrologic barrier for ground water movement by 

either smearing clays and sands or by partial or total 

vertical offset of sand beds against clay beds. Therefore, 

if significant, concentrated fluid withdrawals are made 

from beneath an area circumscribed by faults, pressures 

will drop more rapidly within the circumscribed area than 

outside of it. The differential declines in pressure would 

in turn cause differential subsidence and concomitant fault 

activation which could be expected to further inhibit ground 

water flow across the fault. In short, this theory holds 

that the faults effectively limit and control the extent 

93 of subsidence. 

Conclusive proof of fault control of subsidence re¬ 

quires evidence of differential subsidence and differential 

94 pressure declines on the two sides of a fault. Studies 

of the relationship to date have focused on evidence of 

differential subsidence rather than pressure differences. 

Profiles constructed from benchmark releveling surveys 

reveal that subsidence is occurring at oftentimes markedly 

95 different rates at adjacent benchmarks. A recent study 

concluded that the zones of differential subsidence shown 

on benchmark survey profiles are in many instances 
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coincident with the intersection of one of three criteria 

used for identifying subsurface faults: (1L active surface 

faults, (21 straight sections or extensions of straight 

96 
sections of rivers and bayous, and (3) surface lineations. 

If each of these criteria actually represents manifestations 

of subsurface faults, such correlations suggest an important 

relationship between faulting and subsidence» 

However, evidence for the second element of proof for 

the theory concerning differential pressure declines on 

opposite sides of faults is scanty, and the existing 

evidence is conflicting. For example, one researcher 

reports finding higher artesian pressure on the down- 

thrown side of a fault than on the upthrown side of the 

97 same fault. Numerous ground water studies conducted 

by the U.S.G.S. for various parts of the region have 

acknowledged the existence of surface and near-surface 

faulting, but concluded that displacement had not been 

98 significant enough to disrupt hydraulic communication. 

The difficulty of tracing subsurface faults in the 

pliable, unconsolidated sediments containing the region's 

ground water complicates the task of selecting observation 

wells solely on one side of a fault to detect whether 

faults in this region are acting as hydrologic barriers. 

To establish, the second element of proof more detailed 

pumping tests should be conducted to detect the presence 

of fault-caused hydrologic barriers, and studies should 

also be conducted to determine if there are changes from 
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sand to clay facies associated with faults in shallow 

sediments. If the relationship can be conclusively 

proven, measured, and modeled, it would obviously 

have implications for designing well spacing and ground 

water production controls to minimize subsidence and 

faulting. At the present time, the relationship between 

faulting and subsidence is only poorly understood, 

unconfirmed, and clearly deserves further study. 
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R. K. Gabrysch believes that research on clay/sand 
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tests by the USGS as of 1977 had not detected the 
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F. Electric Analog Model Study of the Houston- 

Galveston Region's Aquifers 

An electric analog model developed by Gabrysch and 

Jorgensen for the region provides the most sophisticated 

regional model of this area's hydrology presently available. 

This model utilizes data from the Texas Water Development 

Board records on wells dating back to 1887 that are believed 

to account for almost 90% of the total withdrawals in the 

area. These records contain well logs, pumping records, 

and historical potentiometric surface declines for most of 

the region's wells.^ 

The electric analog model was a logical choice for 

simulation of ground water flow in the region since the 

partial differential equation describing unsteady confined 

flow in a uniform porous medium in three dimensions is 

similar to the equation for a three dimensional diffusion 

field in electricity. The necessary parameters for the 

ground water equation are artesian-head at any location, 

time, and storage coefficient. For this region's aquifer 

system a grid network with spacing of one square mile was 

used to model 9100 square miles of the region. At each 

grid intersection the model required values for withdrawal 

rates and distribution, aquifer transmissivity, aquifer 

storage coefficient, storage coefficients for the clays, 

quantity of water derived from clay storage, vertical 

87 
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hydraulic conductivity, vertical leakage (surface recharge), 

. . 2 and potentioxnetric surface declines. 

Utilizing the Theis equation and the modified Hantush 

equation approximations were derived for aquifer trans¬ 

missivities and aquifer storage coefficients at various 

localities. The Theis equation describes ground water flow 

in an aquifer in which it is assumed that no water is pro¬ 

vided by vertical leakage or from clay storage. The 

Hantush method, in contrast, includes both vertical leakage 

and clay storage as sources of water, thereby more closely 

resembling the ground water hydrology of the Houston-Galves- 

ton region. However, the applicability of the Hantush equa¬ 

tion is also limited in that the Hantush equation is based 

on the assumption of a single aquifer with only one or two 

confining layers. As discussed earlier, the aquifers 

underlying the Houston-Galveston region are composed of 

a complex system of interbedded sand and clay layers with 

varying degrees of hydrologic communication occurring in 

and around the clays separating layers of sand. Thus far 

no reliable equation has been developed that describes 

the aquifer-confining layer system characteristics under¬ 

lying this region, but the Theis and Hantush equation pro¬ 

vide at least a useful range of rational transmissivity 

values to compare with values arrived at by model calibra¬ 

tion. Storage coefficients for the sands were also derived 

from the Theis and Hantush equations and comapred to test 
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data in artesian areas and model calibration in non- 

artesian areas. Clay storage coefficients were included 

since they have furnished almost 22 percent of the total 

ground water yields in the region, as indicated by the 

volumetric quantity of land surface subsidence that had 

occurred up until the time the analog model information 

was developed. Storage coefficients for the clays were 

based on clay consolidation tests, multiple linear analysis 

techniques, and by use of empirical correlations between 

potentiometric pressure declines and resultant subsidence. 

Vertical hydraulic conductivity and vertical leakage were 

approximated from equations using various aquifer char¬ 

acteristics that could be expected to define the limits 

of true hydraulic conductivity in each locality. The large 

range produced by these estimates required determination of 

hydraulic conductivity values by calibration. An estimate 

of the vertical leakage component was derived by use of 
3 

a steady state analysis of flow in the aquifers. 

Calibration of the model was achieved by simulating 

hydrologic conditions and then comparing the results ob¬ 

tained from the model with actual field measurements. Where 

the differences between modeled and actual conditions were 

large enough to justify modifications, the model was 

modified to achieve a closer resemblance to actual condi¬ 

tions. A hydrologic budget was developed from the hydro- 

logic relations indicated by calibration (see Table 2 in 

Appendix B) which was used, along with regional hydrologic 
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characteristics, in all problem solutions performed by 

the model.^ 

Significant characteristics revealed by model calibration 

The calibration procedure indicated several important 

hydrologic relations.^ 

(1) A large portion of the Chicot aquifer undiffer¬ 

entiated in the north and northwest parts of the region is 

at least partly under water table conditions, which is 

consistent with the occurrence of relatively small 

historical declines in potentiometric surfaces in that 

area despite heavy withdrawals from widely spaced wells. 

The significance of water table conditions indicated by 

high storage coefficients can be better appreciated by 

comparing water level declines caused by pumping in the 

water table areas with those causing a similar decline 

in an artesian area. Approximately 400,000 gallons of 

water can be pumped in certain water table areas of northern 

Harris County before effecting the same drop in water 

levels caused by pumpage of 1000 gallons of water in the 
g 

artesian areas in southeastern Harris County. As stated 

earlier, the 0.07 regional storage coefficient equipo- 

tential line delineates the southern boundary of the 

almost water table portions of the Chicot aquifer (see 

Figure 6 in Appendix A). Water table conditions occur 

further northwesterly for the Evangeline aquifer, beginning 

near the 0.20 regional equipotential line (see Figure 
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7 in Appendix A). 

(2) Vertical leakage in the northern and northwestern 

parts of the region into the almost water table portions 

of the Chicot aquifer comprises an important element of 

the hydrologic budget. The model indicated that 18% 

of the total historical pumpage within the region has been 

derived from this source, exclusive of irrigation return 

flows. 

(3) The transmissivity values determined by model 

calibration were significantly less than those calculated 

by pumpage tests in previous studies. 

(4) It appears that in the Katy area large 

quantities of water are exchanged between aquifers. This 

phenomenon probably occurs when the wells are not pumping. 

(5) From 20-30% of the ground water pumped for 

irrigation in the Katy area returns to the Chicot aquifer, 

amounting to approximately 9% of total withdrawals for the 

region. This occurs despite efforts by rice farmers to 

maximize retention of ponded water at the land surface in 

order to keep their rice fields inundated and minimize 

7 
their pumpage requirements. 

Effect of alternative future pumping patterns 

After calibration of the analog model with historical 

data, several scenarios of alternative future pumpage 

patterns were run on the model to predict the resulting 
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effect upon potentiometric surfaces. The primary question 

to be answered by the analog model was the projected effect 

upon potentiometric surfaces from the introduction of 

Lake Livingston water from the Trinity River via the 

Coastal Industrial Water Authority canal to industries and 

municipalities near the Houston ship channel and in surround¬ 

ing areas in 1975, along with the switch to Brazos River 

water by several Galveston County municipalities. This 

scenario also assumed that pumpage would continue to in¬ 

crease in other parts of the region. The resultant effect 

from these changes, according to the model, would be a rise 

in water levels in southeastern Harris County and in Gal¬ 

veston County while levels continued to decline in other 
g 

areas. The model indicated rebounds in potentiometric 

surface of as high as 40 feet in the Evangeline aquifer 

and 100 feet in the Chicot aquifer in the Pasadena area. 

However, the predicted rebound was only 0-20 feet in the 

Baytown vicinity where pore pressure transducers used in 

Gabrysch's Baytown study indicated that a potentiometric 

surface rebound of 135 feet would have been necessary in 

1974 to arrest compaction occurring in the Alta Loma sand 

9 
underlying the test site. The amount of potentiometric 

surface rebound necessary to halt subsidence in the Sea- 

brook-Texas City areas is not presently known. 

Another scenario simulated the use of 15 recharge 

injection wells evenly spaced along the Houston ship 
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channel, each pumping approximately 1.5 mgd of supplemental 

water into the Evangeline and Chicot aquifers from 1973- 

1980. This scenario assumed steady increases in ground 

water usage throughout the region with no reductions in 

any locality. Hydrographs for both aquifers showing the 

effects of recharge at various distances from the wells 

indicated that the effect of recharge in the aquifers 

under artesian conditions is nearly immediate after injection 

is commenced, but that recharge only temporarily interrupts 

the downward trend of declining water levels in wells. 

Nonetheless, by 1980 the injected recharge reduced potentio- 

metric surface declines in the Chicot aquifer and Chicot 

aquifers undifferentiated by almost 10 feet, as far as 6 

miles from the wells, and more than 60 feet in the immediate 

vicinity of the wells. In the Evangeline aquifer the re¬ 

ductions in declining potentiometric surface ranged from 10 

feet, as far as 11 miles from the nearest injection well, 

to 50 feet near the wells. The value and limitations of 

artificial recharge will be discussed in section G. 

Another major question put to the analog model was 

the maximum extent of ground water development that could 

be absorbed by the region's aquifers without exceeding 

safe yields in critical subsiding areas. This approxima¬ 

tion was attempted by simulating the existence of a hypo¬ 

thetical well field withdrawing 280 mgd along the northern 

part of the district just below the northern Harris County 

line, in addition to currently projected increases 
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in areas removed from the critical subsidence areas and 

allowances for the use of surface water by some of the 

industries along Galveston Bay. According to this scenario, 

total area withdrawal of as much as 1000 mgd can be 

developed without greatly lowering the potentiometric sur¬ 

faces in that portion of the region presently experiencing 

land surface subsidence and saline water encroachment.^ 

However, these figures have been questioned by some 

hydrologists, due to limitations on individual well pro- 

12 ductivities. Other studies have projected safe yields 

13 
for the region of only 700 mgd, and even one of the 

authors of the analog model study has cautioned that 

pending further study no increases in pumping should be 

permitted in critical areas at the present time in Harris 

and Galveston Counties, and that the 1976 production of 

500 mgd in these counties should be shifted from the 

subsiding areas to the western and northern portions of 

14 
Harris County. 

Improvement and refinement of the analog model 

While it was felt that the values provided in the 1974 

electric analog model study were rational ones, Jorgensen 

noted that more accurate information for various parameters 

would improve the model's reliability. He specifically 

cited the need for more observation wells screened in only 

one water bearing unit in several areas where information 

on specific aquifer potentiometric surface level changes 
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is currently lacking. A closer delineation of the character¬ 

istics of the Chicot aquifer above the Alta Loma sand 

in the Texas City area would be extremely useful. 

Pumping records for several agricultural areas are still 

needed, as well as information on wells in Galveston 

County prior to 1930. Lastly, Jorgenson pointed out that 

more specific information is required on the storage 

coefficients for clay lenses at different depths, which 

could be derived through the use of consolidation tests 

and compaction monitors."^ 

Notwithstanding the data base limitations, the electric 

analog model proved to be an extremely valuable tool for 

simulating ground water conditions in the region. Efforts 

are underway to integrate the electric analog model into 

a comprehensive hybrid analog-digital model sytem for 

more detailed studies of saline water encroachment and 

land surface subsidence. 

The information provided by the electric analog model 

convincingly establishes that measures such as pumpage 

reductions and/or artificial recharge must be taken to 

stabilize or regain artesian pressures in critical sub¬ 

siding areas. The scenarios run on the model indicated 

that the effect of implementing such measures would be to 

shift the regional bowl of potentiometric depression west¬ 

ward while regaining pressures in varying degrees in the 

ship channel and bay shore subsiding areas. These rebounds 
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would only be temporary, however, if pumpage increases 

were resumed in the critical areas. In the next section 

the advantages and disadvantages of alternative responses 

to the Hou s ton-Ga1veston region's ground water problems 

will be examined. 
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Hydrology in the Houston~District, Texas (Texas Water Devel¬ 
opment Board [ hereafter cited as TWDB ] Report 190, 1975), 

49-54. 
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2Ibid., pp. 51-54. 

^Ibid., pp. 54-55. 

^Ibid., pp. 54-56. 

6Ibid., P- 57. 

7 Interview with R. K. Gabrysch, Assistant Chief of 
the Houston, Texas office of the United States Geological 
Survey (hereafter cited as USGS), August 1977. 

O 
Jorgensen, pp. 57-82. 

9 
R. K. Gabrysch and C. W. Bonnet, Land Surface Subsi¬ 

dence in the Area of Burnett, Scott, and Crystal Bays near 
Baytown, Texas (USGS, Water Resources Investigations 21-74, 
1974) , p. 25. However, pore pressure transducers have 
been unreliable in subsequent studies. Id., Land-Surface 
Subsidence in the Area of Moses Lake near Texas City, 
Texas (USGS,Water Resources Investigations 76-32, 1975), p. 
32. 

D. G. Jorgensen, "Analog-Model Studies of the Effects 
of Recharge Wells along the Houston Ship Channel on 
Potentiometric Surfaces of the Chicot and Evangeline 
Aquifers, Houston, Texas" (USGS, Open File Report, 1973). 

^Jorgensen, Houston District, pp. 67-81. 

12 Gabrysch interview. 

13 Turner, Collie, and Braden, "Comprehensive Study of 
Houston's Municipal Water System, Phase 1" (Houston-Port 
Arthur: Turner, Collie, and Braden, Consulting Engineers, 
1966) , pp. 18-19. 
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G. Future Water Demands 

The hazards associated with ground water use in the 

Houston-Galveston region necessitate the development of 

alternative water sources to meet present and future de¬ 

mands for water. The extent and pace of alternative water 

source development should be governed by the projected 

future water demands in the region. A reliable estimate 

of future water demands for each section of the region 

turns on the pattern and rate of the region's future 

population, industrial, and agricultural growth, and 

water use patterns within each of these sectors. Present 

indications point towards continued vigorous growth in 

population and in industry for the region, with little 

or no increase in agricultural acreage. 

Population projections and water demands 

Several investigations have been conducted into the 

Houston-Galveston region's future population growth. Al¬ 

though the estimates vary somewhat, the overall expansive 

trend for the Houston Standard Metropolitan Statistical 

Area (Harris, Fort Bend, Brazoria, Liberty, and Montgomery 

Counties) projects a doubling of the 1970 population of 

1,999,316^ by 1990, and continued expansion thereafter.^ 

Population growth and concomitant urban expansion are 

expected to be accompanied by increases in the average 

98 
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daily per capita water use.. Per capita water use varies 
3 

according to several factors. From a detailed analysis 

of these factors in forty separate demand areas in the 

Houston municipal area, Turner and Associates projected 

an increase from the 130 gallons per capita per day (gpcd) 

in demand in 1965, to 146 gpcd in 1980 and 170 gpcd by 

4 
the year 2000. 

From these estimates it appears very probable that 

municipal water demands alone will approach the predicted 

safe ground water yield of 700 mgd for the Houston-GaIveston 

region before or shortly after the turn of the century; 

and municipal demands presently comprise slightly more 

than one third of the total water usage in the region.^ 

Industrial growth and water demands 

All present indications support projections for in¬ 

creased growth in population and in gpcd for the Houston- 

Galveston region. The largest factor in the region’s 

population and economic growth has been, and will continue 

to be, the Houston-Galveston region's rapidly expanding, 

diversified industrial base, consisting of petroleum 

refining, chemical and petrochemical production, metal 

production, paper milling, plywood production, and several 

other industries. All of these industries are heavily 

wateri-intensive, with relatively uniform water demands 

throughout the year.** 
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The interrelated petroleum refining and petrochemical 

industries have played the largest role in the region's 

industrial growth to date and are expected to continue 

to do so in the future. Growth in oil related industries 

creates a favorable economic climate for attracting various 

support and user industries, as has already been demonstrated 

by the rapid increase in primary metal manufacturing, 

fabricated metal manufacturing, and professional 
7 

scientific and control instruments production. 

The desire to locate on sites accessible to ship and 

barge traffic has resulted in the greatest preponderance of 

heavy industry concentration along the Houston Ship Channel, 

Galveston Bay, West Bay, Chocolate Bayou, and Trinity Bay. 

This pattern was reflected earlier in the patterns of 
O 

pumping distribution and intensive subsidence. The 

industrial concentrations can be expected to generate popula¬ 

tion concentration within the same general vicinity. Current 

indications point toward a continuation of industrial 

9 
and population concentration near large accessible waters, 

with the obvious implication for future water use patterns. 

The consumption patterns of many industries have been 

scaled down rather drastically as a result of the installa¬ 

tion of pollution control treatment facilities, pursuant 

to discharge standards required by the Federal Water Pollu¬ 

tion Control Act of 1972. High effluent treatment costs 

have made it more economical to reduce effluent by recycling 
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water to the greatest extent that conditions permit. 

Projected industrial water demands for the region in the 

year 2000 were estimated at 390 mgd in 1972,in con¬ 

trast to a projection of 1140 mgd by the Texas Water 
11 

Development Board in 1965. 

Mining demands 

Mining of sulfur, oil, and salt constitutes an added 

water demand within the Houston-Galveston region, although 

most of this demand is now satisfied by saline water. 

Sulfur is recovered from the vicinity of salt domes by 

the Frasch water drilling process. Salt is also recovered 

from salt domes by solution mining. Much of the oil 

production now being performed in the region is derived 

from water flooding practices in secondary recovery 

operations. The use of fresh water for mining is not 

expected to increase significantly in the future, since 

extensive supplies of saline water are readily available 
12 

in most mining areas. 

Agricultural demands 

Irrigation in the Houston-Galveston region, primarily 

for rice farming and pasture, constitutes the final major 

usage of fresh water. The Texas Water Plan forecast an 

expansion in irrigated acreage for the greater Houston- 

Galveston region, from approximately 131,000 acres in 
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1964 to 142,700 acres in the year 2Q20f with correspond¬ 

ing irrigation water demand increasing from 358 mgd in 

1964, to 389 mgd in 1990, to 416 mgd in 202Q for the Trinity' 

San Jacinto Coastal Basin, San Jacinto River Basin, and 

San Jacinto-Brazos Coastal Basin as delineated in the 

Texas Water Plan.1^ present trends do not support this 

projection, however, as urban and industrial expansion 

within the region is rapidly encroaching on acreage suitable 

for agricultural uses.^ 

Aggregate projected water demands 

Using the above figures for present and projected 

demand, a rough approximation of aggregate water demand 

for the Houston-Galveston region can be forecast in excess 

of 1QQQ mgd in 1980 and almost 15QQ mgd by the year 2000. 

While perhaps these figures should now be reduced due to 

increased industrial water recycling, they still indicate 

that economically feasible alternative water sources must 

be developed to meet projected demands. 

^"United States Department of Commerce, Bureau of the 
Census, United States Census, 1970. 

2 
Turner, Collie, and Braden, Inc., Comprehensive Study 

of Houston's Municipal Water System, Phase 1 (Houston-Port 
Arthur: Turner, Collie, and Braden, Inc., Consulting 
Engineers, 1966), pp. 5-11. 0. L. Poston and B. S. 
Bradshaw, Population Projections for Texas Counties: 
1975-1990 (Population Research Center, University of 
Texas, Austin, May 1972); Houston-Galveston Area Council, 
An Economic Base Analysis of the Gulf Coast State Planning 
Region (December 1974). 

3 
These include climatic conditions; the various types 

of users — single family-residential, multiple family 
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residential, commercial, light industrial, public, and semi¬ 
public — and system losses; the variation in demand as 
a function of income levels; types of dwelling units; 
commercial floor area; industrial employment; and other 
variables; and an analysis of past city pumping records 
for the area. Turner, Collie, and Braden, Phase 1, pp. 
24-31. 

^Ibid., pp. 26-27. 

^Irina Cechova, "Projection of Water Resources 
Availability in Relation to Future Requirements of the 
Houston Gulf Coast Area," unpublished Ph.D. dissertation, 
University of Texas School of Public Health, p. 29. 

^Houston Post, 29 April 1975, p. 12A; 15 August 1975, 
p. 2C. 

7 "Houston Facts," Houston Chamber of Commerce (1974). 

O 
J. B. Blackburn, "Secondary Environmental Effects 

and the National Environmental Policy Act with Case Study 
on Chocolate Bayou, Texas," unpublished master's thesis, 
Rice University, 1974, pp. 39-65. 

g 
Texas Gulf Coast Program, Research Report 1 (Rice 

Center for Community Design and Research, Houston, Texas, 
1975), pp. 30-41. 

l^For example, the Exxon refinery in Baytown, Texas, 
recycles its cooling water a minimum of 20 times prior to 
treatment and discharge. Interview with Bob Payne, 
Technical Manager of Exxon's Baytown, Texas Refinery, 
September 1976. 

-^H. J. Lewis and A. S. Lehmann, "Report on Evaluation 
and Status of Industrial Water Demand as Related to the 
CIWA System," presented to the Board of Directors, Houston 
Chamber of Commerce, 8 February 1972. 

12 
Texas Water Plan (Texas Water Development Board 

[hereafter cited as TWDB], 1968), sec. Ill, p. 6. 

13Ibid., sec. IV, pp. 29-32. 

14 Texas Gulf Coast Program, Research Report I, pp. 30-34. 



H. Alternative Sources of Fresh Water 

The sheer magnitude of present and future water demands 

emphasizes the compelling need for a comprehensive ground 

water management program encompassing the entire Houston- 

Galveston Region and efficiently integrated into a regional 

water resource management program. Alternative sources of 

water for the area include not only surface water, but 

increased ground water supplies generated by artificial 

recharge enhancement practices, along with waste water 

recycling and desalinization of saline water. The technical 

and institutional challenge thus becomes one of developing 

the optimal mix of ground water, surface water, and supple¬ 

mental water usage to meet present and future demands. 

An opimal mix of resource usage is defined by Kneese et al. 

as one that reestablishes or approaches an optimum in social 

product in the presence of pervasive externalities «^ 

Developing optimal mix of water resources usage 

The overall economic advantages of ground water usage 

dictate development of the maximum safe ground water yield 

within the constraints of annual basin recharge, pumping 

costs, land surface subsidence, salt water encroachment, 

the economics of alternative water supplies, and the exist¬ 

ing legal framework. Safe yield, simply defined, is the 

amount of water that can be withdrawn from the Houston- 

Galveston region's aquifers without producing an undesired 

104 
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result. More specifically, it is the amount of water that 

can be withdrawn indefinitely without harming the supply 

or basin land owners. 

The electric analog model study and other analyses of 

the regionls ground water supply discussed earlier indicate 

that overall regional withdrawals are still considerably 

less than the rate of recharge. Some estimates have pro¬ 

jected water available from annual natural recharge to be 

as high as 1500 mdg, while present withdrawals are less 

2 
than half of that figure. However, as indicated in earlier 

sections, land subsidence in some parts of the region 

presents a limiting factor on ground water development at 

pumping rates that do not exceed recharge. The economic 

and social costs of land surface subsidence in flood 

prone areas decidedly outweigh the benefits of ground water 

usage in amounts that cause subsidence in those areas. 

To halt subsidence artesian pressures will have to be 

restored and maintained in areas where further subsidence 

cannot be tolerated, with full cognizance of the inter¬ 

dependence of artesian pressures throughout the region and 

between aquifers. Should salt water encroachment become 

a pressing problem, artesian pressures will have to be 

maintained at even higher levels in areas subject to 

encroachment, 

Estimates of regional ground water production in 
3 

amounts not causing harmful subsidence vary from 490 mgd 
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to 1000 mgd,4 assuming that no other measures are taken 

to enhance aquifer productivity. The lower figure offers 

the safest course for planning purposes until evidence 

suggests otherwise. This indicates that regional fresh 

water demands will exceed safe ground water production by 

510 mgd in 1980 and by 1010 mgd in 2000.^ 

Basically, three methods can be used to effect a rise 

in artesian pressure levels: (a) more efficient utiliza¬ 

tion of the current carrying capacity in the area's 

ground water resources through well spacing; (b) enhance¬ 

ment of existing ground water potential through artificial 

recharge and natural recharge protection; and (c) reduced 

ground water withdrawals through replacement by alternative 

sources. It will be shown below that methods (a) & (b) can 

only ameliorate the problem somewhat and that ultimately 

surface water importation will be necessary to meet future 

demands and raise pressures in subsiding areas. 

More efficient ground water utilization 

Development of ground water in the region has been 

based largely on the individual decisions of overlying 

land owners, rather than on considerations of the most 

efficient utilization of available supply. Proper well 

spacing and production controls can enable larger with¬ 

drawals to be made from an aquifer with less decline in 

potentiometric surface than random, concentrated spacing. 
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Spacing practices have been used for almost two decades 

by several underground water conservation districts in 
g 

West Texas and for several decades throughout the nation. 

Widely spaced wells in predominantly agricultural areas 

of the north and northwestern parts of the region are 

believed to be a major factor in keeping declines in 

ground water levels in those areas small despite heavy 

withdrawals. Concentrated well spacing contributes to 

greater water level declines, as demonstrated in the 

Pasadena and La Porte areas.® 

Efficient well spacing involves the siting of water 

wells in a manner that minimizes interference with other 

wells drawing from the same aquifer, thereby facilitating 

the maximum development of available ground water. In 

areas where subsidence or salt water encroachment consider 

ations dictate the maintenance of a predetermined potentio 

metric surface, a well spacing pattern used in conjunction 

with production quotas can be designed to allow for the 

maximum permissible production capable of sustaining 

q 
pressures at the desired levels . The City of Houston 

has done so for years in its ground water development.-*-® 

Spacing is usually determined on an acreage basis 

for each aquifer. Vertical spacing is accomplished by 

limiting the acquifers to be screened by a particular 

well. This procedure lends a three-dimensional quality to 

an already complex situation. While the general practice 
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for large wells in the region has been to develop more 

productive sands in both the lower Chicot and the Evange¬ 

line when hydrological and water quality conditions permit, 

selective aquifer withdrawal will be a key element in an 

effective ground water management program.^ Theoretically, 

a pattern of water well spacing in this region designed 

to halt subsidence would reflect widely spaced wells with 

lower per/acre withdrawals in critical areas and more 

concentrated spacing and increased gallons/acre production 

. . . 12 with distance from the critical areas. 

Artificial recharge 

Artificial recharge of ground water provides an 

additional means of maintaining or increasing artesian 

pressures and enhancing ground water availability. 

Artificial recharge may be defined as augmenting the 

natural infiltration of precipitation or surface water 

into underground formations through man-induced changes in 

natural conditions. Its use has been steadily growing 

in the United States since the turn of the century with 

375 mgd recharged in the state of California alone in 1955.^ 

Several types of recharge methods have been developed 

with the choice governed by local topographic, geologic, 

and soil conditions, the quantity of water to be recharged, 

and the ultimate water use. These factors indicate two 

primary methods of artificial recharge as physically 
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suitable for the Houston-Galveston region; (11 water 

spreading (percolation rechargel over porous material overf¬ 

lying an unsaturated, unconfined aquifer and (21 pressurized 

14 
injection of fresh water by wells into confined aquifers. 

Both of these methods are extensively employed in California 

by the Orange County Water Conservation District COCWD}^ 

and the Santa Clara Valley Water District (SCVWD). to 

enhance ground water availability, to prevent land surface 

subsidence, and to halt salt water encroachment. 

Ground water recharge by surface spreading has the 

greatest history of practice and is the most economical of 

the two methods. Water spreading refers to the release of 

untreated water over the ground surface in order to in¬ 

crease the quantity of water infiltrating into the ground 

and percolating to the water table. It has been the 

primary method of artificial recharge in both the Santa 

17 Clara Valley and Orange County. 

The striking parallels between the Santa Clara Valley 

subsidence problem and the current situation in the 

Houston-Galveston region make worthwhile an examination 

of the measures taken there which completely halted sub¬ 

sidence in that area in 1969. Between 1934 and 1969 over two 

hundred square miles of primarily urban land had subsided 

from 1 to 13 feet in the Santa Clara Valley, resulting in 

salt water flooding from San Francisco Bay, drainage 

problems from changed slopes, collapsed well casings, 
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and recorded costs in excess of ten million dollars. In 

addition to the subsidence problems the decline in ground 

water levels added millions of. dollars to the cost of 

18 pumping. 

As in the Houston-Galveston region, the cause of sub¬ 

sidence in Santa Clara was steadily increasing ground water 

withdrawals which caused artesian pressure declines and hy¬ 

drodynamic consolidation of the clays. It was estimated 

that 1Q% of the total pumpage in the Santa Clara Valley had 

been obtained from clay compaction based on a total volume 

19 of 500,000 acre feet of subsidence. Just as in the Houston- 

Galveston region, subsidence within the Santa Clara Valley 

20 was not appreciable in areas overlying unconfined aquifers. 

Water spreading operations were used in the Santa 

Clara Valley along with well spacing, production controls, 

and surface water importation to stop subsidence and restore 

artesian pressures. By constructing storm water runoff 

reservoirs that emptied into sand bottomed percolation beds 

in hydrologic communication with the underlying aquifers, 

the Santa Clara District raised artesian pressures downdip, 

enhanced aquifer productivity, reduced flooding from storms, 

and provided increased recreational facilities for the area. 

Thus far an additional one million acre-feet of water has 

been conserved by the SCVWD^s percolation recharge facilities 

21 
at a cost of only 4è per 1QGQ gallons recharged. Similar 

recharge enhancement practices have been used by the Orange 

County Water Conservation District since 195Q to increase 
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its ground water supplies, at an average cost of 4.5£ per 

100Q gallons. Imported surface water recharged into the 

OCWD spreading basins during dry periods now accounts for 

50% of the total water artificially recharged in Orange 

County. In the years 1960-1963, an amount equivalent to 

22 
171 mgd was recharged by the OCWD. 

The applicability of artificial percolation beds using 

flood waters stored in reservoirs in the Houston-Galveston 

region is limited by physical and economic drawbacks; rap¬ 

idly inflating land values; constricting hydrologic factors, 

and the law. The low mountainous terrains of the Orange 

County and the Santa Clara Valley areas are highly suitable 

for the construction of relatively deep, large capacity stor¬ 

age reservoirs without requiring enormous land areas. The 

flat, featureless landscape of the Houston-Galveston region 

presents a singularly poor terrain for the construction of 

surface water reservoirs in areas where spreading techniques 

could be used. Most of the flood reservoirs that have been 

constructed in the Houston-Galveston region are emptied as 

quickly as conditions permit after storm events, in order to 

accommodate any additional flooding that may occur from a 

23 subsequent storm. To render the existing reservoirs suit¬ 

able for recharge water storage purposes without endanger¬ 

ing downstream property would require enlarged levees, 

substantial excavation, and greatly increased land areas 

to accommodate the expanded water capacity. 
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Of the various methods of spreading recharge available, 

the basin spreading method and the ditch spreading method 

are the ones most amenable to the Houston-Galveston region's 

topographic and hydrologic conditions. The basin spreading 

method essentially involves the release of waters stored by 

reservoirs into a series of tandem sand bottomed beds, 

formed by construction of dikes or small dams located in or 

24 adjacent to natural stream channels. However, the sands 

in the outcrop areas of the Chicot and the Evangeline 

aquifers are usually full and discharging into the streams 

25 
that cross over them throughout a large part of the year. 

Consequently, recharge by this method would have to be 

limited to drier periods of the year when the surface 

water used for recharge is sometimes in short supply. 

Ditch spreading recharge is accomplished by transport¬ 

ing water to plots of pervious land that has been furrowed. 

The water is then distributed on the land in the same 

manner as in ordinary irrigation practice.26 Since current 

irrigation recharge in the region already provides a sig- 

27 nificant portion of the total ground water budget, the 

ditch spreading method appears to be more promising than the 

basin spreading method. 

Any form of percolation recharge operation using 

surface water must take into consideration the source 

surface water's silt load. Since silt deposition will 

clog recharge beds, desilting the water prior to spreading 

will probably be necessary for the silty surface water 
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2 8 characteristic of streams in the region. Even if silta- 

tion is kept to a minimum, both of the discussed methods 

of artificial recharge can involve considerable areas 

of land. 

The problems posed by the requirement for large land 

areas are compounded by the prohibitively high costs of 

land in the vicinity of reservoir sites suitable for 

percolation recharge in the region. Artificial recharge 

from percolation spreading beds can only be used where 

the beds are in hydrologic communication with unsaturated, 

unconfined aquifers. With the exception of flowing streams, 

the areas overlying the Chicot aquifer under unconfined, 

unsaturated conditions correspond with the area west and 

north of the .07 storage coefficient regional equipotential 

lines (see Figure 6 in Appendix A). As discussed earlier, 

the analog model indicated that the Chicot aquifer in 

this area already receives a significant amount of surface 

recharge from precipitation and irrigation return flows. 

If possible, reservoirs for capturing storm waters 

should be located near the interface of the confined and 

unconfined sections of the Chicot aquifer in order to 

maximize the amount of water captured from the southeasterly 

flowing streams. This interface area falls within expensive 

residential areas located within the city limits of Houston. 

Even the rural areas north and west of Houston are 

experiencing tremendous rises in land values that could 

easily make the costs of new or enlarged reservoirs and 
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spreading hasins prohibitive now, and even more so in the 

2 Q 
future. Despite the high costs of permanent reservoir 

construction, at least one new town development in the 

northern part of the region has constructed a series of 

artificial lakes which could possibly be adapted for 

percolation recharge, along with their present usage for 

flood control and recreation.^ 

Another alternative water source for basin spreading 

recharge is surface water from the Brazos, San Jacinto, 

or Trinity Rivers. Approximately 50% of the artificial 

recharge water used in Orange County, California, is 

31 imported surface water. Problems have arisen there due 

to high concentrations of dissolved solids from imported 

waters which have lowered the quality of the natural ground 

water. High dissolved solids concentrations should not 

pose a problem here for waters from either the Trinity or 

San Jacinto; however, the Brazos River water occasionally 

32 
has relatively high total dissolved solids concentrations. 

Continuous spreading of imported surface water allows for 

storage of otherwise unneeded and unused surface water during 

periods of surface water surplus, while providing insurance 

for periods of drought.. 

Reclaimed waste water is also used extensively as a 

source for recharge spreading operations in the alluvial 

aquifers of Orange County, California,33 Thus far, bacterial 

contamination from this water has not been problematic, 
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but the reclaimed water has raised total dissolved solids 

concentrations to even higher levels as a result of high 

concentrations in the source water.^4 

The spreading recharge techniques are not mutually 

exclusive, and a combination of them would probably be 

desireable, The total benefits derived from multi-purpose 

reservoir systems for flood control, recreation and artifi¬ 

cial recharge, or from surface spreading of imported surface 

water and reclaimed waste water uses, certainly justify 

further study and evaluation of a region-wide percolation 

recharge program. Costs will vary with capacity, geology, 

lengths of conveyance conduits, costs of land, and environ¬ 

mental impacts of each location considered. Useful cost 

comparison formulas are available to determine the economic 

35 
desireability of a spreading recharge system. 

Injection wells have been successfully used by the 

Orange County Water District to maintain pressure levels 

3 6 adequate to prevent saline water encroachment since 1953, 

The Santa Clara Valley Water District plans to use injection 

wells for the same purpose in the Palo Alto area in the 

37 
near future. An injection well raises potentiometnc 

surfaces by creating a hydraulic "mound" of fresh water 

pressure that emanates from the point of injection. The 

Orange County Water District constructed a line of injec¬ 

tion wells paralleling the Orange County coastline, about 

2QQGL feet inland from the ocean and also inland from the 

fresh water—saline water interface. Each well was injecting 
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as much as .65 mgd through the application of heads of 

40 to 50 feet of water to the wells. Fresh water injection 

by these wells formed an artesian pressure "ridge" along 

the line of wells sufficiently high to stop further salt 

water encroachment. The pressure ridge actually resembles 

a series of peaks corresponding to each well with saddles 

in between. Injection well spacing requirements are 

governed by pressures at the lowest point on the saddle 

which must still be high enough to prevent further saline 

water encroachment. The Orange County District reduced 

the number of pressure wells required by using a line of 

withdrawal wells parallel and seaward to the injection wells 

pumping from the saline portion of the aquifer. These wells 

create a trough in the pressure levels of the saline water 

that reduces the amount of pressure rise that must be 

38 induced by the recharge wells. 

The major disadvantages of injection wells are their 

high capital and operating costs, and the requirement of 

supplemental recharge water of a quality as high as that 

of the fresh water in the aquifer to prevent aquifer contam¬ 

ination and well clogging. The injected water must be 

suitable for future use, chemically compatible with the 

native ground vater and associated water bearing material, 

free of suspended solids, essentially free of dissolved 

39 oxygen, and free of bacteriological contamination. The 

possible sources for this water in the Houston-Galveston 
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region are all expensive;consisting of ground water 

transported from a part of the region that can support 

increased withdrawals, imported treated surface water, 

reclaimed municipal and industrial waste waters, and 

40 desalinized ocean water. In the Rouston-Galveston 

region desalinized ocean water and reclaimed municipal 

waste water at least offer the advantage of close proximity 

to the subsidence areas and to the fresh water/salt water 

interface, thereby reducing the transportation cost aspect 

of furnishing supplemental water to injection wells. 

Water used for injection is not lost for future 

reuse as a water source. Only 5% of the water used for 

injection in Orange County, California, is wasted to the 

saline portions of the aquifer, and the remainder is 

available as part of the overall fresh ground water supply. 

Thus the injection wells serve a dual purpose in that they 

protect against seawater intrusion and recharge the ground 

water in an overdraft area.^ In the Houston-Galveston 

region such water would additionally contribute to halting 

land surface subsidence. 

Economic justification of an injection barrier system 

to protect an entire ground water basin and prevent 

subsidence requires consideration of the value of assuring 

the protection of the safe yield of the basin; the value 

of the basin as a storage reservoir in relation to provid¬ 

ing adequate surface storage; the comparative costs of 

other meajis of halting subsidence and salt water 
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encroachment; the cost of a supplemental water supply; 

and the cost of distribution and treatment facilities for 

such a supply. The economic justification for injected 

recharge in Orange County and the Santa Clara Valley 

lies in the tremendous utility of a nonevaporative large 

underground storage reservoir that can meet industrial 

and municipal peaking demands without increased distribu¬ 

tion lines, and provide an alternative source of water 

during periods of drought.^ 

According to hydrologists in this area, the indeter¬ 

minate rate and extent of saline water encroachment in the 

Houston-Galveston region does not presently provide an 

adequate justification for injection wells on the basis of 

saline water encroachment alone. Research is presently 

being conducted by the United States Geological Survey to 

update Winslow's 1957 data on saline water encroachment, 

which hopefully will indicate whether the problem can still 

be ignored. Although land surface subsidence can also be 

inhibited and stopped by the increased pressures created 

by injection wells, researchers believe that pressure 

level restoration sufficient to halt subsidence can be at¬ 

tained more quickly and far more economically by better well 

43 spacing and pumpage reductions in the critical areas. 

Even with relatively heavy average annual precipita¬ 

tion, surface supplies in the Houston-Galveston region are 

subjected to periods of drought which correspond with peak 

. . 44 
demands by municipal and agricultural users. 
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Ground water in amounts greater than needed to halt land 

surface subsidence and saline water encroachment could be 

maintained by artificial recharge to carry the region 

through these periods. The rapidly expanding industrial and 

population growth of the region may eventually require that 

continuous recharge operations be conducted in order to 

provide a reliable alternative source of water when surface 

supplies are taxed beyond their limits, and additionally 

to maintain the viability of the region's aquifers for 

continued fresh water storage. 

Deficiencies in the law concerning ownership and con¬ 

trol of ground water has been more of an impediment to 

ground water well spacing, artificial recharge, and other 

ground water management techniques than economical or 

technological problems. Due to these gaps in the Texas 

law of ground water, efforts for acquiring alternative 

fresh water supplies have focused almost entirely on 

development of surface water sources. 

Desalinization of sea water and wastewater reclama¬ 

tion — 

Despite intensive research efforts, desalinization 

and wastewater reclamation are still not economically 

competitive with available surface water in the Houston- 

Galveston region that can be treated by conventional 

filtration and softening processes. Cost comparisons 

in 19.68 estimated that large (30 ^ 100 mgdl desalinization 

plants would produce potable water for costs of 40£ to 
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50C per thousand gallons, as compared with 12£ to 20i per 

45 thousand gallons for a conventional filtration plant. 

Surface water as the most viable present alternative 

to ground water —- 

Development of surface water for use in the Houston- 

Galveston region has been stepped up considerably in the 

last twenty-five years, primarily as a result of actions 

taken by the city of Houston, Initially the major incentive 

for use of surface water within the region was not land 

subsidence but rather a recognition of the limited capabilities 

of the region's ground water resources coupled with an abun- 

dance of readily available surface water. Since 1954 the city 

of Houston has been the primary participant in the construc¬ 

tion of three major reservoirs on the San Jacinto and 

Trinity Rivers with delivery systems capable of furnishing 

the region as much as 1365 mgd and costing in excess of 

47 300 million dollars. Construction of another reservoir 

with a firm yield of 80 mgd has been halted pending 

48 litigation. Previous studies had forecast construction 

of as many as five more reservoirs on the Trinity and 

San Jacinto rivers to augment existing supplies before the 

year 2000. After that year, trans-basin transfers were 

contemplated from future and existing reservoirs in the 

Neches and Sabine Basins further east. Extensive use of 

water from the Brazos River within the region is limited to 

Brazoria and Galveston Counties with more development 

4 9 planned. Projections for construction of new reservoirs 
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are now reduced in light of rising land and construction 

costs and environmental concerns,5^ 

Surface water development considerations 

Surface water development is an extremely involved, 

costly process requiring a high degree of comprehensive 

advance planning addressed to development, conveyance, 

treatment, and distribution of a basin's yield. Upon 

determining the need for surface water, a geographically 

accessible basin promising adequate yields of suitable 

quality water not already legally committed to other 

users must be located. After sites within a basin which 

possess the requisite geologic and topographic character¬ 

istics are identified, investigations are performed to 

determine the cost of acquiring the land necessary for 

constructing a reservoir on each potential site and for 

the possible conveyance system routes. The results of the 

cost analysis are then submitted to the entities desiring 

water to ascertain their willingness to finance these 

51 
costs. With each year, rising land values and construction 

costs steadily erode the economic feasibility of future 

dams and will probably limit the number of major reservoirs 

serving the Houston-Galveston region to those already 

52 
completed or under construction. 

The site surviving these tests must furthermore be 

analyzed for its environmental impact if federal funds 

are involved,in a statement weighing all of the costs, 
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benefits and alternatives to the proposed site., 

a result of this requirement, the environmental aspects 

of reservoir construction receive far more attention now 

than they did even ten years ago. 

In the case of a reservoir, the environmental impacts 

involve the direct effects of an impoundment on the area 

of inundation or areas downstream of it, as well as the 

secondary effects of induced growth resulting from the im¬ 

poundment. An Environmental Impact Statement CEIS) for a 

reservoir must therefore address consideration of 

archeological site inundation; water quality effects, 

resultant population and industrial expansion; damages 

to wildlife, waterfowl and fish; and explain the benefit- 

54 cost ratio of the project. The Environmental Impact 

Statement prepared for Wallisville Dam near the mouth of 

the Trinity River revealed that by inundating almost 20,000 

acres of land the project would displace families within 

the site, destroy wildlife habitats for several endangered 

species of wildlife, and alter existing fish habitats on 

55 that section of the river. 

Reservoir projects also decrease the inflow of fresh 

water to coastal estuaries Cbays)., thereby altering the 

salinity levels and water circulation patterns within the 

estuaries. Salinity levels are a major factor in determin¬ 

ing an estuaryecological suitability for oysters, 

shrimps, speckled trout, red fish, and other euryhaline 

organisms native to Gulf Coast Waters. Moreover, fresh 
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water inflows flush the estuaries of pollutants, while 

furnishing the proper balance of nutrients into the bay to 

sustain a balanced estuarine ecology.^ Reduction in 

estuarine habitats translates into economic declines in 

57 commercial and sport fishing. 

The importance of fresh water inflow is now recognized 

in Texas statutory law. An amendment to the Texas Water 

Code enacted by the 64th Legislature in 1975 mandates 

consideration and study of "the maintenance of a proper 

ecological environment of the bays and estuaries of Texas 

58 and the health of related living marine resources" in 

river basin management programs. This amendment was 

passed expressly to assure consideration of maintenance 

59 of adequate fresh water flows to Texas estuaries. 

The Environmental Impact Statement requirement pro¬ 

vides an essential tool for insuring full evaluation of 

reservoir projects. However, the increased planning and 

scrutiny given to reservoir siting can considerably in¬ 

crease the time and expense required for final completion. 

The Wallisville project on the Trinity River illustrates this 

point. After years of planning, funds for its construction 

were approved by Congress in 1962, and construction began 

in 1966. In 1972, after 77% of the project was finished, 

an injunction was issued by federal court due to deficiencies 

in the project's EIS.^^ The project remains stalled today 

pending preparation of an amended EIS pursuant to a Fifth 

Circuit Court of Appeals opinion Costs of the reservoir 
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are now expected to be $5,000,000 more than the original 

6 2 
$28,000,000 estimated, as a result of the delay. 

Once a site has been selected and approved, selection 

of a suitable conveyance system route involves consideration 

of construction costs, right-of-way acquisition, projected 

demand areas, water treatment plant siting, and development 

of a distribution system capable of accepting a flow that 

emanates from one large conveyance system rather than from 

hundreds of wells scattered throughout the area. This 

last factor usually requires construction of booster stations 

63 with auxiliary, water storage to meet peak-hour demands. 

Surface water requires extensive treatment before it 

can be used for either municipal or industrial purposes. 

Industrial treatment will involve water clarification treat¬ 

ment as a minimum, and much more treatment may be required 

depending on the original quality of the source water and 

the process for which it is used. Municipal treatment of 

high quality Lake Houston water involves pre-chlorination, 

coagulation, settling, filtration, stabilization with lime, 

64 and post-chlorination. 

Treatment facilities for surface water involve huge 

expenditures to defray capital and operating expenses, 

in contrast to the relatively small outlays in time and 

money needed to render ground water acceptable for municipal 

and industrial purposes. While there are economies of 

scale realized by larger facilities, construction of 

treatment facilities for the city of Houston's surface 
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water system's needs alone are expected to exceed 128 million 

dollars by the year 2000.^^ 

In addition to the steep costs, a design period of 

from 6-12 years is required for constructing a municipal 

treatment plant with a capacity of 50-60 mgd. Shorter 

design periods can be allowed for design and construction 

of industrial plant facilities or smaller municipal 

1 4. 66 plants. 

Surface water sources for the region 

The Houston-Galveston region lies within all or parts 

of the coastal drainage basins of the San Jacinto River, 

Trinity River, and Brazos River, and relatively near 

the abundant flows of the Neches and Sabine Rivers to the 

east. 

Brazos River — 

The Brazos River is not a viable alternative for most 

of the region in light of a Texas Water Rights Commission 

policy requiring that trans-basin diversion should be made 

only from the water-rich river basins in east Texas to 

6 7 
the progressively drier basins to the west. However, 

present and future water demands within the Brazos-San 

Jacinto Coastal Basin, which includes Galveston, Brazoria, 

Fort Bend, and Austin Counties, are expected to be met, at 

least in part, by Brazos River water with a surplus remain¬ 

ing well into the future. No reservoirs are proposed on 

the main channel of the coastal basin of the Brazos. 
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Off-channel reservoirs have been developed as needed for 

temporary storage and distribution. The periodically 

poor water quality of the Brazos River, caused by high 

concentrations of chlorides and other dissolved solids, 

renders it less desireable as a source of water, requiring 

increased levels of treatment to bring the water up to an 

acceptable quality for domestic and most industrial 

uses. Consequently, only two municipalities in Galveston 

County currently plan to use Brazos River water for 

domestic use. However, several Texas City industries 

have relied on the Brazos River for cooling water since 

1948.69 

San Jacinto River — 

The San Jacinto River Basin drains 3976 square miles 

in the center of the Houston-Galveston region and was 

the first source of surface water utilized by the city of 

Houston when the city constructed Lake Houston in 1954 

with a firm yield of 130 mgd. The recently completed Lake 

Conroe, built above Lake Houston, has a firm yield of 75 

mgd which can be used to augment Lake Houston's capacity. 

The San Jacinto River's excellent water quality and close 

proximity have been the major factors in its intensive 

71 development. 

The city of Houston currently treats 80 mgd of Lake 

Houston water and expects to increase this amount to 137 

mgd in 1976. Another 80 mgd of San Jacinto water pre- 



127 

sently goes to industrial users on the Houston Ship Channel, 

although this practice will be discontinued upon comple¬ 

tion of the Coastal Industrial Water Authority Canal from 

the Trinity River in 1977. At that time those industries 

using San Jacinto water will switch to Trinity River water 

from Lake Livingston. Eventually, expansion of the existing 

surface water treatment facility and construction of new 

ones are expected to make possible treatment of the entire 

200 mgd firm yield of the existing San Jacinto reservoirs 

72 for Houston's municipal use. 

Four other reservoirs had previously been projected 

for construction on the San Jacinto Basin, but the proba¬ 

bility of construction for any of these now appears dim as a 

result of soaring land values within the basin. The first 

two to be deemed infeasible were Lake Humble and Lower East 

73 
Fork in 1968, and the high costs of land probably will pre- 

74 
vent construction of Lake Cleveland and Lake Creek as well. 

The maximum dependable yield of Lake Houston's and Lake Con¬ 

roe's 200 mgd is already largely committed to the city of 
75 

Houston's present and future domestic needs. 

Trinity River — 

The Trinity River, lying east of the San Jacinto River, 

constitutes the largest single source of surface water for 

industrial and municipal uses in the Houston-Galveston 

region, with a drainage area of 17,969 square miles at the 

7 6 
mouth and a basin length of 360 miles. Reservoirs on the 

coastal portion of the Trinity consist of the 
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recently completed Lake Livingston reservoir and partially 

constructed Wallisville reservoir. The firm yields of 

these two reservoirs for the region, exclusive of pre¬ 

existing water rights, are 1120 mgd and 80 mgd, respectively, 

with greater yield potential available if operated con¬ 

junctively. Therefore, as much as 1.2 billion gallons a 

day could eventually be diverted to the industrial-municipal 

heart of the region via the Coastal Industrial Water 

Authority canal. 

The Coastal Industrial Water Authority canal is expected 

77 
to be finished m 1977, three years behind schedule. 

The 1.2 billion gallons a day capacity canal extends from 

the Trinity River below Lake Livingston to the Lynchburg 

reservoir at the confluence of the Houston Ship Channel 

and the San Jacinto River, From that point the water is 

pumped via three large pipelines under the ship channel 

to three major distribution lines that extend to various 

locations south of the channel. One of these lines runs 

parallel to State Highway 225 south of the Houston Ship 

Channel. A second line extends to Bayport and a third 

line will connect with the industrial complex at La 

Porte . 

Other studies have recommended a reservoir sited on 

Bedias Creek above Lake Livingston as an additional 

potential Trinity River supply source for the area. Like 

the proposed San Jacinto River reservoirs; however, its 
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prospects now appear unlikely, due to escalating costs 

7 8 and a dearth of proponents. Trinity River quality is 

considered lower than that of San Jacinto water, because 

of higher concentrations of total dissolved solids and 

greater hardness. One major industry already using 

Trinity water must use lime-soda softening to eliminate 

the water's corrosive properties and, occasionally, 

8 0 activated carbon to remove organics. Another industry 

using San Jacinto water has expressed reservations con¬ 

cerning future diversion of Trinity water to Lake Houston, 

81 due to its lower quality. 

As originally conceived, the Livingston and Wallis- 

ville impoundments were projected primarily to satisfy 

industrial and,to a much lesser extent, agricultural 

demands in Harris, Chambers, and Galveston Counties, rather 

than domestic usage. Greatly reduced industrial demands 

due to increased recycling, subsidence, and limitations 

on San Jacinto development have changed this picture, 

leaving water available for the city of Houston and other 

municipal users. Due to the San Jacinto River's limited 

potential the city of Houston plans to divert 400 mgd 

of Trinity water to Lake Houston via Luce Bayou to meet 

8 2 increased future municipal demands. Municipalities in 

close proximity to the Coastal Industrial Water Authority 

canal and distribution system, and within subsiding areas, 

83 will also be using Trinity River water. 
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Neelies and Sabine Rivers — 

Safe ground water yields comhined with diversions from 

the San Jacinto, Trinity, and Brazos Rivers can easily 

satisfy all of the region*s water demands until the year 

2000. After that, the existing and planned reservoirs on 

the Neches and Sabine Rivers are expected to provide major 

trans-basin diversions of 2840 billion gallons a day of 

84 high quality water. The city of Houston exhibited 

foresight in developing large reliable sources of surface 

water, and such development enormously simplifies the task 

of alleviating subsidence through pumpage reductions by 

providing a reasonable, alternative source of water. 

Despite repeated invitations by Houston, other communities 

never offered to participate in the Trinity and San 

Jacinto water development endeavors, leaving most of the 

task of financing Lake Houston, Lake Conroe, Lake Livingston, 

8 5 and their canal systems to the city of Houston. As a 

consequence, many parts of the region can, for all practical 

purposes, look only to the city of Houston for water, 

as pumpage reductions are imposed. 

To reassure potential customers of surface water 

that rates will not be subject to the whims of the Houston 

City Council, the city of Houston has agreed by contract 

to refrain from raising rates for surface water unless 

8 6 
proportionate rate hikes are imposed within the city. 

However, many other areas of contention can exist in 
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negotiating contracts for surface water which include 

take or pay requirements for set volumes of water, 

right-of-way for the service headers on the canal, 

points of delivery, delivery charges, and restrictions 

87 on water use. The potential for abuse inherent in a 

monopoly situation suggests the need for some form of 

review to insure that all purchasers of surface water 

88 are treated fairly and equitably. 

Determinations in converting to surface water 

The foregoing review of alternative water sources 

indicates that surface water, albeit expensive, presents 

the most feasible replacement for ground water in terms 

of time and money for areas in Harris, Galveston, and 

Chambers Counties that are experiencing severe subsidence 

problems. A management program that curtails present 

ground water production or prohibits future ground water 

production should take into account the costs of surface 

water conversion for any given ground water user and the 

opportunities that exist for cost-saving water system 

consolidations. Determining the connection costs for an 

individual user presents the easiest part of the problem • 

if cost considerations are confined strictly to pipe 

costs, pump station costs, and distance from the source. 

Numerous computer programming models have been developed 

8 9 to provide this kind of information. However, evaluating 
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each entity individually ignores the benefits that may be 

obtained by jointly managed water distribution systems 

that incorporate conjunctive uses of surface water and 

ground water. Consolidation or joint operation of 

several municipal or industrial water supply systems holds 

greater prospects for total system cost savings. A water 

supply study undertaken by the 13 county Houston-Galveston 

Area Council (HGAC) analyzed the entire 13 county region to 

determine which water supply systems would benefit from 

90 
consolidation with neighboring water supply systems. 

Actual implementation of HGAC's grouping recommenda¬ 

tions would signify a major change in water resource man¬ 

agement for the region, where water planning policies have 

historically been made by the individual decisions of 

several cities, over 300 water districts, and various other 

water authorities. The totally decentralized decision 

making process functioned adequately for entities that 

could be self-sufficient with a seemingly unlimited ground 

water supply, but it will not operate efficiently for a 

region requiring importation of surface water to supple¬ 

ment a limited water supply. 
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III. CONTROLLING THE PROBLEM OF LAND SUBSIDENCE 

The preceding sections clearly indicate that the 

problems associated with land surface subsidence and salt 

water encroachment caused by ground water withdrawals in the 

Houston-Galveston region can be halted by reducing with¬ 

drawals in some areas without completely curtailing ground 

water pumpage throughout the region. At the present time 

subsidence presents the major concern associated with the 

use and development of ground water in the Houston- 

Galveston region. Fortunately, solving subsidence will also 

contribute to checking, or at least substantially slowing, 

salt water encroachment. In areas where no further 

subsidence can be tolerated, subsurface clay compaction can 

only be halted by achieving a rebound in artesian-head that 

is sufficient to equalize pressures in the clays with 

pressure in the sands. Before addressing the legal and 

institutional considerations involved in controlling subsi¬ 

dence, the ground water subsidence problem will be reviewed 

from the standpoint of management. 
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A. Management Considerations 

Ground water contained in the Gulf Coast aquifers repre¬ 

sents a renewable resource which can be "harvested" as the 

water flows at a glacial pace from inland recharge areas 

southeasterly towards the Gulf. This vast and broad, slow- 

moving subsurface "river" can be tapped to yield enormous 

amounts of high quality water without increasing land sub¬ 

sidence or salt water encroachment if withdrawals are 

properly managed. Ground water users and the community as 

a whole have enjoyed the benefits of inexpensive ground 

water at the expense of those who have been injured by sub¬ 

sidence. However, no single well contributes enough to the 

problem to cause discernible subsidence. Rather, the cumula¬ 

tive, interactive effect of many wells pumping in the same 

general vicinity causes pressure declines of a magnitude 

sufficient to cause significant subsidence.^ 

In Harris and Galveston counties alone, over 1500 wells 

provide more than over 75% of all water used by industries, 

municipalities, and agriculture.2 The immediate curtailment 

of any major ground water user contributing to subsidence 

would cause severe social and economic dislocations. Fur¬ 

thermore, the availability of economically priced water is 

a prerequisite to development of land for any sizeable 

industrial, residential, or agricultural use. Hence, water 

availability is an important element of land value. Surface 

140 
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water should become available for a large part of the 

critical subsidence areas in 1976-1977, but at substan¬ 

tially higher costs than ground water, raising the issue of 

how to determine which ground water users must switch to 

surface water and which ones will be allowed to remain on 

ground water. Another consideration is whether to leave a 

percentage of the available ground water yield uncommitted 

as an interim supply for fledgling residential developments, 

emergency water shortages, etc. The subsidence problem 

involves considerations of equity among those ground water 

users competing for a "safe" yield that will be smaller than 

previous withdrawals in certain areas; as well as considera¬ 

tions of equity between ground water users and subsidence 

victims. 

Land surface subsidence caused by ground water with¬ 

drawals in the Houston-Galveston region presents the 

classic environmental challenge of optimizing resource 

utilization while minimizing resultant problems; i.e., the 

total benefits derived from ground water usage should equal 

or exceed the total costs associated with ground water pro¬ 

duction. However, if the costs created by ground water 

withdrawals, whether economic or social, are not incurred by 

the entities using the water, then ground water users have 

no economic disincentive to curtail their use of ground water 

when their withdrawals are injurious to surrounding land- 

owners. Ideally, the incentives and disincentives for 
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ground water production provided by the law should optimize 

net social product. Developing a legal framework to attain 

such a goal inevitably involves a balancing of social, 

economic, and environmental considerations with some sacri¬ 

fices of each consideration to achieve an overall optimum. 

Professor Trelease proposes that optimal social product in 

ground water usage is best accomplished by granting private 

property rights in water that are: (1) secure enough to 

encourage development; (2) flexible enough for economic 

forces to change them to better uses; and (3) subject to 

public regulation only when private economic action does 

not protect the public interest.^ 

Several components go into each of Trelease's three 

broadly stated guidelines. The first guideline must be 

viewed in the broad sense—security of the ground water 

users and those affected by ground water usage. The first 

guideline obviously favors present ground water users over 

future users. Another aspect of the first guideline is 

that of protecting the investment expectations of ground 

water users who act in reliance upon a ground water program. 

Thus a ground water reservoir's capacity should not be 

overextended, and suspensions of existing rights should be 

carefully exercised. Consistency with the first goal would 

support compensation to ground water users required to 

forfeit their rights to other users. However, compensation 

would not be required if forfeiture of pumping rights 
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became necessary to protect the health, safety, and welfare 

of those affected by ground water users.4 Correlatively, 

the first guideline also suggests that the costs created by 

ground water production, such as subsidence damage or the 

regulation of ground water pumping, should be borne by 

the ground water user in order for the user's activity to 

reflect all costs of production and not simply operating 

and capital costs.5 

Attainment of the second guideline of flexibility can 

be consistent with that of the first guideline of investment 

security if the justification for change rests either on 

protection of the public welfare (for example, to arrest 

subsidence or halt salt water encroachment), or on compensa¬ 

tion paid for shifting a present ground water use to a 

higher economic use either by eminent domain or by private 

contract in the market place. Economic value alone may be 

too limited a measure for allocating the safe yield on a 

long range basis. For example, the cost of water ordinarily 

comprises a much lower percentage of total production cost 

for industries than for agricultural users, and the ability 

to use less water may be more realistic for some industries 

than for agricultural users and domestic users. A flexible 

program should incorporate all relevant short term and long 

term considerations rather than adhere strictly to short 

term economic considerations. Other aspects of a flexible 

program are provisions for forfeiture of vested rights by 
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non-use and exceptions for withdrawals that are insignifi¬ 

cant (for example, a small capacity single family domestic 

well). 

The third guideline involves selection of a control 

mechanism that minimizes foregone future benefits (oppor¬ 

tunity costs) and adverse effects on the general public, 

while encouraging full utilization of the resource. Selec¬ 

tion of a control mechanism effectively accomplishing this 

task presents the most crucial, difficult, and controversial 

hurdle to clear, since it must address all of the Houston- 

Galveston region's hydrologic, geologic, economic, legal, 

political, and social characteristics. The institutional 

mechanism should consist of a viable ongoing program that 

can: (1) assemble historical data on all relevant aspects 

of ground water conditions, alternative water sources, 

regional water usage, land surface subsidence, salt water 

encroachment, and other pertinent information; (2) develop 

an ongoing, efficient, and precise monitoring program for 

all of, the parameters listed in (1) ; (3) develop a reliable 

hydrologic model for simulation and evaluation of the 

effects of future water usage scenarios; (4) develop reliable 

projections of future water demands and alternative methods 

of meeting these demands utilizing broad, long term, cost/ 

benefit analysis for evaluation of each alternative; and 

(5) provide for effective dissemination of the information 

developed in the preceding steps to all persons affected by 
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action or inaction concerning ground water, to insure, to the 

extent possible, informed decision-making. 

Although the fundamental scientific questions surround¬ 

ing the phenomena of subsidence in the Harris-Galveston 

region have been answered, the legal mechanisms necessary 

to implement solutions to the problem, consistent with the 

above criteria, have still not completely evolved. The 

reasons for the delay stem primarily from the deficiencies 

and uncertainties in the common law and statutory law of 

Texas concerning ground water, interrelated with state and 

local political considerations. Keeping in mind the 

guidelines presented in this section, the following section 

will evaluate the various legal approaches to the subsidence 

problem presently being taken in the Houston-Galveston region 

and consider other approaches that could be used. 

*In the previous section of the thesis, footnote cita¬ 
tions follow the format set forth in Kate L. Turabian's 
A Manual for Writers of Term Paper, Theses, and 
Dissertations^ 44th ed. (Chicago: University of Chicago 
Press, 1973) . Since this section of the thesis deals 
primarily with the legal aspects of the subsidence problem, 
footnote citations will be presented in accordance with the 
format set forth in the Harvard Law Review's A Uniform 
System of Citation (7th Printing, 1971). 

^"Interview with R. K. Gabrysch, Assistant Chief, 
Houston office, U.S. Geological Survey, August 1977. 

2 
Id., and R. K. Gabrysch, Development of Ground Water 

in the~Houstbn District, Texas, 1970-74, Texas Water 
Development Board Report (in progress, 1977). 

3 
Trelease, Policies for Water Law, Property Rights, 

Economic Forces, and Public Regulation, 5 Natural Res. L. 
Rev. 1 (1965). 

^F. Bosselman, D. Callies, J. Banta, The Taking Issue 
(1973). 
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B. Institutional and Legal Considerations 

Generally, two central legal issues are raised by 

subsidence caused by ground water withdrawals: (1) what 

kind of compensation does the law provide for those 

injured by subsidence; and (2) what means exist to manage 

ground water production in a manner that maximizes those 

withdrawals that do not cause harmful subsidence. Private 

and governmental remedies are presently being pursued to 

obtain compensation for subsidence damages and to abate 

future withdrawals that cause subsidence in the Houston- 

Galveston region. 

The availability of private (self-help) remedies for 

subsidence caused by ground water withdrawals 

The Texas case law of ground water, lateral and subja¬ 

cent support, nuisance, negligence, and inverse condemnation 

yields no clear indication of the availability of private 

remedies for land subsidence caused by ground water with¬ 

drawals on adjoining or surrounding land as the issue is one 

of first impression in Texas. However, the subsidence 

liability issue is now before Texas courts in two class 

action’lawsuits that have been filed in Harris County, 

Texas, against major ground water users near the Houston 

Ship Channel and Galveston Bay, seeking injunctive relief 

and millions of dollars in damages.^ One of the suits, 
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Brown v. Exxon,^ was filed by landowners in the Brownwood 

Subdivision in Baytown, and the other, Smith-Southwest 

Industries v. Friendswood Development Co.,3 was filed by 

landowners in the Clear Lake-Seabrook area. In July, 1975, 

Judge Reagan Cartwright, presiding judge in the 55th Dis¬ 

trict Court in Harris County, effectively halted any fur¬ 

ther proceedings at the trial level in both suits when he 

granted a motion by Friendswood for summary judgment, ruling 

that Texas law does not provide recovery for damages due to 

land surface subsidence caused by ground water withdrawals.^ 

Plaintiffs appealed the summary judgment to the First Court 

of Civil Appeals in Houston which reversed and remanded the 

trial court's ruling on January 27, 1977.^ 

In its holding, the Court of Appeals summarized the 

general facts surrounding the case succinctly: 

The appellants' petition recites that they are land 
owners in the area of Seabrook and Clear Lake, and as a 
class include all owners of fee simple and lease-hold 
estates along the west bank of Galveston Bay from the 
north dike of the Houston Yacht Club, following the 
shore line south to the mouth of Clear Creek, and include 
the entire shoreline of Clear Lake, Armand's Bayou, and 
Taylor Bayou from the shoreline to a contour line with 
elevation 15 feet above the shore line, excluding what¬ 
ever land the appellees own. Some of the land owners 
use their property as residences, others for business 
purposes. The appellees own property inland from that 
owned by appellants and pump massive amounts of subsur¬ 
face fresh water from their property to sell to industrial 
purchasers. 

The appellants contend this extensive withdrawal of 
fresh water has proximately caused the sinking and loss of 
elevation above mean sea level of their property and the 
property of others similarly situated along the shores of 
Galveston Bay and Clear Lake which has resulted in the 
destruction of the land and improvements by flooding.6 
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On the basis of these fact allegations the plaintiffs 

claim that the defendants' activities constitute a nuisance 

in fact, which is an activity or condition that, although 

lawful, becomes a nuisance by reason of the circumstances 

and surroundings.^ 

Alternatively, plaintiffs contend that defendants were 

negligent in the conduct of their activities because: 

(1) Appellees proceeded to withdraw massive amounts 
of ground water with knowledge that it would cause 
damage to appellant landowners, (2) appellees negligently 
spaced their wells in too tight a pattern and placed them 
on the Galveston Bay and Clear Lake side of their land, 
thus concentrating the land subsidence, and (3) appellees 
have pumped too much water from these wells in too short 
a period of time, compounding the damaging effect. Fur¬ 
ther, that defendant Friendswood had sufficient surface 
water available to supply their customers.8 

Two additional theories of recovery asserted by the 

plaintiffs but not ruled on by the Court of Civil Appeals 

were that the defendants intentionally interfered with 

plaintiffs' property by diverting water onto and across the 

plaintiffs' property; and that defendants' actions consti¬ 

tuted a wrongful and unconstitutional taking and conversion 

of property (surface land) for private use without compensa¬ 

tion (inverse condemnation). The plaintiffs have carefully 

emphasized throughout the litigation that they are presenting 

a damage to land case and not a water rights case.® 

The defendants simply contend that under the Texas case 

law of ground water the defendants have an absolute right to 

withdraw water from their property even when such with¬ 

drawals directly injure their neighbors' property.^* The 
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question then is which right must yield: a landowner's 

"absolute right" to lateral and subjacent support or, at 

least, the right to the full use and enjoyment of his 

property; or the neighboring landowner's "absolute right" 

to withdraw ground water from his land. 

The Court of Civil Appeals distinguished the absolute 

ownership rule applied in disputes over ownership of ground 

water in Texas from situations wherein a landowner's negli¬ 

gent use of ground water damages neighboring landowners' 

surface estates, holding: 

Because of a landowner's absolute right to take all 
of the water which he can produce from his land, the 
fact that this taking causes the land of others to subside 
will not, standing alone, give them a cause of action. 
But if the landowner is negligent in the manner by which 
he produces the water, and the negligence is a proximate 
cause of the subsidence of another's land, the fact that 
he owns the water produced will not insulate him from 
the consequences of his negligent conduct. . . . 

We sustain the appellants' first four points of error. 
We cannot say that they failed to state a cause of action 
against the appellees based on the theories of negligence 
and of nuisance in fact. . . . 

We reverse and remand the trial court's order. . . . H 

The defendants, ground water users, have filed an appli¬ 

cation for a writ of error with the Texas Supreme Court, 

seeking to overturn the Court of Civil Appeals' holding 

which has been granted.12 Therefore a Texas Supreme Court 

opinion shall yield an answer to the question of the availa¬ 

bility of tort recovery for ground water caused subsidence 

in 1978. The following section will discuss ground water 
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case law in Texas and other jurisdictions on this issue. 

Ground water case law — 

Despite their hydrologic interdependence, ground water 

and surface water are governed by completely different 

rules of ownership in Texas, as in almost all states. Texas 

statutes make clear that what is defined legally as sur¬ 

face water is owned by the state.13 in Texas, a claimant 

seeking to appropriate surface water must obtain a permit 

from the Texas Water Rights Commission after a hearing. 

The appropriator does not have to own land along the water 

course; he only has to take the water and put it to a 

beneficial use. In times of shortages, older water rights 

are maintained by suspending the junior appropriative use 

of water.1^ 

With regard to ground water, however, Texas courts 

follow the so-called "absolute ownership rule," oftentimes 

called the "English rule," and the "rule of capture," 

which gives the surface owner absolute ownership of the 

water underlying his land and permits the surface owner to 

withdraw all the ground water that can be captured from 

beneath his land even if surrounding landowners are de- 

prived of the water underlying their land. 

The "Rule of Absolute Ownership" constitutes one of 

three basic doctrines used by American courts to govern the 

rights of landowners to what the courts refer to as 

"percolating water" beneath their land.-'-® The other two 
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are the "Doctrine of Collateral Rights," also known 

as the "Correlative Rights Doctrine," and the 

. 17 "American" or "Reasonable Use Rule." Some commentators 

recognize another category of common law and statutory 

doctrine followed in several states, called priority 

of appropriation of percolating waters, that functions 

in a manner similar to that of surface water law in Texas, 

described earlier.^ 

Four factors appear to influence the types of 

ground water law English and American courts have adopted 

when presented with a dispute over ground water: (1) the 

importance of ground water in the jurisdiction where 

19 the dispute arose; (2) the deciding court's level of 

20 understanding of the science of hydrology; (3) the level 

of existing pump and well technology as related to the 

magnitude of the problem caused by the pumping; and 

(4) the deciding court's willingness to involve the 

22 
courts in ground water disputes. 

The influence of these four factors is apparent in 

the first reported case involving property rights in 

ground water, the English case of Acton v. Blundell. 

Although decided in 1843, long after the American states 

had embarked on their own formulations of the common 

law and three years after Texas as an independent country 

23 
adopted the common law, Acton has been widely followed 

by American courts.^ 

The historical context of mid nineteenth-century 
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England did not favor judicial involvement in ground 

water disputes in a country where both surface and ground 

25 water could be found in abundance. While the technology 

of wells and pumps was still very much in its infancy, 

a level of development had been achieved enabling pumpage 

2 6 from one well to dry up surrounding wells. Considering, 

however, that many educated persons were still convinced 

that ground water flowed to wells and springs from the 

27 ocean m subterranean rivers, not surprisingly the 

Acton court was unwilling to involve itself in ground 

water disputes between adjoining landowners. Lacking 

any better information, the English appellate court in 

Acton made its own scientifically erroneous finding of 

fact that became the basis for the doctrine of absolute 

ownership, stating, ". . . .no man can tell what changes 

these underground sources have undergone in the progress of 

2 8 time. ..." Shortly thereafter, an American court 

made similar utterances in Roath v. Driscoll wherein the 

Court stated: 

The laws of its existence and progress. . . . cannot 
be known or regulated. It rises to great heights, 
and moves collaterally, by influences beyond our 
apprehension. These influences are so secret, 
changeable, and uncontrollable, we cannot subject 
them to a rule of law, nor build upon them a 
system or rules, as has been done with streams 
upon the surface. 9 

The fact finding made by the Acton court led to that 

Court's adoption of the following rule of law: 
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That a person who owns the surface may dig therein 
and apply all that is there found to his own purposes, 
at his free will and pleasure; and that if, in the 
exercise of such right, he intercepts or drains off the 
water collected from the underground springs in his 
neighbor's well, this inconvenience to his neighbor falls 
within the description of damnum absque injuria, which 
cannot become a ground of action.30 

Ironically, Hagens developed his general mathematical 

description of flow through porous material in 1839, more 

precisely elaborated by Darcy in 1856 in a formula still 

used by hydrologists today.31 Unfortunately, several 

decades elapsed before Darcy's scientific tour de force 

would begin to find its way into judicial acceptance. 

The Texas Supreme Court quoted with approval the fore¬ 

going language from Acton in adopting the absolute owner¬ 

ship rule for Texas in the case of Houston & Texas Central 

Ry. v. East, 98 Tex 146 S.W.279 (1904). In that case the 

trial court first made a finding of fact, based on the 

evidence presented, that the pumping of 25,000 gallons per 

day from a railroad well completely dried up Mr. East's 

domestic well- causing damages of $206.25. The trial court 

also found the railroad company's use of water "artificial" 

and "unreasonable" if the doctrine of reasonable use were 

applied. Notwithstanding its findings of fact, the trial 

court granted judgment for the defendant railroad and East 

appealed.^3 The Dallas Court of Civil Appeals reversed and 

awarded damages to Mr. East, holding that the railroad 

company's use was unreasonable "if the doctrine of reason- 
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able use, as applicable to defined streams, is applied to 

such cases. . . ."33 The rule of reasonable use was short¬ 

lived in Texas, because the Texas Supreme Court reversed 

the decision of the lower court, rejected the rule of 

reasonable use, and adopted the rule of absolute ownership 

set forth in Acton.34 The Texas Supreme Court placed great 

reliance upon a fact finding and policy argument made in 

the Ohio case of Frazier v. Brown^ which it quoted as 

follows : 

In the absence of express contract and a positive 
authorized legislation, as between proprietors of 
adjoining land, the law recognizes no correlative 
rights in respect to underground waters percolating, 
oozing, or filtrating through the earth; and this 
mainly from considerations of public policy: (1) Be¬ 
cause the existence, origin, movement, and course of 
such waters, and the causes which govern and direct 
their movements, are so secret, occult, and concealed 
that an attempt to administer any set of legal rules 
in respect to them would be involved in hopeless un¬ 
certainty, and would, therefore, be practically 
impossible. (2) Because any such recognition of 
correlative rights would interfere, to the material 
detriment of the commonwealth, with drainage and 
agriculture, mining, the construction of highways and 
railroads, with sanitary regulations, building, and 
the general progress of improvement in works of em¬ 
bellishment and utility. (emphasis added)36 

Thus, the Supreme Court opinion in East relies heavily 

on the adoption of a finding of fact completely at variance 

with the fact finding made by the trial court, a fact finding 

upheld by the Court of Civil Appeals, as well as with the 

present understanding of the movement of ground water. The 

court's second stated rationale voices a fear that courts 

with no clear scientific understanding of ground water move- 
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ment would create obstacles to "progress" by inhibiting 

ground water development. The second rationale evidences 

a determination by the court that the societal losses from 

judicial intervention in ground water disputes outweigh 

the protection afforded neighboring ground water users. 

The continuous nature of ground water usage, the large num¬ 

ber of entities involved, and the scientific complexity of 

the problem do, perhaps, cast doubt on the wisdom of using 

courts to manage ground water. The East opinion does not, 

however, place ground water usage beyond the reach of the 

law. As shown by the emphasized portions of the above 

quote from the opinion, the court leaves the matter for the 

legislature's attention. Subsequent Texas judicial opinions 

upholding the English rule frequently extend a strong 

invitation to the legislature to take up the responsibility 

of ground water management.37 

Other American courts had already formulated the rea¬ 

sonable use rule and the correlative rights doctrines by the 

time that East was decided.The American or reasonable 

use rule originated in New Hampshire in 1862, in the case of 

Bassett v. Salisbury Manufacturing Co.;39 but was not 

adopted elsewhere until forty years later when the California 

courts adopted a modified version of the rule.^® Subse¬ 

quently, almost all western states, where water was scarce 

and valuable, adopted the reasonable use rule, and eventually 

several jurisdictions east of the Mississippi followed suit. 
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Some legal commentators suggest that the reasonable use 

rule represents a legal response to the invention of high 

capacity pumps used by cities that bought land on easements 

for well fields in rural areas and pumped on the rural 

tracts in a manner that lowered the water table beyond the 

reach of wells relied on by neighboring farms.^ 

After operating under the absolute ownership rule for 

over seventy-one years, the Wisconsin Supreme Court recently 

adopted the rule of reasonable use set forth in the 

American Law Institute's Restatement (Second) of Torts.42 

The Restatement's version of the reasonable use doctrine 

imposes more restrictions on ground water usage than the 

rule of reasonable use applied in Bassett, supra, and in 

some respects resembles the correlative rights doctrine. 

The restatement rule reads as follows: 

§ 858A. Non-Liability for Use of Ground Water— 
Exceptions. 

A possessor of land or his grantee who withdraws 
ground water from the land and uses it for a beneficial 
purpose is not subject to liability for interference 
with the use of water by another, unless 

(a) the withdrawal of water causes unreasonable 
harm through lowering the water table or reducing 
artesian pressure, 

(b) the ground water forms an underground 
stream, in which case the rules stated in § 850A 
to § 857 are applicable, or 

(c) the withdrawal of water has a direct and sub¬ 
stantial effect upon the water of a watercourse 
or lake, in which case the rules stated in 
§8 850A to 857 are applicable.43 
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The doctrine of correlative rights, originating in 

California, represents the youngest of the three doctrines, 

and is the broadest in terms of judicial involvement in 

ground water usage.^ Under the correlative rights 

doctrine the owners of all land overlying a common source of 

ground water are held to have co-equal property rights in 

the beneficial use of the water, with on site uses favored. 

Under this doctrine the overlying owner cannot extract more 

than his share of the water even for use on his own land, 

if by doing so the overlying owner would impair another land¬ 

owner's rights in the use of the water.45 in Pasadena v. 

Alhambra (1949), California used the correlative rights 

doctrine to apportion all rights to a ground water reser¬ 

voir.^ California's doctrine of correlative rights 

resembles, in many respects, the riparian doctrine of sur¬ 

face water courses followed in some states in that overlying 

landowners receive priority over water users located off 

the land in the same manner that riparians are favored over 

non-riparians.^ 

Twenty-six states now adhere to the American rule 

and three others operate under the correlative rights doc¬ 

trine.^® Thus the weight of authority in this country 

no longer supports the English rule of absolute possession. 

Although the English rule has certain limitations, in 

practice these limitations have received no support from 
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the Texas Supreme Court.^9 First, the absolute ownership 

rule applies only to ground water classified as "percolating 

water"; and surface water law governs ground water 

classified as a subsurface stream, or the underflow of a 

5 n surface stream. While this classification scheme also 

persists in Texas statutes,51 hydrologists and legal 

commentators roundly criticize the classification as incom¬ 

prehensible, since hydrologists consider all ground water 

to be percolating.52 

The classification has little impact in Texas 

since all underground water is presumptively percolating, 

and that presumption is extremely difficult, if not 

impossible, to overcome, as shown in the case of Pecos 

County Water Control and Improvement District No. 1 v. 

Williams, popularly referred to as the Comanche Springs 

case.jn Comanche Springs the water district's pumping 

completely dried up what had been prolific springs emerging 

on the plaintiff's land, that had been used by the plaintiff 

for decades to irrigate several thousand acres of farm 

land. Plaintiff sought either a classification of the 

ground water as a subsurface stream governed by the laws 

pertaining to surface water or an overruling of the holding 

in East to protect his interest in the continued flow of 

the springs. The El Paso Court of Civil Appeals rejected 

plaintiff's theories, reaffirmed the East decision, and 
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gave "percolating water" a very broad reading. The Supreme 

Court, in refusing writ of error, tacitly approved the lower 

court holding.^ 

The Court of Civil Appeals in San Antonio recently ex¬ 

tended the Comanche Springs holding in Bartley v. Sone,55 

wherein it held that the property owner of land on which a 

spring emerged could use all of the water from the spring 

without regard to the rights of downstream users. However, 

the Bartley court stated that if the spring "was of 

sufficient magnitude to be of any value to the riparian 

proprietors, or was the source of, or added perceptibly to 

the flow of a stream," the withdrawal rights of the pro- 
c c 

perty owner where the spring emerged would be limited. 

The Court of Civil Appeals cited no authority for the 

limitation quoted above and the limitation did not affect 

the outcome, since the Court held that springs are pre¬ 

sumptively "of such character that the plaintiff had the 

right to use the springs for any purpose,and that the 

facts in the record did not overcome the presumption. 

Finding no reversible error, the Supreme Court refused writ, 

thus reaffirming the East case but leaving open to question 

the validity of the potential limitation on the absolute 
C p 

ownership rule announced by the lower court. 

The second limitation on the absolute ownership rule 

is a proscription against the waste of ground water.59 
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The Supreme Court's holding in City of Corpus Christi v. 

City of Pleasanton*^ emasculated this limitation, however. 

In that case Corpus Christi's water supplier pumped 

approximately 10 million gallons per day from its wells 

near Pleasanton in Atascosa County and transported the water 

through open ditches and river beds to Corpus Christi over 

one hundred miles away, losing 60 to 74% of the water 

through evaporation in transit.Plaintiffs alleged that 

the method of conveying the water specifically violated a 

civil provision which defines waste of artesian water and 

contained a penal provision prohibiting such waste.62 

Plaintiffs relied on Cantwell v. Zinser^^ as a precedent for 

their suit, wherein the Austin Court of Civil Appeals had 

held that the storage of ground water in "an earthen tank 

which leaks badly"^ could be actionable as contrary to 

the general public policy of the state and the specific 

civil provision relied on by the city of Pleasanton. The 

Texas Supreme Court had previously held, however, that a 

landowner may sell or devise his right to appropriate 

ground water from his land,65 as well as sell the water to 

others for use off the land.66 

In Pleasanton the trial court accepted the plaintiffs' 

argument and enjoined Corpus Christi's water supplier. The 

Court of Civil Appeals affirmed the trial court, but on the 

basis of the public policy expressed in Article XVI, Section 

59 of the Constitution, rather than on statutory interpréta- 



162 

tion.6'7 The Texas Supreme Court, in a four to three 

decision, held that since the ultimate use of the water was 

lawful, the loss occurring between pumpage and use "afforded 

no basis for injunctive relief, either under the statutes or 

rules of common law prevailing in this state,notwith¬ 

standing the fact that plaintiffs' wells were seriously im¬ 

paired by such actions. The Texas Supreme Court rejected 

Cantwell as authority for recovery on the basis of waste, 

since Cantwell had no writ history and the cases relied on 

by the Court of Civil Appeals in Cantwell did not support 

such a finding.^9 

Justice Calvert, writing for the majority, exhorted 

the legislature to rectify the situation through more spe¬ 

cific legislative enactment under the authority of Article 

XVI, Section 59, of the Constitution, and then stated: 

The legislature is now in session. It will have this 
opinion before it before adjournment (sic). It will 
recognize the problem. If it wishes to declare that 
the transportation of water in conduits which permit 
the escape of a large percentage is wasteful and un¬ 
lawful it will have ample time in which to do it.70 

From Pleasanton emerged two very weak limitations on a 

landowner's absolute right to withdraw ground water from 

beneath his land: (1) he cannot wantonly and willfully 

waste such water; and (2) he cannot intentionally withdraw 

such water for the sole purpose of injuring an adjoining 

landowner.71 

While the East case withstood another challenge in the 
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Pleasanton case, it came under strong criticism from dissent¬ 

ing Justice Will Wilson who wrote: 

I have this to say about reaffirming the rationale of 
the East case, Frazier v. Brown, and Acton v. Blundell. 
These cases were decided (1843-1904) before the 
development of most of our present knowledge of geology 
and hydrology and there has been a great advance in 
knowledge since these decisions.72 

After stating the two rationales of East, Wilson continued: 

This dire prediction—like much prophecy—over-looked 
the possibility of advance in knowledge and technique. 
It is understandable that this rationale should appeal 
to this court in 1904 but I regret to see us reaffirm 
it now, as the majority does in 1955—especially in 
view of our comprehensive knowledge and experience in 
oil and gas regulation.73 

Justice Wilson went on to criticize the majority's refusal 

to allow the trier of fact to determine whether particular 

conduct was wasteful of artesian waters under the statute, 

since the majority's ruling precluded such a fact determina¬ 

tion as a matter of law, thereby rendering the statutory 

proscription a nullity.74 

The Corpus Christi and the Comanche Springs cases re¬ 

present the latest major challenges to the rule of absolute 

ownership in Texas. Since these opinions, two federal dis¬ 

trict courts have had occasion to consider the Texas law 

of ground water. The first, Altus v. Carr, expressly re¬ 

lied on the holdings in East and its progeny to strike 

down a Texas statutory prohibition against the transporta¬ 

tion in interstate commerce of ground water produced in 

7 R Texas. The second, United States v. Shubert, recognized 
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the surface landowner's ownership of ground water under 

Texas law, in holding that ground water was a "natural 

deposit" for income tax purposes rather than a "mineral 

deposit" from which income is derived through severance 

and sale of the mineral. 

The absolute ownership rule has come under steady 

criticism since its announcement in Acton v. Blundell.^7 

Professor Trelease characterizes the rule as one of 

anarchy rather than law, as no one possesses a "right" 

under a proper definition of the word.^8 The only recourse 

for an adjoining landowner when water levels start declining 

is to drill an offset well which would be of no value or 

consolation to the landowner if he has no use for the 

water. ^ Perhaps the greatest criticism of the absolute 

ownership rule, as it operates in Texas, is that it con¬ 

tains essentially nothing that discourages either the waste 

of ground water or pumpage that injures neighboring land- 

owners. The uncertainty created by such a situation runs 

directly counter to the practical considerations underlying 

the initial adoption of the English rule. In an article 

written shortly after the decisions in the Comanche Springs 

and Corpus Christi cases, Judge A. W. Walker asked rhetori¬ 

cally, "How can a landowner be said to be the absolute 

owner of the ground water beneath the surface of his land if 

the law gives him no remedy whatsoever for the protection 

of that water against the acts of others?"®® Thus, 
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recognition of correlative rights presents the only means of 

securing actual rights to ground water. As acknowledged 

by Judge Walker, however, the practical difficulties inher¬ 

ent in judicial attempts to adjudicate, regulate, and pro¬ 

rate ground water rights in a large reservoir underlying 

several hundred thousand individually owned tracts of land 

could be more easily dealt with by an administrative agency 

created by the legislature than by a court. 

Vehicles for recovery — 

Texas ground water cases clearly indicate that Texas 

courts prefer to stay out of ground water ownership dis¬ 

putes and leave ground water management to the direction of 

the legislature. Nevertheless, land subsidence damages 

caused by ground water withdrawals present a question the 

Texas Supreme Court must address—and that is whether the 

holding in East also precludes recovery for subsidence 

damages. Each of the previous ground water cases has dealt 

with what can be characterized as a competitive dispute over 

ground water as a commodity (resource competition), rather 

than the situation posed by land subsidence wherein one 

landowner's pumping literally destroys the entire surface 

estate of an adjoining landowner. 

Other jurisdictions have divided on the question of 

subsidence liability, depending more on the importance the 

deciding court places on a landowner's right to use his sub¬ 

surface water than on the particular water law doctrine 
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followed within the jurisdiction.^ Adjoining landowners 

have recovered injunctive relief and/or civil damages for 

injuries occasioned by subsidence caused by ground water 

withdrawals under the laws of lateral and subjacent 

support,82 nuisance,^3 negiigence and inverse condemna¬ 

tion;^ and defendants have sometimes defeated recovery on 

the basis of their right to use ground waterHowever, 

all of these English and American subsidence cases have 

involved shallow subsurface water withdrawals conducted 

for the purpose of draining excavations such as ditches for 

R7 QQ RQ pipelines, tunnels, and pits. None of the reported 

cases have involved subsidence caused by massive withdrawals 

from depths as great as three thousand feet, creating 

regional subsidence of the kind and magnitude occurring in 

90 the Houston-Galveston region. 

Hydrologists maintain that the relative contribution 

of an individual well to artesian-head declines beneath any 

given location in the Houston-Galveston region can be deter¬ 

mined using existing hydrologic data and pumping records 

for individual wells. Therefore, the legal principles 

enunciated in subsidence cases from other jurisdictions, 

can be reasonably applied to the set of facts in this region. 

As indicated by the Friendswood opinion, nuisance and 

negligence offer the strongest theories for recovery for 

subsidence damages caused by ground water withdrawals in 

Texas. 
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Nuisance — The law of nuisance provides the tradi¬ 

tional legal tool for protecting a property owner's right 

91 to the peaceful use and enjoyment of his property. 

Texas law recognizes two types of nuisance. The first, 

nuisance per se, is defined as an act, thing, or omission, 

or the use of property that is in and of itself a nuisance 

and not permissible or excusable under any circumstances, 

92 such as a statutorily prohibited course of conduct. 

The second type of nuisance, nuisance per accidens, 

usually referred to as nuisance in fact, is some activity 

or condition that, while lawful, becomes a nuisance by 

93 
reason of the circumstances and surroundings. The 

doctrine of liability predicated upon the maintenance 

of a nuisance represents the recognition that all 

landowners have a basic right to the peaceful use and 

enjoyment of their own property, and that such right 

must be viewed in the context of the rights of 

surrounding landowners. Thus a lawful enterprise may 

become a nuisance in fact when conducted in a location or 

manner such that it seriously interferes with the enjoyment 

94 of life or property of surrounding landowners. 

Generally speaking, negligence need not be shown to recover 

for damages caused by a nuisance.^ 

The leading Texas case concerning nuisance in fact is 

a Texas federal district case, King v. Columbian Carbon 

96 . 
Co., involving emissions of soot and other particulates 
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from a carbon black plant. When King was decided in 1945, 

there were no statutes prohibiting air pollution and the 

King court acknowledged that the activity was completely 

lawful. The court applied the traditional "balancing of 

the equities test" in weighing the usefulness of the carbon 

black plant versus the harm to the community, and refrained 

from enjoining the plant's operation.97 But on the question 

of civil damages the court stated: 

The property of an individual may not be damaged 
for public use without a just compensation and 
assuredly it may not be damaged for a private use with¬ 
out such compensation. As a concession to industrial 
progress and social utility the law will not abate a 
useful and lawful enterprise even though it be a 
nuisance, but further than that the law does not 
recede. It still requires payment for unwarranted, un¬ 
reasonable, and substantial damage done to the property 
of another which is caused by the construction and 
operation, however skillful, of an industrial plant 
in a locality undevoted, and unadapted thereto.^8 

The holding and language of King were quoted with 

approval by the Texas Supreme Court in Story v. Central 

Hide and Rendering Company^ for the proposition that law¬ 

ful activities can be actionable for damages if conducted in 

a place and manner where such activities cause serious 

injury to persons and property. The reasoning in King 

finds support in other Texas cases.-*-®® The plaintiffs in 

Friendswood contend that massive ground water withdrawals 

in close proximity to Galveston Bay constitute a nuisance in 

fact, especially in view of the fact that reasonable 

alternatives for securing water were available. •*‘®)'*’ 
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Other jurisdictions have allowed recovery for subsi¬ 

dence on a nuisance theory. The Wisconsin Supreme Court's 

decision in State v. Michels Pipe Line Construction Co. 

dealt with subsidence caused by ground water withdrawals, 

as well as with the lowering of water levels due to shallow 

102 
wells pumped to keep a ditch dry for laying a pipeline. 

The State alleged a public nuisance, seeking only injunctive 

relief. The Wisconsin court, in allowing the maintenance 

of a nuisance suit against ground water withdrawals, over¬ 

ruled the State's common law rule of absolute ownership 

103 which had been the law in Wisconsin since 1904 and which 

104 had been reaffirmed after a serious challenge in 1956. 

In reaffirming the absolute ownership rule in 1956 the 

Wisconsin Supreme Court indicated that a change in the rule 

would have to come from the legislature, and employed 

language similar to that used by the Texas Supreme Court in 

105 
the Pleasanton case in 1954. In overruling the absolute 

ownership rule and adopting the Restatement rule of reason¬ 

able use, the Michels court determined that the Restatement 

rule of reasonable use provides more rights for all land- 

10 6 
owners than the English rule. 

Subsidence decisions from English courts appear to turn 

on the factual issue of whether the substance withdrawn from 

an excavation being drained consists solely of water, or a 

mixture of water and silt, or sand, rather than on the 

theory of law under which the action is brought. In 
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situations involving pumpage of water containing no suspended 

solids for the purpose of keeping an excavation dry, the 

English courts have denied recovery for nuisance and negli¬ 

gence, as well as for loss of lateral and subjacent support, 

on the basis that the absolute ownership rule provides no 

recovery for damages caused by abstractions of subsurface 

1 07 
water. This reasoning was applied most recently in 

1969 when the court in Langbrook Properties, Ltd, v. Surrey 

108 County Council denied recovery for a nuisance and negli¬ 

gence action stemming from subsidence damages caused by 

ground water pumpage to keep a pit dry. The Langbrook 

court held such damage damnum sine injuria (non-recoverable). 

The absolute ownership rule has been held inapplicable 

if the subsurface withdrawals include a mixture of silt or 

sand and water, even if the silt or sand comprises a minor 

part of the total volume withdrawn. English courts find 

withdrawals of such mixtures give rise to an actionable 

nuisance on the basis that they constitute a removal of 

109 "lateral support." Two American cases decided near the 

turn of the century applied the absolute ownership rule to 

subsidence cases. In the New York case, Continental Jewell 

Filtration Co. v. Jones (1911)the court cited the 

English case of Popplewell v. Hodgkinsin^~^ as authority for 

denying recovery for subsidence caused by pumping conducted 

to keep a tunnel dry. On similar facts, the Ohio Supreme 

112 
Court in Elster v. City of Springfield held that the 
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absolute ownership rule adopted by Ohio earlier in Frazier 

113 v. Brown would not allow recovery on the basis of 

negligence for the loss of percolating waters. 

Negligence, inverse condemnation, and lateral and 

subjacent support — Several American jurisdictions have 

allowed recovery for subsidence on the basis of negli¬ 

gence and inverse condemnation, emphasizing, as well, the 

importance of the rights of adjoining landowners to lateral 

and subjacent support; other jurisdictions have denied 

such recovery. Simply stated, the right to support is 

the right of a landowner to have his land supported in its 

114 natural condition. Support is lateral if the supported 

and supporting lands are divided by a vertical plane. 

Support is subjacent if the supported land is above and 

the supporting land is beneath.At common law, one 

who removed the lateral or subjacent support from his 

neighbor's property was subject to strict liability, 

116 
and such support was often termed an absolute right. 

In Texas the rule of strict liability applies for unim¬ 

proved lands, but owners of lands with structures on them 

must show negligence to recover, unless a statute or 

ordinance extends the protection of strict liability to 

117 improved lands. In some jurisdictions noncontiguous 

property owners must show negligence or some other 

theory in addition to showing loss of lateral support in 
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order to recover. 

Recovery for negligence requires the plaintiff to show 

that the act complained of violates some legal duty owed to 

. 1 1 Q the plaintiff. An essential element of negligence is a 

120 duty; if there is no duty there can be no negligence. 

Texas ground water law, as discussed above, has heretofore 

imposed no duty on ground water users with respect to 

neighboring landowners other than proscriptions against 

waste and malice. However, Texas ground water cases have 

dealt with water rights disputes, and not with the issue of 

loss of surface support caused by ground water withdrawals. x 

The first American case holding that subsidence caused 

by ground water withdrawals (to keep a trench dry) is 

actionable as a deprivation of lateral support was the 

122 Massachusetts case of Cabot v. Kingman, decided m 1896, 

which was reaffirmed over sixty years later in New York Cen- 

. . 123 tral Railway Co. v. Marcnucci Bros, and Co., Inc. on a 

set of facts resembling those in Popplewell. Gamer v. Town 
124 

of Milton represents the latest expression by the 

Massachusetts Supreme Court on the subject. The Gamer 

court expressly recognized the absolute ownership rule as it 

applies to ground water, but held that the ground water 

doctrine could not be used to defeat liability for negligent 

conduct, stating: 

The liability then, lies in the failure to take 
reasonable precautions to protect the plaintiff's 
adjacent lands and does not involve questions of the 
rights of ownership and use of water. ^ 
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A similar result on a similar set of facts was obtained in 

the Michigan case of Bissel v. Ford^Sdecided by the 

Michigan Supreme Court. 

The decisions from the state of Washington rely on 

inverse condemnation as a basis for recovery for subsidence 

damages. ' In those cases the defendants were cities who 

raised the doctrine of sovereign immunity as a defense to 

liability. The courts allowed recovery under Article 1, §16 

of the Constitution of the State of Washington, which provides 

that: "No private property shall be taken or damaged for 

public or private use without just compensation having first 

been made."l^8 

The Maryland Supreme Court, operating under the 

reasonable use rule, recently held in Finley v. Teeter Stone, 

Inc. that recovery could not be had for subsidence 

caused by ground water withdrawals on the basis of lateral 

or subjacent support when the pumping was conducted for a 

reasonable purpose. The plaintiff in that case owned a 

farm adjoining a quarrying operation. In the course of 

conducting its quarrying operation the defendant continu¬ 

ously pumped out the water percolating into its quarry pit 

in order to keep the excavation dry. The pumping drained 

the limestone aquifer and created solution cavities under 

the plaintiff's land which eventually led to the collapse 

of the surface. The plaintiff made no allegation of negli¬ 

gence or nuisance, pleading only that his land was entitled 
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130 • ... 
to lateral and subjacent support. Using logic similar to 

that used by the courts in adopting the absolute ownership 

rule, the Maryland Supreme Court found as a matter of law 

that, based on the Supreme Court's "finding of fact," 

ground water is too transitory a substance, subject to 

"flowing, shifting, or changing position in response to the 

131 vagaries of weather and climatic conditions," and therefore 

cannot be considered part of the soil's lateral support. The 

Finley court also ruled out subjacent support on the set of 

facts before it because there was no actual subsurface in¬ 

vasion. The foregoing description of the characteristics of 

ground water in Finley is obviously inapplicable to the 

ground water found in the major aquifers deep below the sur¬ 

face in this region, which is materially affected only by 

man's pumping or by natural geologic and climatic conditions 

taking place over thousands of years.132 

In its opinion the Finley court extensively reviewed 

the law of subterranean water, volunteering that recovery 

could not be had for subsidence in jurisdictions following 

the English rule, regardless of how or where the water was 

used.133 However, since Maryland followed the rule of 

reasonable use, the court reasoned that liability did not 

attach for withdrawals causing subsidence, if the water was 

applied "for any purpose connected with the legitimate use 

of its land, 134 ancj found that quarrying operations met that 

test. The Finley opinion represents another decision in 
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which a higher court attempts to restate the physical universe 

as a rule of law to conform to its own perception of reality, 

rather than leaving the fact questions to the judgment of 

the trier of fact. 

The Court of Civil Appeals in Friendswood on the other 

hand weighed the absolute ownership rule against the "well 

settled Texas principle of law that imposes upon all persons 

a duty to use due care in the use of their property or the 

conduct of their business to avoid injury to others" (cases 

cited), in reaching its decision to allow recovery for 

subsidence caused by negligent ground water withdrawals; 

thereby leaving the issue of negligence to be determined by 

the trier of fact. 

The national trend now appears to favor allowing recovery 

for subsidence caused by fluid withdrawals, as evidenced by 

a majority of decisions from state courts and the recent 

change in the American Law Institute's position in its 

Restatement (Second) of Torts section dealing specifically 

with subsidence. Under Section 818 the Institute's position 

had been for years that: 

To the extent that a person is not liable for 
withdrawing subterranean water from the land of 
another, he is not liable for a subsidence of the 
other's land caused by withdrawal. ^6 

This statement in the old Section 818 was expressly relied 

on by the Maryland Supreme Court in deciding the Finley case. 

The revised Section 818, as amended in May 1969, reverses 

the position of the old section with respect to water and also 
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includes other substances, so that it now reads: 

Withdrawing Subterranean Substances 

One who is privileged to withdraw subterranean water, 
oil, minerals, or other substances from under the land 
is not for that reason privileged to cause a subsi¬ 
dence of the others' land by such withdrawal.137 

The commentary accompanying rule 818 states that the new 

rule applies to withdrawal of any solid, liquid, or gaseous 

substances from under the land of another, even if such 

withdrawal arises through consent or by operation of the 

law. Nor does the means of withdrawal affect the rule's 

application, since the right of the surface owner to 

lateral and subjacent support of his land is paramount, 

entitling him to the protection of strict liability as pro¬ 

vided in I 817 and § 820 of the Restatement.138 Section 818 

attaches liability to subsidence damages caused by ground 

water withdrawals, regardless of the water law doctrine 

followed. 

Recent developments in Texas mineral law support the 

Friendswood holding which imposed the reasonable limitation 

of negligence on the withdrawal of ground water. The East 

case is considered the basis for the law of capture in the 

field of oil and gas law in Texas.1^9 Virtually identical to 

the absolute ownership doctrine in ground water law, the 

rule of capture gives a landowner a common law right to 

produce oil and gas from wells located on his land even 

though such withdrawals may drain oil and gas from surround¬ 

ing land.The Texas Supreme Court has held consistently 
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that the right associated with the withdrawal of oil and 

gas applies only to possession of those resources, and does 

not insulate the well owner extracting oil and gas from 

liability for negligent acts affecting the rights of adjoin¬ 

ing landowners to the peaceful use of their land.^1 For 

example, in Eiiff v. Texon Drilling Co.,-^2 the Texas Supreme 

Court held that landowners could recover for the destruct¬ 

ion of oil and gas beneath their property caused by the 

negligent drilling of an oil well on a neighboring tract. 

Although the Eiiff opinion did not address the issue of 

damages to the surface estate caused by negligent drilling, 

the reasoning in Eiiff, and in subsequent oil and gas 

decisions, supports recovery for the surface as well as the 

mineral estate 

Kenny v. Texas Gulf Sulfur^^ presented the issue of 

liability for subsidence damages experienced by the owner of 

the surface estate, occasioned by the sulfur mining opera¬ 

tions of the mineral estate owner for the same tract of 

land. The plaintiff in Kenny had purchased the surface 

estate burdened with a mineral lease that entitled the 

mineral leaseholder to the reasonable use of the surface 

estate in the conduct of its operations. The parties stipu¬ 

lated in the trial court that the defendant's activities 

caused subsidence of from two to four inches over 41 acres of 

plaintiff's land, which was a natural and inevitable result 

of the production of sulfur from beneath plaintiff's land 
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by the only commercially known process. Plaintiff sought 

actual damages, exemplary damages, and an injunction 

against further sulfur mining. The case was tried on stipu¬ 

lations of fact before the court on the liability question 

and the damages issue was tried to a jury, resulting in a 

finding of $11,134 in damages. The trial court denied 

recovery as a matter of law, however, and the case was 

appealed. The Court of Civil Appeals affirmed the trial 

court's ruling, holding: 

There is no contention or question of negligence in 
the instant case, and we think that since the 
defendant had the right to produce the sulphur under 
its lease, and since it is stipulated that subsidence 
was a natural, normal, inevitable result of getting 
the sulphur by the only commercially known process, 
that defendant's conduct and acts in producing the 
sulphur are authorized by its lease, and that the 
plaintiff's right to have her land free of subsidence, 
was one of the rights disposed of by her predecessor 
in title, when the lease was made, (emphasis added)145 

The court had noted earlier that: 

Plaintiff may have the right to have her property 
free of subsidence caused by others (as adjacent land- 
owners, etc.), but when the subsidence is the natural 
result of the producing of sulphur under a lease, by 
a lessee, plaintiff cannot complain .1^6 

The Supreme Court refused writ in Kenny, thereby tacitly 

approving the Court of Civil Appeals holding as a correct 

statement of the law. Although the permissive language of 

the dicta underlined above concerning adjacent landowners' 

possible liability for subsidence does not foreclose the 

question, such language supports recovery in Texas, particu¬ 

larly if negligence can be shown. 
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More recent Texas Supreme Court decisions evidence a 

growing recognition of the rights of surface owners to be 

secure in their surface estates in the face of strip mining 

and other exploitation of subsurface minerals which place 

an unreasonable burden upon the surface estate. In Acker v. 

Guinn,the Supreme Court stated in 1971 that the servient 

status of the surface estate does not ordinarily contemplate 

that the surface will be destroyed or substantially impaired 

by the actions of the mineral owner. The Court went on to 

hold that minerals which can be removed only by strip mining, 

like gravel and limestone, are considered to belong to the 

surface estate, unless the deed specifically states other¬ 

wise . 

Shortly after the opinion in Acker was handed down, the 

Supreme Court decided Getty Oil Co. v. Jones.143 In Getty 

the Supreme Court specifically circumscribed the rights of 

the dominant mineral interest by requiring that due regard 

be exercised by the mineral holder for the rights of the 

owner of the surface estate. Getty Oil Co., the mineral 

leaseholder, had constructed oil wells on the surface 

estate that interfered with the plaintiff's farm irrigation 

equipment. In holding Getty Oil Co. liable, the court 

stressed the importance of the fact that reasonable alterna¬ 

tives had been available to the company which would not 

have interfered with the irrigation equipment. 

In the same vein, subsidence claimants in Harris 
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County have alleged that the major ground water users have 

always had reasonable alternatives available to them that 

would not have caused subsidence. The case law in Texas 

does not indicate that the rights of ground water users are 

greater than those of the mineral owners of land, vis a vis 

adjoining landowners. These mineral cases suggest that 

persons filing suit for damages and injunctive relief for 

subsidence caused by negligently conducted ground water 

withdrawals should at least be given the opportunity to 

prove their allegations in court, rather than having that 

opportunity denied as a matter of law. 

The defendants in the Friendswood suit contend that their 

actions were taken in reliance on the firmly established 

absolute ownership rule announced in East, which they main¬ 

tain insulates those actions from any damages flowing from 

ISO their ground water withdrawals. Taken to its logical 

conclusion, defendants' reasoning would preclude recovery 

for any damages caused by ground water withdrawals absent a 

showing of malice. No holding by the Texas Supreme Court 

has treated the particular problem raised by subsidence 

caused by ground water withdrawals, and the language of the 

East decision does not preclude subsidence liability. 

By affirming the Court of Civil Appeals holding in 

Friendswood, the Texas Supreme Court would allow damages for 

subsidence, without overruling East, and would simply place 

ground water production under the same restrictions con¬ 

cerning the rights of adjoining surface owners that apply to 
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the production of oil and gas. Entitlement to injunctive 

relief would still be subject to a balancing of the equities, 

to determine whether the loss to the defendant and the pub¬ 

lic that would result from granting an injunction would 

be greater than the injury sustained by the complainant 

. 151 should the injunction be denied. If the injury to the 

complainant is slight, in comparison to the injury an in¬ 

junction would cause to the defendant and the public by 

enjoining the nuisance, injunctive relief would be refused.-*-52 

Even if recovery were allowed, the recoverable damages 

would be limited by the two-year statute of limitations for 

injuries caused by nuisance or negligence.-*-52 The statute 

begins to run from the time the injury is discovered, but 

the person causing the injury acquires no prescriptive 

right to continue injuring another if the nuisance is a 

continuing one. Consequently, if the court allowed recov¬ 

ery, plaintiffs filing suit today would probably only be 

able to recover for subsidence that has occurred in the last 

two years.-*-55 Subsidence that has yet to occur would 

probably require a subsequent lawsuit unless a reliable pro¬ 

jection could be established. Considering that the maximum 

rate of subsidence has been about five inches a year, the 

statute of limitations obstacle would substantially reduce 

the compensible damages for most suits filed now, unless, 

of course, a large amount of subsidence has yet to occur. 

However, the statute of limitations would not be a bar to 

injunctive relief.-*-56 
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The subsidence cases from other jurisdictions can be 

factually distinguished from the situation in the Houston- 

Galveston region since in all of those cases the defendant 

consisted of only one ground water user, rather than a 

large number of kinds and types of users scattered throughout 

the area. Each user in the Houston-Galveston region can be 

expected to contend that, individually considered, his pump¬ 

ing is reasonable. California, Arizona, and Nevada are the 

only other areas in the United States where regional land 

surface subsidence has been caused by widespread pumping; 

however, no reported cases have resulted from the problem in 

those states. 

Policy questions raised by private remedies — 

The policy issues raised by the question of subsidence 

liability reveal strong arguments for both sides of the 

question. A summary of the major policy arguments for and 

against recovery is useful in this regard. 

Arguments against recovery: (1) Ground water management 

is not suitable for piecemeal judicial resolution and should 

be left solely to the legislature. The legislature acted 

to solve the problem in 1975 by creating the Harris- 

Galveston Coastal Subsidence District, and court interven¬ 

tion allowing recovery or injunction would interfere with a 

rational administrative plan. (2) Ground water manage¬ 

ment requires a continuing administrative plan, rather than 
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a one-shot judicial decision. (3) Courts are not equipped 

to determine a fluctuating allowable yield for any area. 

Consequently, fixing damages based on overdraft would be 

an exercise in speculation that may ultimately punish both 

prudent and careless ground water users. (4) The subsi¬ 

dence problem is a regional problem involving the entire 

area and not just isolated pockets of plaintiffs and de¬ 

fendants. Conceivably the interests of approximately 

250,000 persons and large numbers of state and private 

enterprises residing below the 25 foot topographic contour 

around Galveston Bay are#being affected.(5) The effect 

of granting an injunction or damages would certainly dis¬ 

courage ground water use. However, since geohydrologists 

can determine well locations and withdrawal rates that will 

not cause damaging subsidence, a management plan should be 

developed that can maximize allowable ground water with¬ 

drawals without injuring the rights of others in the pro¬ 

cess. From another perspective, by maximizing available 

ground water without subsidence, the environmental and 

economic costs associated with surface water development can 

be reduced. Accomplishing this task requires a well-funded, 

ongoing management entity with a technical staff and the 

authority to implement a flexible plan based on continual 

monitoring and analysis of the problem. Obviously a court 

cannot perform this kind of function. Furthermore, the 

Supreme Court decisions since the East decision in 1904 
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have consistently expressed a disinclination to involve 

the courts in the management of ground water, preferring 

instead to leave such activities to the agencies established 

by the legislature. 

Arguments favoring recovery: The uncertainty in Texas 

concerning a common law remedy for landowners damaged by 

subsidence may be part of the reason a mangement program has 

been so long in coming. If landowners could have success¬ 

fully sued for damages or an injunction, the region might 

have acquired a ground water management program long ago 

and avoided several hundred million dollars in damages. 

Landowners should not be denied recourse to the courts and 

relegated to waiting indefinitely for legislative protection 

as their homes, parks, and roads become submerged and their 

lives endangered. To rule out recovery as a matter of law 

for ground water caused subsidence would represent a 

refusal to allow courts to perform their traditional role 

of assigning fault and shifting losses. 

Despite the merits of using courts for shifting losses, 

the task of developing a viable ground water management 

organization is one that is peculiarly within the province 

of the legislature. One solution would be for the courts to 

allow damages for subsidence caused by negligent withdrawals, 

subject to the statute of limitations restrictions; but 

continue to permit pumping of ground water while the Harris- 

Galveston Coastal Subsidence District, the agency recently 

created by the legislature to halt subsidence, develops a 
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program to eliminate the problem. This would provide a 

measure of protection for injured landowners and serve as 

a strong incentive for cooperation with the management 

entity. 

Governmental compensation and regulation 

For the time being, the success of a private lawsuit 

for subsidence damages remains uncertain. Can governmental 

solutions offer better alternatives? The following sections 

will examine existing and proposed state, local, and federal 

government endeavors relating to the subsidence problem. 

Compensation by the government — 

Some have argued that since the problems caused by 

ground water withdrawals are a community problem, the cost 

of damages should be shared by the community in the form 

T 61 
of federal and local relief for the injured. In support 

of this argument such proponents point to a cost-benefit 

analysis performed at subsidence impacted Baytown, Texas, 

which concluded that the cost of disaster relief and flood 

insurance would be greater than the cost of relocating 

affected homeowners and converting the land to a public 

park. Moreover, community relief avoids the costly time 

and expense of protracted litigation. The strongest counter¬ 

argument to governmental indemnification for subsidence is 

that it does not place the cost of subsidence where it be¬ 

longs—on ground water users—so that the cost of ground 

water might reflect all costs involved in its production. 
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A bill sponsored by Senator Bentsen and Congressman 
1 go 

Eckhart is currently before Congress. If passed, the 

bill will provide revenue sharing funds to relocate home- 

owners in the Brownwood subdivision in Baytown at the 

expense of the federal government and turn the remaining 

land into a park. However, sizeable areas of land subject 

to increased flooding from subsidence are not included in 

the areas addressed by the proposed bill. 

Using the common law powers of the Texas Attorney 

General to halt subsidence — 

One commentator suggests that the Texas Attorney 

General could sue to stop ground water withdrawals that 

cause subsidence under the office's common law power to 

164 abate a public nuisance. As noted earlier this approach 

was taken by the state in the Wisconsin case of State v. 

Michels Pipeline^^ and resulted in overturning the well- 

entrenched rule of absolute ownership previously followed in 

Wisconsin. Mr. Booth cites the case of Goldsmith and Powell 
1C C 

v. State as authority for such a suit. The Powell case 

involved a suit by the Attorney General against 155 separate 

defendant oil operators to enjoin them from polluting the 

waters of the Neches River. 

In the trial court the state succeeded in permanently 

enjoining the defendants from allowing salt water produced 

from oil operations to escape into the river. On appeal the 
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Court of Civil Appeals upheld the state's common law power 

to bring the suit on the basis that existing statutory 

remedies were inadequate to protect the right of the 

public to abate a public nuisance. The court in the 

Powell case gave no consideration to the issue of negli¬ 

gence, in marked contrast to the Supreme Court's opinion 

167 in the private law suit of Turner v. Big Lake Oil, 

brought previously to enjoin the same type of conduct. 

The destruction of public highways and other public struc¬ 

tures by subsidence provides another possible basis for the 

Attorney General's standing in such a suit. The legisla¬ 

ture's recent formation of the Harris-Galveston Coastal Sub¬ 

sidence District to control subsidence should presumably 

render it unnecessary for the Attorney General to exercise 

the office's common law powers, at least in Harris or 

Galveston Counties. 

^The same attorneys represent both groups of Plaintiffs. 
2 
No. 945,746, Dist. Ct. of Harris County, 113th 

Judicial Dist. of Texas (pending). 

3 
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4 
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5546 S.W.890. 
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8Id. at 894. 



188 

9Id., 892-894. 

10Id. at 893. 

11Id., 897-898. 

12 
Friendswood Development Co. v. Smith-Southwest Indus¬ 

tries , application granted No. B-6682, Texas Supreme 
Court (March 1977). 

13 
W. A. Hutchins, The Texas Law of Water Rights at 77 

(1961). The Texas Supreme Court decided in 1856 that a 
riparian proprietor "has not property in the water itself, 
but a simple usufruct while it passes along." Haas v. 
Choussard, 17 Tex. 588, 589 (1856). 

14 
The appropriative right covers a definite quantity of 

water and it may be lost by nonuse. 1^ Waters and Water 
Rights, § 53.5 (D) (R. Clark, ed., 1967). See generally, 
id., §§ 51.5-.9. 

^Acton v. Blundell, 12 Mees & W. 324, 152 Eng. Rep. 
1223 (Ex. 1843); 55 A.L.R. 1390. 

16 c 
5 R. Powell, Real Property § 724-728 (1971). 

17 
The correlative rights doctrine was first enunciated 

in Katz v. Walkinshaw, 141 Cal. 116, 70 P. 663 (1902), and 
74 P. 766 (Cal. 1903). The reasonable use rule found its 
first expression in Basset v. Salisbury Manufacturing Co., 
43 N.H. 569, 82 Am. Dec. 179 (1862). 

18 
Hutchins, Trends in the Statutory Law of Ground Water 

in the Western States, Univ. of Texas School of Law, Texas 
Water Law Conf. 131, 140 (1955). For an exhaustive analysis 
of ground water law, see Hanks and Hanks, The Law of Water 
in New Jersey: Groundwater, 24 Rutgers L. Rev. 621 (1970). 

19 
Jurisdictions experiencing water shortages have gener¬ 

ally imposed more restrictions on ground water usage. 
Walker, Theories of Ownership and Control of Oil and Gas 
Compared with Those of Ground Water, Univ. of Texas School 
of Law, Water Law Conf. 121, 129 (1959); Barnes, Hydrological 
Aspects of Ground Water Controls, Univ. of Texas School of 
Law, Water Law Conf. 134, 138 (T956). 

20 
Barnes, supra note 19, 137-139. 

22 
Walker, supra note 19, 

23 
Acton, supra note 15. 

129-130. 

Texas adopted the common law in 



189 

1840. Hutchins, supra note 13 at 4. 

24 Hutchins, supra note 18 at 135. 

23Walker, supra note 19 at 129. 

26 
A concise history of ground water development may be 

found in C. F. Tollman, Ground Water, 1-26 (1937); and in 
D. K. Todd, Ground Water Hydrology, 1-11 (1959). 

27 
O. E. Memzer, "History and Development of Ground- 

water Hydrology," Wash. Acad. Sci. Journal, vol. 25, no. 1, 
6-32 (1934). 

2 8 
Acton, supra note 15 at 350. 

2920 Conn. 533, 541 (1850). 

39Acton, supra note 15. 
31 

Tollman, supra note 26 at 20; Todd, supra note 26 at 4. 

32 
Houston & T. C. Ry. v. East, 98 Tex. 146, 81 S.W.279 

(Tex. Sup. 1904). 

33East v. Houston & T. C. Ry., 77 S.W.646 (1903). 

3^East, supra note 32. 

3512 Ohio St. 294 (1862). 

36 Id. 

37 
Pecos County Water Control and Improvement Dist. v. 

Williams, 271 S.W.2d 503, 507 (Tex. Civ. App.—El Paso 
1954, writ ref'd n.r.e.); and City of Corpus Christi v. 
City of Pleasanton, 154 Tex. 289, 276 S.W.2d 798, 803 (1955). 

3 8 
Cases cited, note 17 supra. 

39 
43 N.H. 569, 82 Am. Dec. 179 (1862). 

40 
Katz, supra note 17. 

41 
Restatement (Second) of Torts 858A (Tentative Draft 

Revision passed May 1969), Scope Note, Topic 4 at 151-155. 

42 
State v. Michels Pipeline Construction Co., Inc., 217 

N.W.2d 339 (Wis. 1974). 

43 Restatement (Second) of Torts, Tentative Draft Number 
17, proposed April 26, 1971, § 858A, 151-162, replacing 
§§ 858, 859, 860, 861, 862, 863 of the Restatement of the 



190 

Law of Torts. 

44 Katz, supra note 17. 

45 
Id.; and Barton v. Riverside Water Co., 101 P. 790 

(Cal. 1909). 

46 
33 Cal. 2d 908, 207 P. 2d 17 (1949), cert, denied, 

339 U.S. 937 (1950). 

47 
Hutchins, supra note 18 at 139. 

48 
Michels Pipeline, supra note 42, 345, and 349. 

49 
As of this writing, no decision of the Texas Supreme 

Court has imposed liability on a ground water user for 
ground water usage. East, supra note 32; Texas Co. v. 
Burkett, 117 Tex. 16, 296 S.W. 273 (1927); and City of 
Pleasanton, supra note 37. 

^1_ Waters and Water Rights, supra note 14, § 52.2 (A) . 

51TEX. WATER CODE ANN. § 52.001(3) (1972). 

52 
Barnes, supra note 19, 135-137. 

53 
271 S.W.2d 503 (Tex. Civ. App.—El Paso 1954, writ 

ref'd., n.r.e.). 

54 
Judge Greenhill writes that the reasoning applied by 

the Texas Supreme Court in Corpus Christi v. Pleasanton, 
supra note 37, also spoke to the Comanche Springs case. 
Greenhill and Gee, Ownership of Ground Water in Texas : The 
East Case Reconsidered, 33 Tex. Law Rev. 620, 624 (1955). 

5^527 S.W.2d 754 (Tex. Civ. App.—San Antonio 1974, 
writ ref'd., n.r.e.). 

56Id. at 760. 

57 Id. 

58 
Id. 

59 
Cantwell v. Zinser, 208 S.W.2d 577 (Tex. Civ. App.— 

Austin 1948, no writ); but see Pleasanton, supra note 37. 

6 0 
Pleasanton, supra note 37. 

61 
Id., 799-800. 

62 c 
TEX. LAWS 1913, ch. 171, § 93 at 378 and TEX. LAWS 



191 

1917, ch. 88, SS 92, 101, at 233-34 as amended, TEX. WATER 
CODE ANN. § 5.205 (1972). 

63 

64 

Cantwell, supra note 59. 

Id., 578. 

65 

66 

Evans v. Ropte, 128 Tex. 75, 96 S.W.2d 973 (1936). 

Texas Co. v. Burkett, 117 Tex. 16, 296 S.W.2d 273, 
278; 54 A.L.R. 1397 (1927). 

67 
Lower Nueces River Water Supply Dist. v. City of 

Pleasanton, 263 S.W.2d 797 (Tex. Civ. App.—San Antonio 
(1953). 

^Pleasanton, 

69id. , at 802. 

70id. , at 803. 

71id. , at 801. 

72
M. , at 805. 

73ia. 

• 
T

Jl 
H

I , at 805- 

75255 F. Supp. 

76347 F.2d 103 

^Supra, : note 

7 8 
Trelease, Po 

Economic Forces, and Public Regulation, 5 Natural Res. L, 
Rev. 1, 27 (1965). 

79, 

5 08 

80 

See Will Wilson's dissent in Pleasanton, supra note 37, 
at 808. 

Walker, supra note 19 at 125. 

81 
Jurisdictions following the absolute ownership rule 

have allowed recovery, Gamer v. Town of Milton, 346 Mass. 
617, 195 N.E.2d 65 (1964), and denied recovery, Popplewell 
v. Hodgkinson (1861-73), All E. R. Rep. 996 (Ex. 1869); as 
have jurisdictions following the reasonable use rule: 
Farnandis v. Great Northern Ry. Co., 84 P.18 (1906)—allow- 
ing recovery ; Finley v. Teeter s€one, Inc., 251 Md. 428, 248 
A.2d 106 (1968)^—denying recovery. 



192 

O O 

Cabot v. Kingman, 166 Mass. 403, 44 N.E.344 (1896). 

8 3 
State v. Michels Pipeline, supra note 42. 

84 
Gamer v. Town of Milton, supra note 81; Bissel v. 

Ford, 176 Mich. 64, 141 N.W.860 (1913). 

8 5 
Farnandis, supra note 84; Muskatell v. City of 

Seattle, 116 P.2d 363 (Wash. 1941); Bjorvatn v. Pacific 
Mechanical Construction, Inc., 464 P.2d 432 (Wash. 1970). 

8 6 
Popplewell, supra note 81; Teeter Stone, supra note 

81; Langbrook Properties, Ltd, v. Surrey County Council 
(1969), 3 All E. R. Rep. 1424 (Ch. 1969); New York 
Continental Jewell Filtration Co. v. Jones, 37 App. D.C. 
511 (D.C. Cir. 1911); Elster v. City of Springfield, 30 
N.E.274 (Ohio 1892). 

8 7 State v. Michels Pipeline, supra note 42; and 
Bjorvatn, supra note 85. 

8 8 Farnandis, supra note 84. 

89 Teeter Stone, supra note 81. 

90 R. K. Gabrysch and C. W. Bonnet, Land Surface Subsi¬ 
dence in the Houston-Galveston Region, Texas, Texas Water 
Development Board Report 188 (1975). 

^41 Tex. Jur. 2d §§ 5 and 6 at 578-580. 

Q O 
King v. Columbian Carbon Co., 152 F.2d 636 (5th Cir. 

1945). 

94 
Id., Storey v. Central Hide and Rendering Co., 226 

S.W.2d 615 (Tex. Sup. 1950). 

95 
King, supra note 93 at 638. 

96. 
Id. 

97 

98 

Id. at 670. 

Id. 
q q 

Supra note 94. 

^^Scharlack v. Gulf Oil Corp., 368 S.W.2d 705 (Tex. Civ. 
App.—San Antonio 1963). 



193 

•'•^Smith-Southwest Industries, supra note 4 at 893. 
1 no 
^State v. Michels Pipeline, supra note 42. 

103Huber v. Merkel, 117 Wis. 355, 94 N.W.354 (1903). 

104 
Fond du Lac v. Empire, 273 Wis. 333, 77 N.W.2d 699 

(1956); and Menne v. Fond du Lac, 273 Wis. 341, 77 N.W.2d 
703 (1956). 

•'•^Pleasanton, supra note 37. 

'•^State v. Michels, supra note 42 at 350. 

107 Popplewell, supra note 81. 

108 
Supra note 86. 

109 Jordenson v. Sutton, Southoates and Dry Pool Gas Co., 
2 Ch. 217, 68 L. J. Ch. 457, 80 L.T. 815 (1899); and 
Fletcher v. Birkenhead Corp., 1 K.B. 205, 76 L.J.K.B. 218, 
96 L.T. 287 (1907). 

•'^Supra note 86. 

~'~^'~''Supra note 81. 

in 
Supra note 86. 

113 Frazier, supra note 35. 

H^Powell, The Law of Real Property, § 698 (1971) 

115Id. 

116 
2 C.J.S., Adjoining Landowners, §§ 9-38 (1972). 

117 
Simon v. Nance, 100 S.W.1038 (Tex. Civ. App.—1907, no 

writ); Carpentier v. Ellis, 489 S.W.2d 388 (Tex. Civ. App.— 
Beaumont 1973, writ ref'd. n.r.e.); McDaniel Bros, v. 
Wilson, 45 S.W.2d 293 (Tex. Civ. App.—Beaumont 1931, no 
writ); See 1 Tex. Jur. 2d, Adjoining Landowners, §§ 10-12 
(1963) . 

I I O 

Williams v. Thompson, 152 Tex. 270, 256 S.W.2d 399 
(Tex. Sup., 1953). 

^^Abalos v. Oil Development Co., 544 S.W.2d 627, 631 
(Tex. 1976); McCall v. Marshall, 398 S.W.2d 106 (Tex. 1965). 

120 
T. J. Mansfield Constr. Co. v. Gorsline, 288 S.W. 

1067, 1070 (Tex. Comm'n. App. 1926, jdgmt. adopted). 



194 

121 

122 

123 

124 

125 

126 

127. 

Smith-Southwest Industries, supra note 4. 

166 Mass. 403, 44 N.E. 344 (1896). 

37 Mass. 469, 149 N.E.2d 680 (1958). 

346 Mass. 617, 195 N.E.2d 65 (1964). 

Id. at 67. 

141 N.W. 860 (Mich. 1913). 

Farnandis, supra note 81; Muskatell, supra note 85; 
Bjorvatn, supra note 85. 

128 

129 

Farnandis, supra note 81 at 20 

Teeter Stone, supra note 81. 

130 
Id. 

131Id. 

132 
Gabrysch, supra note 90. 

133 
Teeter Stone, supra note 81 at 113. 

134 
■LJ*Id. at 113-114. 

135 
Smith-Southwest Industries, supra note 4 at 896-897. 

136Id. at 897. 

137 c 
Restatement (Second) of Torts S 818 (Tentative Draft 

Revision passed May 1969). 

138Id., § 817 and 820. 

139 
Stephens Co. v. Mid Kansas Oil and Gas Co., 113 Tex. 

160, 252 S.W. 290 (Tex. 1923); Brown v. Humble Oil and Ref. 
Co., 126 Tex. 296, 83 S.W.2d 935 (Tex. 1935); Greenwood, 22 
Tex. L. Rev. 9 (1922); Greenhill and Gee, supra note 54 at 
622. 

140 
Id. and Walker, supra note 19. 

141 
Elliff v. Texon Drilling Co., 126 Tex. 296, 83 S.W.2d 

935, 87 S.W.2d 1069 (Tex. 1935). However, the Texas Supreme 
Court opinion in the oil and gas case of Railroad Commission 
v. Manziel, 360 S.W.2d 560, 566-68 (Tex. Sup. 1962), casts 
doubt on the availability of tort remedies for damages 
caused by governmentally authorized withdrawals of subsur¬ 
face fluids. See also, Keeton and Jones, Tort Liability 



195 

and the Oil and Gas Industry II, 39 Tex. L. Rev. 253 (1961). 

142ia. 
1 A ■} 

Turner v. Big Lake Oil Co., 96 S.W.2d 221 (Tex. Sup. 
1936) ; Pickens v. Harrison, 252 S.W.2d 575 (Tex. Sup. 1949); 
Getty Oil Co. v. Jones, 4~70 S.W.2d 618 (Tex. 1971). 

144351 S.W.2d 612 (Tex. Civ. App.—Waco 1961, writ ref'd.) 

145Id. at 614. 

146Id. 

147464 S.W.2d 348 (Tex. 1971) . 

148470 S.W.2d 618 (Tex. 1971). 

149Id. Generally speaking, the mineral owner's rights 
are superior to those of the surface owner. 

150 
Smith-Southwest Industries, supra note 4 at 893; 

Brief in Support of Application for Writ of Error at 27-28, 
Friendswood Development Co. v. Smith-Southwest Industries, 
application granted No. B-6682, Texas Supreme Court 
(March 1977). 

"^^Storey v. Central Hide and Rendering Co., supra note 
94 at 618. 

152 
Id. at 619. 

153TEX. REV. CIV. STAT. ANN., art. 5526 (1958). 

154 . . , . 
No person can acquire a right to maintain a nuisance. 

Rhodes v. Whitehead, 27 Tex. 304; Corsicana v. King, 3 
S.W.2d 857 (Tex. Civ. App.—err. ref'd.). 

155 
A cause of action for damages accrues at the time that 

the plaintiff actually becomes aware of his damages, if the 
activity engaged in is a lawful one. Houston Water Works 
Co. v. Kennedy, 8 S.W. 36 (Tex. Sup. 1888). Awareness of 
the harmful condition alone is enough to commence the running 
of limitations, and a plaintiff need not be aware of the 
actual extent of damages in order for limitations to 
commence. Matysek v. Medders, 443 S.W.2d 929 (Tex. Civ. 
App.—Amarillo 1969, writ ref'd. n.r.e.). However, if the 
injury depends on accidents and contingencies so that it is 
of a transient character, limitations commence in each 
instance at the time special injury becomes actionable. 
Atlas Chemical Industries, Inc, v. M. P. Anderson, 524 S.W. 
2d 681 (Tex. Sup. 1975). 



196 

Ground water users may contend that pumping that causes 
subsidence is a permanent nuisance, and that the statute of 
limitations begins to run from the time the plaintiffs 
should have become aware of the damage. Plaintiffs can 
respond that each day of pumping expands the injury by 
causing additional subsidence; therefore, each day of 
pumping presents a new cause of action. To hold otherwise 
would allow a defendant to cause a minor amount of known 
subsidence for a period of two years and then escape 
liability as the damages drastically increase in later 
years. By allowing a new cause of action for each day of 
pumping, the plaintiff may recover, even though he may 
have known that defendant's pumping was causing a small 
amount of subsidence for years, at such time as the subsi¬ 
dence increases to a harmful level. Recovery, in this in¬ 
stance, would still be subject to the two year statute of 
limitations. Finally, under the definition of a temporary 
nuisance given in Atlas, another alternative would be to 
allow subsidence plaintiffs to recover at a later date if 
their property was subsequently subjected to flooding 
damage during a storm, due to lowering of elevation caused 
by subsidence. 
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C. The Harris-Galveston Coastal 

Subsidence District 

In May of 1975, the Texas Legislature created the 

Harris-Galveston Coastal Subsidence District with the 

passage of a special statute, House Bill 552.'*' Since 

several different approaches were considered, the legal and 

political considerations influencing the choice of the 

subsidence district over other alternatives to solving 

the subsidence problem will be discussed. Following this 

review the provisions of House Bill 552 will be examined. 

Alternative proposals and legislative history 

Beginning with the case of Houston & T. C. Ry. v. 

2 
East m 1904, the Texas Supreme Court and Texas appellate 

courts invited ground water management legislation in al¬ 

most every case involving a ground water rights dispute. 

Despite the repeated invitations, the Texas Legislature 

did not respond with any statewide ground water management 

legislation for several decades, although four unsuccessful 

attempts were made between 1937 and 1947.^ Finally, in 

1949, a statute was passed permitting the local and regional 
, 4 

formation of underground water conservation districts, 

but still falling far short of a comprehensive ground water 

management program. 

198 
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Proponents of ground water reform maintain that the 

most needed change is a comprehensive ground water code 

providing for statewide management by a central administra¬ 

tive board.^ Pointing to the success of such agencies 

in western states with similar ground water problems, 

these reformers maintain that only a statewide agency can 

manage the state's ground water resources effectively, con¬ 

tending that local and regional agencies are too economic¬ 

ally and politically parochial to do so. Recurring themes 

in proposals for state management of ground water in Texas 

are: (1) Vesting important decision making and planning 

powers in regional offices, subject to central agency review, 

to insure familiarity with local problems while preserving a 

central agency's statewide perspective; and (2) conjunctive 

management of surface and ground water, in recognition of 

their hydrologic interdependence and to insure flexible 

coordination of their usage. 

However, experience of recent years with centralized 

decision making on state and federal levels suggests that a 

centralized state agency would not necessarily be a panacea 

for the state's ground water problems. Moreover, the present 

trend in government and in political proclamations appears 

to favor more decentralized decision making with limited 

7 
central review. 

In California, local and regional ground water authori¬ 

ties possessing conjunctive authority over ground water and 

surface water have been relatively successful in managing 
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Q 

water resources in an effective manner. For example, the 

Santa Clara Valley Water District completely halted subsi¬ 

dence resulting from ground water withdrawals in that area 

in 1969, while still allowing full utilization of the region's 
Q 

safe ground water yield. The subsidence problem in that 

area closely resembled the subsidence problem currently im¬ 

pacting the Houston-Galveston area in causation and magni¬ 

tude. The Santa Clara District has no power to control 

pumping directly, but it can attach surcharges to pumpage 

in ground water zones where an overdraft is occurring.10 

Thus, the Santa Clara District can make ground water pumping 

economically uncompetitive with surface water in designated 

overdraft zones, without actually ordering any ground water 

user to stop pumping. The revenues generated by the sur¬ 

charge levied on ground water usage in overdraft zones can 

only be applied to the costs, including bonded indebtedness, 

associated with importing surface water into the district 

and with the treatment, storage, distribution, and recharge 

of surface water within the district.^ The only qualifica¬ 

tion on these expenditures is that they must directly or 

12 indirectly benefit the designated zone or zones. The 

Santa Clara District also has the authority to collect ad 

valorem taxes to pay for general benefits accruing to the 

lands within its boundaries, which include, in addition to 

the activities already mentioned, flood control and a broad 

range of monitoring, investigatory research, and planning 
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. . 13 ... 
activities. The Orange County Water District m 

southern California operates under similar provisions. 

The California districts have far more comprehensive 

authority than the districts created to manage ground water 

in Texas. Since enactment in 1949, what is now Chapter 52 

of the Texas Water Code, the Underground Water and Conserva¬ 

tion District Chapter, has been the only recognized statute 

with potential statewide application addressed to ground 

water management, 1^ although the legislature has created 

three underground water conservation districts by special 

legislation.1® Neither type of underground water conserva¬ 

tion district has had a substantial impact on controlling 

ground water problems in Texas.^ The historial ineffec¬ 

tiveness of underground water conservation districts 

(hereinafter referred to as UWCDs) in alleviating ground 

water problems can be attributed more to deficiencies in 

the statutory provisions of Chapter 52 and special statutes 

creating UWCDs, than to defects in the concept of local or 

regional control. 

Forming a UWCD at the local level involves several 

difficult steps. First, a hydrologic reservoir must be 

formally designated at a public hearing held by the Texas 

Water Rights Commission; second, the Texas Water Rights 

Commission must decide that the formation is feasible and 

practicable; and third, the district must be approved by a 

majority vote of local residents. "Local sentiment" 

constitutes the decisive factor at each stage of a UWCD's 



202 

formation, rather than the existence of pressing ground 

1 ft 
water problems. 

The fundamental weakness of the UWCD creation process 

lies in the voter approval provisions of Chapter 52 of the 

Water Code which incorporates, by reference, the method 

for creating Water Control and Improvement Districts found 

in Chapter 51 of the Water Code. Under the provisions of 

Chapter 51 the confirmation election conducted in the areas 

overlying the designated reservoir requires approval from a 

majority of those voting to form the UWCD, and any county or 

city voting against confirmation is automatically excluded.^0 

Another provision, found in Chapter 52, excludes any 

"segregated irrigated area" if the residents of the segre¬ 

gated area voting in the election do not favor confirmation 

by a majority. A segregated area is defined in Chapter 52 

as any irrigated area "separated from other irrigated areas 

by at least five miles of unirrigated land."^ Consequently, 

large portions of the total area overlying the reservoir may 

be excluded from a UWCD, greatly weakening its potential 

effectiveness. Rural areas are greatly favored over urban areas 

in the election of the UWCD's five-member board of directors, 

since cities with populations of less than 200,000 are limited 

to electing one director, and cities with populations greater 

than 200,000 are limited to electing two directors. The 

UWCD's authority is further limited in that only wells with 

a daily capacity greater than 100,000 gallons are 
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23 regulated. 

Chapter 52 provides the board of directors of a UWCD 

with broad powers which include, inter alia ; research and 

planning;^ making and enforcing rules;^5 requiring permits, 

2 fi records, reports, and drilling logs for wells; regulating 

spacing and production to minimize drawdown and subsidence;^7 

filing suit for injunctive relief in district court for vio¬ 

lations of its rules and regulations;^8 levying ad valorem 

29 taxes and issuing bonds; and exercising eminent domain to 

construct dams or to drain lakes.^ None of the eight UWCDs 

formed under Chapter 52 have ever regulated pumpage, although 

liberally drawn spacing requirements have been promulgated, 

enforced and litigated. Chapter 52 expressly recognizes 

private ownership and rights in underground water, and the 

laws and preferential uses for surface water are made ex- 

pressly inapplicable. ^ While UWCDs can construct dams 

and install recharge wells, a UWCD cannot sell or distribute 

33 either ground water or surface water. 

The greatest shortcoming of the UWCDs has been their 

unwillingness to take more substantive regulatory steps, 

such as imposing pumping restrictions, to achieve water con¬ 

servation.-^ The only regulatory measures taken, consisting 

of well spacing and prohibitions against waste, rely pri¬ 

marily on public education and persuasion for effectua- 

. 35 tion. No constitutional challenge to a UWCD has reached 

an appellate court, but the Texas Supreme Court's ruling on 

the constitutionality of oil and gas regulations in 
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36 Corzelius y. Har r e1, clearly establishes the right of the 

state to regulate the use of natural resources such as 

ground water under the police power pursuant to Article XVI, 

Section 59 of the Texas Constitution. However, in review¬ 

ing oil and gas regulations, the Texas Supreme Court has 

consistently held that landowners overlying a common reser- 

3 7 voir have correlative rights to the reservoir. 

In 1973, the legislature first began to address the 

problem of subsidence caused by ground water withdrawals when 

it amended Chapter 52 of the Water Code, to include the 

term "subsidence" within the definitions, purposes, rule- 

making, planning, and well regulation and spacing provisions 

3 8 in the chapter. In the same session, the legislature 

directed the Gulf Coast Waste Disposal Authority to conduct 

a thorough study of the problem, but failed to appropriate 

3 Q funds for the endeavor. By the fall of 1975, prior to 

the 64th session of the Texas Legislature, public awareness 

and alarm concerning the subsidence problem had greatly in¬ 

creased, but governmental action was still lacking. Conse¬ 

quently, four different groups began proposing various al¬ 

ternatives to meet the problem, either locally under Chapter 

52 or through the legislature. The four approaches were of 

two kinds: (1) formation of a regional ground water regula¬ 

tory district either locally under Chapter 52 or by special 

statute in the legislature; and (2) expanding the authority 

of the Texas Water Rights Commission (TWRC) to allow it to 

regulate ground water withdrawals in areas experiencing 
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critical ground water problems. Stated differently, the 

four approaches covered the spectrum from a completely local 

ground water management program to a non-local, state- 

administered ground water management program. 

Texas Attorney General John Hill circulated a petition 

locally to create a Chapter 52 UWCD for the Houston- 

Galveston area in the fall of 1974, before the legislature 

had convened. A second approach proposed by Representative 

Bill Caraway, a Houston area legislator, involved creation 

of a special conservation and reclamation district by 

statute, governed by a locally appointed board, and initially 

including all of Harris and Galveston Counties. Lt. Governor 

Hobby proposed a third approach^ which would have created 

a state-local relationship regarding ground water, similar 

to state-federal relationships concerning air and water 

pollution established by the Federal Clean Air Act^ and the 

Federal Water Pollution Control Act.^ Under Hobby's bill, 

the TWRC, either on its own motion or by petition, could 

examine an area to determine whether it should be defined as 

a "critical area" on the basis of ground water problems or 

subsidence.^ If an area so designated did not form a UWCD 

within 12 months from the time of designation, the commission 

would assume the regulatory controls given a Chapter 52 

UWCD until local creation of a UWCD.^ Failure to adopt 

rules approved by the commission would also result in the 

commission's assuming regulatory authority over ground water 
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4 5 
in the area under the Hobby bill. The three proposals 

outlined above were widely publicized prior to the legisla¬ 

ture's convening in January 1975. The fourth approach, 

introduced by Senator Chet Brooks midway through the 

session, proposed a new chapter to the Water Code giving the 

TWRC regulatory authority over ground water withdrawals in 

areas the TWRC designated as affected by subsidence.^ 

UWCDs created under Chapter 52 have managed to survive 

without the inclusion of large areas that have declined to 

join them, but these UWCDs exercise very little substantive 

controls, and the hydrologic conditions in areas encompassed 

within these UWCDs are considerably different from hydro- 

logic conditions in areas experiencing subsidence in the 

Texas Gulf Coast.^ A regional district charged with 

controlling ground water withdrawals that cause subsidence 

would obviously be greatly handicapped if geographical areas 

within the district's boundaries were not subject to its 

authority. Despite these shortcomings, the Chapter 52 

formation procedure for a UWCD in the Houston-Galveston area 

progressed as far as the designation of the boundaries of 

the reservoir by the TWRC, after a public hearing. By that 

time, however, the UWCD proponents had shifted their support 

to the special district approach, due to its jurisdictional 

advantages. 

Hobby's and Brooks' bills, vesting greater powers in 

the TWRC, aroused the intense opposition of agricultural 

interests,^® as had many previous legislative attempts to 
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vest a state agency with conjunctive control over surface 

49 water and ground water. This opposition steins m large 

part from the priority settings used for allocating surface 

water, which place agricultural uses at the bottom of the 

list. Agricultural resistance to a similar priority setting 

for ground water is apparent in the proviso appearing in all 

Texas statutes concerned with ground water which specifically 

states that surface water laws do not apply to ground 

water.^ The UWCD districts now in operation in Texas are 

dominated by agricultural interests, and these districts are 

sensitive to the fact that agricultural land values and mort¬ 

gages are based on unrestricted pumping.Agricultural domi¬ 

nation explains the absence of production controls among even 

the active UWCDs, as well as the resistance of UWCDs to legis¬ 

lative measures like Hobby's and Brooks' bills that infringe 

on local control or, more accurately, individual control 

over ground water production. 

Agricultural interests were not alone in their opposi¬ 

tion to state management of ground water production in the 

Harris-Galveston region. Considerable uneasiness about the 

concept could also be found among industrial and municipal 

representatives in the region. Whatever merits the Hobby 

bill may have had, the time was not ripe for state administra¬ 

tion of ground water in 1975. The path of least resistance 

appeared to be creation of a special district by the legislature 

to join the swelling ranks of over 629 districts operating under 

the authority of Article XVI, Section 59 of the Texas Constitu- 
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The local control approach contained in Representative 

Carraway's House Bill 552 emerged as the most acceptable 

legislation due to the political unpalatibility of statewide 

control over ground water. However, a local approach still 

had to satisfy the political forces within the Houston- 

Galveston region. At the Houston-Galveston reservoir desig¬ 

nation hearing conducted by the TWRC the surrounding counties 

steadfastly opposed inclusion within a regulatory district 

that would in all likelihood be dominated by Harris and 

Galveston Counties. Hydrologists familiar with the region 

believed that the problem could be adequately controlled by 

regulating pumpage in Harris and Galveston Counties alone.53 

Thus, the decision was made to confine the District's 

initial jurisdiction to those two counties and allow other 

54 counties to join on their own initiative after election. 

Satisfying the competing interests within Harris and 

Galveston Counties posed another formidable obstacle. The 

most controversial aspect of the bill involved the selection 

of a governing body to run the district.^ instead of an 

elected governing body, the legislature selected a board 

composed of fifteen members serving staggered terms of two 

years, appointed by the mayors of the cities most seriously 

threatened by subsidence in Harris and Galveston Counties 

and by the commissioners' courts of the two counties. The 

requirement of including on the board a minimum of one repre¬ 

sentative of agricultural interests and one representative 
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of industrial interests assured input from those quarters. 

The diverse interests represented on the board 

eliminated most of the remaining opposition to the passage 

of H.B. 552 from within the ranks of the Harris and 

Galveston Counties' legislative delegations; but a few 

provisions of the bill, primarily those concerning the financ¬ 

ing of the district, still generated some opposition. The 

district as originally proposed was to be financed by permit 

fees charged to permitted well owners coupled with ad 

valorem tax revenues. Funds generated by the permit fees 

are earmarked by the Act to be used to finance the "costs of 

the board in issuing permits and performing other regulatory 

functions."57 Representatives of industry, concerned that 

the permit fee might be used to penalize ground water users, 

particularly industries pumping in critically affected 

areas, proposed successfully that the fee be limited in 

H.B. 552 to no greater than "110% of the highest rate 

charged by the city of Houston for surface water to its 

customers."^® After passage in the House, Senator Brooks 

still opposed the bill. As a compromise, Brooks demanded 

deletion of the ad valorem tax provision, to which the 

bill's supporters acceded, leaving the district solely de¬ 

pendent on permit fees for funds. 

H.B. 552 enjoyed strong support from local legislators, 

public officials, industry, and the general public through¬ 

out its passage through the legislature.^ When the final 
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copy of H.B. 552 was sent back through the House and Senate 

it received almost unanimous legislative approval. The 

trials of H.B. 552 were still not over, however, as serious 

legal challenges lay in store for it soon after its passage. 

The Act 

While H.B. 552 (hereinafter referred to as the Act) 

contains some provisions similar to those found in Chapter 

52 of the Water Code, it more closely resembles the Texas 
60 61 

Water Quality Act and the Texas Clean Air Act in its 

administrative provisions and enforcement powers. The Act 

mandates detailed pumpage and subsidence monitoring, compre¬ 

hensive research and planning, and substantive production 

controls to meet the problem of subsidence. Powerful legal 

tools are provided to implement and enforce these programs. 

The purpose and creation sections of the Act reflect 

the Act's emphasis on protecting the public from the threat 

of subsidence, rather than merely allocating ground water. 

Section 1 of the Act sets forth the Act's purpose—halting 

subsidence which contributes to flooding of any area within 

the district. This is to be done by regulating ground 

water withdrawals, implicitly evidencing a legislative 

finding that land subsidence in Harris and Galveston 

Counties is caused by such withdrawals. The Harris- 

Galveston Coastal Subsidence District (hereinafter referred 

to as the District) is designated in Section 1 as the 

regulatory authority to accomplish the Act's purpose. 

As noted in Section 3, the Act is created under the 
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authority of Article XVI, Section 59 of the Texas Constitu¬ 

tion, the natural resources article. The natural resources, 

in this instance, are surface lands threatened by flooding, 

and the region's ground water resources. The broad language 

of Article XVI, Section 59, and the broad interpretation 

given it by the Texas Supreme Court, are indicative of the 

appropriateness of that section as authority for creating 

the District.62 Unlike Chapter 52 UWCDs, no confirmation 

election was required before the District could begin 

operating, and its 15 member board is appointed rather 

6 4 than elected. The powers and duties section enjoins the 

board to exercise its authority in a reasonable manner: 

. . . . taking into account all factors including 
availability of surface water, economic impact upon 
persons and the community, degree, and effect of 
subsidence upon the surface of land, and differing 
topographical and geophysical characteristics of land 
areas within the district. The board has the powers 
and duties specifically described in this Act and all 
other powers necessary or convenient to carry out its 
responsibilities and achieve the purpose of the Act. 

The District's chief administrative officer is the 

general manager,66 and the Act designates the Texas 

Attorney General as the District's legal representative in 

6 7 court, an unusual provision for a regional agency. 

The Act in Sections 16 and 17 mandates an ongoing 

planning process through the formulation and adoption of a 

District Plan containing the measures necessary to control 

and prevent subsidence within the District through reductions 

in ground water withdrawals. The District Plan requires 
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detailed information on, inter alia, each well, current 

and future water needs, alternative water sources, pur¬ 

poses for which the water is used, and other information 

that will enable determination of : 

an accurate estimate of the amount of ground water 
which may be produced from each well and each area 
in the district without causing drawdown of the water 
table and reduction of artesian pressure that will 
lead to subsidence within the district.68 

Section 18 of the Act required the District to actively 

embark on an interim regulatory program through the 

adoption of temporary rules and regulations prior to the 

time the plan was formulated and adopted. 

The primary tool of the regulatory program created by 

the Act is the requirement in Section 19 of a non-trans- 

ferable*^ permit issued by the District's Board for any 

existing or planned water well within the district, except 

one that qualifies for the narrowly drawn exemptions under 

Section 43 of the Act. The factors to be considered by the 

Board in the decision and issuance of each permit are enum¬ 

erated in Section 24 of the Act, which, by its terms, clearly 

contemplates that in some instances permits will be denied 

in order to reduce ground water withdrawals and thereby 

eliminate subsidence. The Board (or hearing examiner) must 

consider several factors in deciding whether or not to issue 

a permit, including, inter alia, the District Plan (after 

its development), available surface water alternatives, and 

economic impact on the applicant from the granting or denial 
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of the permit, or the permit's terms, in relation to the 

effect on subsidence that would result. Moreover, the board 

must grant a permit if the applicant can meet the following 

two-pronged test: (1) no other adequate source of water is 

available at a price competitive with those charged by 

surface water suppliers within the District; and (2) compli¬ 

ance with any provision of the Act, or any rule or regula¬ 

tion of the District, will result in an arbitrary taking of 

property, or in the practical closing and elimination of 

any lawful business without sufficient corresponding benefit 

to the people. 

A total denial or highly restrictive permit under 

Section 24 could raise constitutional issues with precedents 

in Texas oil and gas regulations that also derive their 

authority from Article XVI, Section 59 of the Texas Constitu- 

. 70 tion. Texas courts have held that every landowner must be 

allowed to capture his "just proportion" of oil and gas 

from the common pool;^l and depriving a landowner of that 

right constitutes an unconstitutional confiscation of his 

7 7 property. The difference m the physical and economic 

nature and use of oil and gas from that of water may justify 

the recognition of different types of correlative rights in 

the latter, as, for example, preferential rights of a user 

of ground water on the land from which it is produced. J 

Although the Constitution requires respect for correlative 

rights, if restrictions are imposed to protect the rights of 

surrounding landowners to lateral and subjacent support, 
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such restrictions would not constitute a "taking,” since the 

purpose would not be to take the right to the ground water 

for a public benefit, but rather to protect the public 

from the harm caused by the ground water user's activities.^ 

Those permit applicants who are allowed to withdraw 

ground water must pay a fee pursuant to Section 37(a) of the 

Act, based on the term of the permit and the annual amount 

of ground water authorized to be withdrawn by the Board. 

The permit fee requirement places the cost of the regulatory 

program on the activity creating the need for the program, 

thereby providing internalization of a social cost. The 

language of Section 37 states that the fee is to be 

"established by schedule" after public hearing "based on the 

term of the permit and the maximum annual amount of ground 

water authorized by the board to be withdrawn." The use of 

the word "schedule" in Section 37, taken together with the 

language of Sections 6 and 24 of the Act, indicate that the 

fee can be uniform or variable as long as the result is an 

equitable fee. Section 37(b), which limits the fee to an 

amount less than 110% of the rate charged by the city of 

Houston, provides ground water users some protection from 

excessive fees. Section 37(c) specifically limits the ex¬ 

penditures of the funds derived from the fees to those re¬ 

lated to accomplishing the purpose of the Act. 

Permitted well owners must submit annual reports con- 

. 7 S cermng pumpage from individual wells; and the owners can 
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76 
be required to install water metering devices on the wells. 

The District is entitled to access to property within the 

District, after notice, to conduct investigations related 

77 ... 
to the Act. Section 47 of the Act provides injunctive 

relief and stiff penalties of from $50 to $5000 for each day 

and act of violation of the Act, or of any rule, permit, or 

order of the District. 

7 8 Before the District can set permit fees, grant or 
7 Q 80 

deny a permit, ^ adopt a District Plan, adopt Rules and 

81 Regulations, or make its annual determination of the 

8 2 effect of pumping on subsidence, the Act requires that the 

District hold hearings on such actions following the 

guidelines for hearings provided in the Act. The District's 

board is empowered to issue subpoenas, swear witnesses, and 

84 compel testimony at hearings. The Act incorporates many 

safeguards for procedural due process through extensive no- 

8 5 
tice requirements for all hearings, a requirement that 

all interested parties be allowed to fully participate in 

8 6 
hearings, and the requirement that permit applications are 

87 
to be acted upon within 35 days of the permit hearing. 

O O 
Moreover, any person "who is adversely affected" by an 

official action of the District can appeal the action to a 

district court in any county within the District; such 

appeal to be governed by de novo substantial evidence 

8 9 
review. 

As in other Texas ground water statutes, the Act (1) 

acknowledges private ownership of ground water (although 
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Q 

the Act establishes, in effect, correlative rights) 

(2) specifically states that surface water laws are not 

applicable (although this would not preclude the District 

from setting procedures similar to those used for surface 

water); and (3) prohibits the sale and distribution of 

91 water. 

Notwithstanding the District's limited jurisdiction, 

the Act satisfied hydrologists familiar with the subsidence 

problem in the Houston-Galveston region as legislation 

that provides the tools necessary to halt further subsi- 
q o 

dence efficiently and effectively. The District's powers 

extend to controlling the rate and spacing of pumping, but 

its powers do not extend to equalizing costs between sur¬ 

face and ground water in areas where pumpage reductions must 

be achieved to stop subsidence. In an analysis of water 

well spacing regulations in Texas in 1955, Justice 

Greenhill, writing then as a private attorney, stated: 

That brings us to correlative rights. In other words, 
the District can't say validly, "You can't drill a 
well," and then say to your neighbor, "You can drill a 
well, and drain your neighbor's water." I think each 
of these people have correlative or respective rights 
in the water which the District must respect and pro¬ 
tect. . . .93 

Maintaining and preserving correlative rights, while 

reducing pumpage,promises to be a formidable task fraught 

with legal pitfalls that could be simplified if the District 

could equalize the cost of water. However, the pumpage 

reduction required of landowners in areas where severe subsi- 
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dence now requires reductions still permits the vast 

majority of ground water users to pump a larger volume of 

water than their pro rata share of the available ground water 
Q A 

computed on the basis of acreage. 

Since the city of Houston owns the water rights and 

delivery systems for most of the available surface water 

sources in the region, pumpage reduction orders from the 

District inevitably generate suspicions among municipalities 

and other water suppliers concerning the relationship of the 

District to the city of Houston. The expanding role of the 

Texas Water Rights Commission in overseeing and resolving 

surface water contract and rate disputes, as codified by 

the 65th Texas Legislature, could alleviate the District's 

image problem somewhat, by assuring impartial review of con¬ 

tracturai terms.^5 To a large extent, however, the Dis¬ 

trict will not be able to avoid criticism as it performs 

its task of regulating ground water. 

The District's initial accomplishments and challenges 

In its initial efforts the District has shown no re¬ 

luctance to use the substantive powers of the Act to reduce 

and control ground water pumpage. The District has already 

required several cities and industries to switch to the use 

of surface water. Total permitted pumpage has dropped by 

one-sixth between the first and second year of the Dis¬ 

trict's operation, although most of the reductions in pumpage 

resulted from arrangements to shift to surface water that 
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had been made before the District's creation. As a result 

of the reductions, water levels are stabilizing instead of 

dropping in many areas and subsidence rates as measured by 

compaction monitors have slowed somewhat, confirming that 

the problem can be controlled.^6 Other noteworthy accom¬ 

plishments of the District include improving and expanding 

the water level monitoring network, adoption of a District 

Plan, and permitting of over 1600 wells pumping 184 billion 

gallons in the first permitting term. 

The Act's failure to address salt water encroachment 

constitutes a shortcoming, although not presently a major 

one. As mentioned earlier, salt water encroachment will be 

inhibited, if not fully stopped, by measures taken to halt 

subsidence. Since controlling salt water encroachment does 

not fall within the purposes of the Act, a legislative 

amendment will be necessary to enable the District to 

directly address encroachment problems. 

Legal challenges to the District arose from an unex¬ 

pected source shortly after it began its efforts. A group 

of rice farmers in the western portion of Harris County 

appealed to district court a decision by the District to 

levy a uniform permit fee of 1.2C per thousand gallons on 

all permitted ground water withdrawals within the District. 

The rice farmers contended that the fee should be based on 

relative contribution to the problem and that their pumpage 

in the northwestern portions of the District contributed 
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less than others to the areas of critical subsidence in the 

southeastern part of the District. 

The District responded that the permit fee represents 

an equitable method of distributing regulatory costs among 

ground water users permitted to continue pumping and that 

the fee is actually very small in comparison to the cost 

of surface water incurred by entities denied permits. The 

rice farmers further challenged the constitutionality of 

the Act on several grounds, contending: 

(1) A subsidence control district cannot be created 

under the authority of Article XVI, Section 59 of the 

Constitution; 

(2) The legislature could not validly create the 

District without a confirmation election because the 

recently adopted subsection (e) of Article XVI, Section 

59 requires an election for the creation of all conser¬ 

vation and reclamation districts; 

(3) Permit fees are an impermissible method of funding 

a conservation and reclamation district under Article 

XVI, Section 59 of the Constitution; 

(4) The permit fees levied by the District are in 

actuality an occupation tax that cannot be levied on 

agricultural pursuits under Article VII, Section 1 of 

the Texas Constitution; and 

(5) The Act denies rice farmers substantive due process 

and equal protection under the state and federal consti- 
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tutions in that (a) pumpage by rice farmers does not 

contribute enough to subsidence to justify regulation, and 

(b) other users contributing more to subsidence than rice 

farmers were not included within the District's boundaries. 

The trial court ruled in favor of the District on all 

issues raised at the conclusion of a lengthy trial in 

October 1976. While the case was on appeal the Texas 

Legislature amended the permit fee section of the Act to 

provide that agricultural users would pay the lesser of 

seventy percent of the fee charged other users or a per¬ 

centage of the regular rate which directly reflects the con¬ 

tribution of agricultural purpose wells to subsidence as 

compared to the contribution of other wells. In October 1977 

the Court of Civil Appeals affirmed the trial court's 

holding,^' and the rice farmers are expected to appeal 

that decision to the Texas Supreme Court. 

1TEX. LAWS, 1975, Ch. 284, Sec. 1 at 672. 

298 Tex. 146, 81 S.W. 279 (1904). 

Comment, Texas Groundwater District Act of 1949; 
Analysis and Criticism, 30 Texas L. Rev. 862, 866 
(1952). 

4TEX. LAWS, 1955, Ch. 496, ii 1-3 at 1239 (presently 
codified in TEX. WATER CODE ANN. i 52.001, et seg. 
(1972). 

C 
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866 (1952); Comment, Ground Water Management: A Proposal 
for Texas, 51 Texas L. Rev. 289 (1973); Casebier and 
Starley, Proration of Groundwater, in Proceedings, Water 
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Law Conference, University of Texas School of Law, 150 
(1956); Matthews, Ground Water Rights and Regulations, 
in Proceedings, Water Law Conference, University of 
Texas School of Law (1956); Booth, Alternative Ground 
Water Laws for Texas, in 1974 Water for Texas Confer¬ 
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IV. CONCLUSIONS 

The primary incentive for ground water development in 

the Houston-Galveston region has been the lower cost of 

ground water in comparison to alternative sources of water. 

However, if ground water user costs reflected the cost of 

the problems of land surface subsidence caused by pumping, 

in addition to the user's capital and operating expenses, 

unlimited ground water usage would be more expensive than 

alternative sources of water. 

Land surface subsidence in the Houston-Galveston 

region results when ground water pumpage reduces hydrostatic 

pressures within the alternating sand and clay layers com¬ 

prising the region's aquifers. Permeable outcrops in the 

northern part of the region continuously recharge the 

aquifers. Hydrostatic pressures decline at the inception of 

pumping from a well until the countervailing effect of 

recharge creates steady state conditions. Declines are 

accelerated by the interactive effect of areally concentrated 

pumping by high volume wells. 

Artesian pressure provides hydraulic buoyant support 

for the compressible, low permeability clays in the 

aquifers. As pressures in the incompressible, permeable 

sands decline, a pressure gradient develops between the 

compressible, low permeability clay layers and the sand 

layers, causing water to migrate from the clays to the sands 

227 



228 

until pressure equilibrium is reestablished between the sand 

and clay layers. The reduction in the buoyant support 

caused by pressure declines results in compaction of the 

clays from the weight of the overlying sediments, mani¬ 

fested on the surface as land surface subsidence, which con¬ 

tinues until artesian pressure in the clays is in equili¬ 

brium with artesian pressure within the sands. At any 

given location in the region, detailed analysis of histori¬ 

cal subsidence, artesian-pressure declines, total clay bed 

thickness, and pressure profiles will enable a reasonably 

accurate determination of the subsidence that can be 

expected to result from further artesian-pressure declines. 

Utilizing existing information on the hydrologic proper¬ 

ties of the region's aquifers, electric analog or computer 

simulations can determine the effect of various pumping 

patterns on artesian pressures throughout the region, which 

can be used with subsidence projections for various locations 

to develop a pumping pattern that will maximize total benefits. 

With proper spacing and production controls, current 

estimates are that 550 mgd to 700 mgd of ground water can 

be "harvested" from the aquifers without producing subsi¬ 

dence in areas where further subsidence is unacceptable. 

Continuous refinement and expansion of the existing hydro- 

logic and elevation data base will enable finer tuning and 

better utilization of the aquifers' full "safe" potential. 

More research is also needed to better understand the possible 
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relationship of faulting in the region to declines in 

artesian pressure and subsidence. 

Projected water demands in the region are expected to 

exceed the safe potential of the aquifers by 1980f and 

pumpage in areas of severe subsidence, such as the Pasadena 

and Bayport areas, must be significantly reduced from 

present levels. To do this, alternative water sources to 

meet demands must be developed. Surface water, from the 

Brazos River for Galveston County and the San Jacinto River 

and Trinity River for Harris and Galveston Counties, 

currently offers the most viable alternative in comparison 

to artificial recharge operations, desalinization, and waste 

water reclamation. Existing reservoir development on these 

rivers is sufficient to meet the water demands of the 

region through the year 2000. Although surface water is 

plentiful, it costs a minimum of 19C/1000 gallons more than 

ground water, depending on the user's location, water 

quality requirements, and water quantity requirements. 

The city of Houston owns the rights to almost all of 

the water from the San Jacinto River and the Trinity River 

that can be transported via canals and pipelines to the 

rest of the region. Houston will occupy a strong bar¬ 

gaining position as water demands begin to exceed ground 

water availability determined in light of subsidence consid¬ 

erations. The Texas Water Rights Commission's review power 

over surface water contracts may serve to equalize 



230 

bargaining positions. 

While scientific understanding of subsidence has existed 

for several years, legal mechanisms to induce ground water 

users to shift to surface water selling at a higher price 

have been lacking, due to uncertainty in the common law and 

the absence of a governmental regulatory program to control 

ground water withdrawal that causes subsidence. 

The uncertainty in the common law will soon be resolved 

in the case of Friendswood Development Company v. Smith- 

Southwest Industries, on appeal to the Texas Supreme Court 

from a court of civil appeals decision which allows land- 

owners to recover when their property is damaged by subsi¬ 

dence caused by ground water pumpage conducted in a negli¬ 

gent manner on neighboring property. Texas courts have never 

placed any restrictions on ground water use in previous 

cases involving ground water rights disputes. The court's 

disposition of this issue will determine whether the right 

to withdraw ground water, like other rights in a well- 

ordered society, must be conducted with respect for the 

correlative rights of others, and must reflect the true cost 

of the activity. 

Although damage actions are appropriate for judicial 

resolution, ongoing management of ground water withdrawals 

causing subsidence is better suited to a regulatory agency 

than to the courts. Such an agency with the necessary powers 

to control the subsidence problem was created by the Texas 
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Legislature in 1975 in the passage of House Bill 552, 

creating the Harris-Galveston Coastal Subsidence District. 

The District is mandated to control production and 

spacing of pumpage to stop subsidence that causes flooding 

within the District through a permitting process based on a 

comprehensive plan. The powers of the District extend only 

to controlling withdrawals within its two county jurisdiction 

and not to providing surface water for permit applicants 

whose permits are denied. The Act creating the Harris- 

Galveston Coastal Subsidence District constitutes a large 

step, albeit a belated one, towards regulating and solving 

the subsidence problem of the Houston-Galveston region, 

while allowing the utilization of the full safe yield of 

the region's fresh water aquifers. The terminology and 

provisions of the Act reflect the progress in the science of 

hydrology since the time of the East case in 1904, and, per¬ 

haps more importantly, the recognition of the significance 

of that knowledge by the Legislature. The Act successfully 

withstood a constitutional challenge at the appellate level 

in the case of Beckendorff v. Harris-Galveston Coastal 

Subsidence District. A likely appeal to the Texas Supreme 

Court provides that court an opportunity to establish that 

advances in knowledge, now recognized by the Legislature in 

passing the Act to provide prospective protection to the 

public, do not go unheeded by the courts. 
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Figure 1 — Location of Principal Areas of Ground 

Water Withdrawals and Average Rates of Pumping 

in 1972. 

Source: R. K. Gabrysch and C. W. Bonnet, Land-Surface 
Subsidence in the Houston-Galveston Region, Texas 
(Texas Water Development Board, Report 188, 1975), p. 3. 
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Vicksburg flexure after Murray, I960 

Subsidence after Gabrysch, 1969 

Figure 2 — Gulf Coast Geosyncline Tectonic Elements 

Affecting Chambers County Geology. 

Source: H. C. Clark, "An Evaluation of Existing Natural 
Environmental Data: Geology," in Environmental Analysis 
for Development Planning Chambers County, Texas, 
Technical Report, vol. I (Houston: Rice Center for 
Community Design and Research, 1974), p. 164. 
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Geology from geologic mop of 
Texas, US. Geological Survey, (937 
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Figure 3 — Geologic Map of the Houston District. 

Source: L. A. Wood and R. K. Gabrysch, Analog Model Study 
of Ground Water in the Houston District, Texas (Texas 
Water Development Board Bulletin 6508, 1965) , p. 9. 
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Figure 4 — Hydrologic Profile A-A from Montgomery County 

to Texas City showing aquifers, principal zones of 

ground water withdrawal, altitude of the potentiometric 

surfaces, and land surface subsidence. 

Source: R. K. Gabrysch and C. W. Bonnet, Land-Surface Sub 
sidence in the Area of Moses Lake near Texas City, 
Texas (U.S. Geol. Survey, Water Resources Investiga¬ 
tions 76-32, 1975), p. 8. 
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Figure 5 — Approximate Altitude of the Base of the 

Upper Unit of the Chicot Aquifer. 

Source: D. G. Jorgensen, Analog-Model Studies of Ground- 
Water Hydrology in the Houston District/ Texas (Texas 
Water Development Board, Report 190, 1975) , p^ 13. 



W
A

SH
IN

 -
T

O
N

 

238 

Boundory balwtnn Qrtot having dilftrtnt 

avcrog* veiun at uo*agt caaflicignt 

Figure 6 — Estimated Transmissivity and Storage Coef¬ 

ficient of the Lower Unit of the Chicot Aquifer 

and the Chicot Aquifer Unidfferentiated. 

Source: D. G. Jorgensen, Analog-Model Studies of Ground- 
Water Hydrology in the Houston District/ Texas (Texas 
Water Development Board, Report 190, 1975), p. 15. 
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Figure 7 — Estimated Transmissivity and Storage 

Coefficient of the Evangeline Aquifer. 

Source: D. G. Jorgensen, Analog-Model Studies of Ground- 
Water Hydrology in the Houston District, Texas (Texas 
Water Development Board, Report 190, 1975) , p. 19. 
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EXPLANATION 

Direction of movement of water 

Sand 

Clay 

HI 
Salt Water 

Figure 8 — Diagrammatic Sketch of the Theoretical 

Relationship of the Fresh Water to Salt Water in the 

Gulf Coast Region. 

Source: L. A. Wood, R. K. Gabrysch, and Richard Marvin, 
Reconnaissance Investigation of the Ground-Water 
Resources of the Gulf Coast Region, Texas (Texas Water 
Development Board Bulletin 6305, 1963), p. 48. 
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10 IOO 1000 

DISTANCE FROM PUMPING WELL, IN FEET 

IQPOO IOOP00 

Figure 9 — Relation of Drawdown to Time and Distance 

as a Result of Pumping under Artesian Conditions. 

Source: W. M. Sandeen and J. B. Wesselman, Ground-Water 
Resources of Brazoria County, Texas (Texas Water 
Development Board, Report 163, 1973), p. 45. 
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Figure-10 — Relation of Drawdown to Time and Distance 

as a Result of Pumping under Water Table Conditions. 

Source: W. M. Sandeen and J. B. Wesselman, Ground-Water 
Resources of Brazoria County, Texas (Texas Water 
Development Board, Report 163, 1973)* p. 48. 
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Figure 11 Approximate Declines of Water Levels in 

Wells Completed in the Chicot Aquifer, 1943-1973. 

Source: R. K. Gabrysch and C. W. Bonnet, Land-Surface 
Subsidence in the Houston-Galveston Region, Texas 
(Texas Water Development Board, Report 188, 1975), 
p. 7. 
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Figure 12 — Approximate Declines of Water Levels in 

Wells Completed in the Evangeline Aquifer, 

1943-1973. 

Source: R. K. Gabrysch and C. W. Bonnet, Land-Surface 
Subsidence in the Houston-Galveston Region, Texas 
(Texas Water Development Board, Report 188, 1975), 
p. 9. 
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Figure 13 — Withdrawals of Ground Water from 1890 to 

1970 and Predicted Withdrawals from 1971 to 1890. 

Source: D. G. Jorgensen, Analog-Model Studies of Ground- 
Water Hydrology in the Houston District, Texas (Texas 
Water Development Board, Report 190, 1975), p. 23. 
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Figure 14 — Subsidence of the Land Surface, 1943-1973. 

Source: R. K. Gabrysch and C. W. Bonnet, Land-Surface 
Subsidence in the Houston-Galveston Region, Texas 
(Texas Water Development Board, Report 188, 1975), 
p. 13. 
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Figure 15 — Relation between Land-Surface Subsidence and 

Artesian-Head Decline. 

Source: R. K. Gabrysch and C. W. Bonnet, Land—Surface 
Subsidence in the Area of Burnett, Scott, and Crystal 
Bays near Baytown, Texas (U.S. Geol. Survey, Water- 
Resources Investigations 21-74, 1974), p. 13. 
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1890-1953 1890-1960 1890-1970 

Hydrologic 
Volume 

(ft3X1010) 
Percent 

Volume 
(ft3 X 1010) 

Percent 
Volume 

(ft3 X 1010) 
Percent 

Pumping 27.7 100 39.9 100 63.1 100 

Irrigation return (exclusive of vertical leakage 
to the lower unit of the Chicot aquifer and the 
Chicot aquifer undifferentiated 

2.5 9 3.5 9 5.7 9 

Vertical leakage of water from the land surface 
to the centerline of the lower unit of the Chicot 
aquifer and the Chicot aquifer undifferentiated 

4.2 15 8.0 20 11.7 18 

Clay compaction from the land surface to the 
centerline of the lower unit of the Chicot aquifer 

and the Chicot aquifer undifferentiated 

4.3 16 5.9 15 8.0 13 

Depletion of storage from the water-table part of 
the lower unit of the Chicot aquifer and the 
Chicot aquifer undifferentiated 

11.5 42 15.0 38 23.6 37 

Depletion of storage from the artesian part of the 
lower unit of the Chicot aquifer and the Chicot 
aquifer undifferentiated 

.4 1 .5 1 .7 1 

Inflow across model boundaries of the lower unit 
of the Chicot aquifer and the Chicot aquifer 
und if f erentiated 

1.6 6 2.3 6 4.8 8 

Vertical leakage of water from the Brazos River 
to the lower unit of the Chicot aquifer and the 
Chicot aquifer undifferentiated 

.6 2 1.3 3 1.9 3 

Depletion of storage from the Evangeline aquifer 1.0 3 1.4 3 1.9 3 

Inflow across model boundaries of the Evangeline 
aquifer 

1.6 6 2.0 5 4.8 8 

Table 2 — Hydrologic Budget Used to Verify the Analog 

Model. 

Source: D. G. Jorgensen, Analog-Model Studies of Ground- 
Water Hydrology in the Houston District, Texas (Texas 
Water Development Board, Report 190, 1975), p. 55. 
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APPENDIX C 

DEFINITIONS OF SELECTED GROUND-WATER AND SUBSIDENCE TERMS 

from U. S. Geological Survey Water Supply Paper 1988, 
"Definitions of selected ground-water terms— 
Revisions and conceptual refinements" and 
Water Supply Paper 2025, "Glossary of selected terms 
useful in studies of the mechanics of aquifer systems 
and land subsidence due to fluid withdrawal" 

Aquiclude 

An areally extensive body of saturated but relatively 
impermeable material that does not yield appreciable 
quantities of water to wells. Aquicludes are characterized 
by very low values of "leakance" (the ratio of vertical 
hydraulic conductivity to thickness), so that they trans¬ 
mit only minor inter-aquifer flow and also have very low 
rates of yield from compressible storage. Therefore, they 
constitute boundaries of aquifer flow systems. 

Aquifer 

An aquifer is a formation, group of formations, or part 
of a formation that contains sufficient saturated permeable 
material to yield significant quantities of water to wells 
and springs. 

The term aquifer was defined by 0. E. Meinzer from a 
geological concept in which water bodies are classified in 
accordance with stratigraphy or rock types. Meinzer clearly 
intended that an aquifer include the unsaturated part of 
the permeable unit. 

Aquifer system 

A heterogeneous body of intercalated permeable and 
poorly permeable material that functions regionally as a 
water-yielding hydraulic unit; it comprises two or more 
permeable beds separated at least locally by aquitards 
that impede ground-water movement but not greatly affect 
the regional hydraulic continuity of the system. 

Aquitard 

A saturated, but poorly permeable, bed that impedes 
ground-water movement and does not yield water freely to 
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wells, but which may transmit appreciable water to or 
from adjacent aquifers and, where sufficiently thick, may 
constitute an important ground-water storage unit. 
Aquitards are characterized by values of leakance that may 
range from relatively low to relatively high. Areally 
extensive aquitards of relatively low leakance may function 
regionally as boundaries of aquifer flow systems. 

Artesian 

Artesian is synonymous with confined. Artesian water 
and artesian water body are equivalent respectively to 
confined ground water and confined water body. Artesian 
water occurs where an aquifer is overlain by a material of 
lower permeability that confines the water under pressure 
greater than atmospheric pressure. 

An artesian well is a well deriving its water from an 
artesian or confined water body. The water level in an 
artesian well stands above the top of the artesian water 
body it taps, although it may not flow at the land 
surface. 

Conductivity, hydraulic 

Hydraulic conductivity replaced the term "field 
coefficient of permeability" introduced by Meinzer and 
Wenzel, which embodies the inconsistent units gallon, foot, 
and mile. If a porous medium is isotopic and the fluid is 
homogeneous, the hydraulic conductivity of the medium is 
the volume of water at the existing kinematic viscosity 
that will move in unit time under a unit hydraulic gradient 
through a unit area measured at right angles to the direc¬ 
tion of flow. 

Confining bed 

Confining bed is a term which will not supplant the 
terms "aquiclude," "aquitard," and "aquifuge" in reports of 
the Geological Survey and is defined as a body of "imper¬ 
meable" material stratigraphically adjacent to one or more 
aquifers. In nature, however, its hydraulic conductivity 
may range from nearly zero to some value distinctly lower 
than that of the aquifer. Its conductivity relative to that 
of the aquifer it confines should be specified or indicated 
by a suitable modifier such as slightly permeable or 
moderately permeable. 

Head, static 

The static head is the height above a standard datum 
of the surface of a column of water (or other liquid) that 
can be supported by the static pressure at a given point. 



254 

Hydraulic gradient 

The hydraulic gradient is the change in static head per 
unit of distance in a given direction. 

Permeable 

Having the capacity to transmit water. 

Potentiometric surface 

The potentiometric surface, which replaces the term 
"piezometric surface," is a surface which represents the 
static head. As related to an aquifer, it is defined by the 
levels to which water will rise in tightly cased wells. 
Where the head varies appreciably with depth in the aquifer, 
a potentiometric surface is meaningful only if it describes 
the static head along a particular specified surface or 
stratum in that aquifer. More than one potentiometric 
surface is then required to describe the distribution of head. 
The water table is a particular potentiometric surface. 

Specific yield 

The specific yield of a rock or soil is the ratio 
of (1) the volume of water which the rock or soil, after 
being saturated, will yield by gravity to (2) the volume 
of the rock or soil. The definition implies that gravity 
drainage is complete. 

In the natural environment, specific yield is 
generally observed as the change that occurs in the amount 
of water in storage per unit area of unconfined aquifer as 
the result of a unit change in head. Such a change in 
storage is produced by the draining or filling of pore 
space and is therefore dependent upon particle size, rate 
of change of the water table, time, and other variables. 
Hence, specific yield is only an approximate measure of 
the relation between storage and head in unconfined aquifers. 
It is equal to porosity minus specific retention. 

Storage, coefficient 

The storage coefficient is the volume of water an 
aquifer releases from or takes into storage per unit surface 
area of the aquifer per unit-change in head. 

In a confined water body the water derived from storage 
with decline in head comes from expansion of the water and 
compression of the aquifer; similarly, water added to storage 
with a rise in head is accommodated partly by compression of 
the water and partly by expansion of the aquifer. In an 
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unconfined water body, the amount of water derived from or 
added to the aquifer by these processes generally is 
negligible compared to that involved in gravity drainage or 
filling of pores; hence, in an unconfined water body the 
storage coefficient is virtually equal to the specific 
yield. 

Transmissivity 

Transmissivity is the rate at which water of the prevail¬ 
ing kinematic viscosity is transmitted through a unit width 
of the aquifer under a unit hydraulic gradient. It replaces 
the term "coefficient of transmissibility" because by 
convention it is considered a property of the aquifer, which 
is transmissive, whereas the contained liquid is trans¬ 
missible. However, though spoken of as a property of the 
aquifer, it embodies also the saturated thickness of the 
aquifer (b) and the properties of the contained liquid. 
It is equal to an integration of the hydraulic conduc¬ 
tivities across the saturated part of the aquifer perpen¬ 
dicular to the flow paths. 

Water table 

The water table is that surface in an unconfined water 
body at which the pressure is atmospheric. It is defined 
by the levels at which water stands in wells that penetrate 
the water body just far enough to hold standing water. In 
wells which penetrate to greater depths, the water level 
will stand above or below the water table if an upward or 
downward component of ground-water flow exists. 


