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* SUMMARY OF RECOMMENDED ENVIRONMENTAL PROGRAM =

GEOTHERMAL GEOPRESSURED ENERGY DEVELOPMENT, TEXAS COASTAL ZONE

Environmental studies dealing:with the'devéiopment of geopressured-
geothermal resources in the Tekéé~C6gsta1 ane]ihditéte:th@t‘thefmajor-'*
impacts on the ecosystem qréflikély"fbiresult'frOm surface disposal or- '
accidental release of geothermal fluids, from surface subsidence induced -
by fluid withdrawal, and from habitat loss resulting from the construction
of thejbowér'flant and wéli’fiéidf’

" In view of this, the following site specific and general environmental
‘studies are recommended. Some of fhééé'studié;*hré:?lready underway- in Texas.

 site Specific Studdes
| ’““Réébmmén&edjsité.spééifiC‘dataiécquisif16ﬁ fbr’thE aSéeésment"of‘pbtential

environménta1 impactsﬁShﬂecOSyStém quaiity'iS‘altéédy'uﬁ&é}kéy'in’sevéral*areas
of ihtéfest”in Texas. -Baseline éhVirOhment£13£nAIYSesiand:méﬁbiﬁg?haVé been
completéd for the 50 mi® areas that contain the Brazoria CouﬁtY*ahd;Kenéd}
CohntyﬁgébpieSSurédQQEOth§fmai”fairWQySi 'Habitafsuéf réré“or‘éndaﬁgéfed épecies
haveiﬁeéﬁ‘ﬁappéd whéré'pdsélbleif;Ad&itidhailéhaIYSes“hhd:habs“de§¢iibé‘cu:rent
© land use, subsidence and faults, flood potential, 1ithology and soils, water
resod%cé%, ahd‘métédibipéiChl?chafactériStiésE As testing of these areas con-
,tinuéétahd‘hé‘ad&iiibﬁéi devéibpmentioéc&rS}"éhaiyééé"6f‘1meCt§“to\étOSyStem
_ quaiiiy“%ili“bé‘ﬁpﬂatedQlwDufihg 1979, - two a&difibha15t3§fjsi€ésiin DeWitt"
and Colorado Counties'afé'EOﬁtemplétéd”fbf“irbépgétpareasin‘thé'wilcbx -

Formation geopressured-geothermal fairways. 'Environmental analyses will

i



also be completed for these areas. Until additional test sites are identified,
no new site specific-studies are contemplatéd'gndano,additional'funds are

needed.
General Studies

The major unresolved problems to be addressed prior to large scale
developmeht,of;geopressuredegeothermai resources include:

I.. Ecosystem.Studies

1. . Brine effects on wildlife, including shell- and finfish;,,iz Determine

fhe long-term potential for degradation of fish and wildiife Pdpulations-,
,if:ggopressured-geothermal fluids are released into the Gulf of Mexico.
Although onshore dispoSal of geothermal fluids by injection is contemplated,
the high cost of injection makes disposal into the Gulf of Mexico attractive;'
especially for near-shore or off-shoie developﬁents. Surface disposal or
accidental release of geopressured-geothermal fluids is likely to .degrade
surface water and is iikely to result in displacement, ﬁor;ality,'or

. reduced pobulation vitality of certain species, e.g., due to the uptake
of~héavy,metais.

2. Effécts of subsidence. Ascertain the long term effects of subsidence
especially in sensitive transitional coastal environmments, that directly
affect the fin- and shell fish industry and tdurism, These are major

- spawning areas for fin- and shell fish, and include salt marshes which
produce much of the biomass,alopg theﬁGulf.Coast.' Critical_concérns are
determining the. effects of increased wﬁ;er depth of these environments -
and determining how. organisms ;gspond¢tq ;pe‘changes.

3. ?race_elements to aquatics, fj;h,and(wildlife' _Determine the signi-

ficance of trace elements including but not limited to Cu, Fe, Mn, Be,



.-By Cd, Pb, an;and.As_in,eqUatic~food_nets,5fish,m§nd¢wildlife;in;terms
_of origin, methods.of transport, concentration factors,.transfer rates, -

and the eventual storage site at each trophic levela: i ¢
" Cost Estimate for Gemeral Tasks--1979
.Task.. . ... .+ .- . .Equipment.. . .. Operating Funds
(1000.dollars).. :- .- (1000 dollars)
.1, Effects of brine.releaseon. -

2. Bffects;ofrsuhsidenceiu et om0 ot 0 600 1 66

. 3. Effect of trace elements on . : -

ecosystem 15 ‘S 110 120
a0 13t T 280 306

II. Geothermal Fluid Disposal

The critical problems'of'ﬁeothern51 fluid disposal arev(l) if iarge
volumes of f1u1d are disposed into surface saline waters, what will be the
impact on the ecosystems, (2) if 1arge volumes of fluid are disposed into
the subsurface, are the reserroirs<hydrologically suitehle“tofeeeeﬁtdlarge
yolumes of fluid, (3) will these,fluids leak into fresh ground-water systems,
and (4) is there a potential for induced seismicity? |

The research needs for area (1), effect of disposal on surface waters, are
detailed in the Ecosystem section where thls problem is addressed from the po1nt
of view of ecosystem stud1es Stud1es 1n three areas.need to be conducted to.

determlne the nmpact of deep well inJect1on on the environment (1) reservo;r '

suitab1lity, (2) potential leakage, and (3) potential induced seism1c1ty. o



'V>€1)'An51ysés of geometry, volume, orientation, porosity, permeability,
and chemical interactions of the‘dispOSal reservoirs are needed to determine
reservoir‘suitability;

(2) Leakage of saline fluids into fresh g:ound-wate:yaquiférsrmay result
from large volume disposal of geothéfmal fluids.va study is needed to deter-
‘mine‘if'large-scale injection could cause salt water intrusions.

'(3)‘Higﬁ resolution, low ahplitude seismic monitoring is needed at the
injection well for the test site or at a high volume injection well presently
in operation to determine if full scale injection operations may induce
seismicity. A microseisﬁic monitoring study is currently underway af the

geopressuréd-geothermal test well in Brazoria County.

Cost Estimates for General Tasks-Water Quality-1979

Task Operating Funds

(1000 dollars)

1. Reservoir Suitability _ 50
2. Leakage S 50
3. Induced Seismicity 125

225

III.'Subsidenbe

Progtamsrto'evaluate,pbtehfialrénVironmentél impacts due td subsidencev
and faulting resulting frdmlgedﬁfeésﬁféd-gebthéfmal energ& production are
éétégoriZedTinto}the’followiﬁé'gibuﬁs: (1) Subsidence monitorihg, 2
seismicity mbhitoring;'tS)Zﬁééhéhisﬁsrof subsidence and faultiné; (4)

impacts of subsidence on biologic systems, (5) impacts of subsidence on



U

economic and social systems, and (6) methods of indirect measurement of

crustal elevation change and reservoir compaction

lQ‘ Sub51dence monitoring. Benchmark monitoring to determine background

‘ subsidence, not related to production of geothermal fluid and benchmark

monitoring over producing geopressured-geothermal reservoirs are necessary
to determine natural and induced rates of subsidence Ong01ng programs

are presently ident1fy1ng the regional component of sub51dence. A h1gh

'den51ty network of benchmarks at the Pleasant Bayou prospect has been

1nstalled and leveled. After fluid production at the test well has |

" been operational for approximately one year, the benchmarks over the |
-’field should be relevelled If other fairways are considered for testing '

or full scale production, benchmark networks need to be established

'é;j Seismicity monitoring Microseismlc activity is being monitored at

'w}the Brazoria County test vell site. " Additional information is needed to

’ understand whether there is presently any natural seismic activ1ty in

the Gulf Coast Selected deep oil and gas field and large fluid in-

Jection programs should also be monitored to determine 1f microseismicity

is assoc1ated w1th these operations. Microseismicity needs to be

monitored at any test well operation.“n

3,“ Mechanisms for subsidence and faulting ‘ The potential of land

' subsidence from geopressured—geothermal fluid production is unknown B

at this time. There is presently no large—scale water production

“from the geopressured zones Sub51dence measurements over geopressured-

gas f1e1ds are complicated by il and formation-waterproductionfrom the.

hydropressured zone (e g .s Chocolate Bayou field) There is no defin-

fitive case of known subs1dence from the fluid production from the "



geopressured zone. Three aoproaches'can be taken to evaluate'the
'problem' (1) construct a hlgh y1e1d well 1n the geopressured zone,
produce 1t to see if subs1dence results, (2) conduct compress1b111ty,
‘trstud1es of sed1ments from geopressured zone, and (3) draw analog1es ’
‘to subs1d1ng areas resultlng from fluid product1on.rr

All three of these approaches have been or are being used in 7

evaluat1ng subs1dence potent1al 1n the Texas Gulf Coast. (l) A well
'71s be1ng drllled at the Pleasant Bayou s1te and land surface is being
mon1tored for elevat1on changes. (2) The Center for Earth Sc1ences

and Eng1neer1ng is conduct1ng compress1b111ty tests on core from ‘the
.Pleasant Bayou site - and pred1ct1ng subsidence, and (3) studles of
analogous subs1dence from ground water, and oil and gas product;on have
»been made (e.g., Gustavson and Kreitler, 1976) These ongoing stud1es
‘hopefully will resolve the major questions; therefore no recommendat1ons
are made in this area.

4. Impact of subsidence on surface ecosystenstr,The geothermal-geo-
pressuredvfairwayshin therFrlo Formation‘underlie bays, estuaries,
bayous, and lowlands of the Texas Gulf Coast. Much of the subareal

land has an elevation below 15 ft (Sm).’Broad, regional land'sub-
sidence from geothermal-geopressured water production could slgnifi-
cantly alter»the ecosystems'ln these low-landfareas.

The following progran is recommended. Determine the geographic
srea of low-land eeosystams and provide an estimate,oflareas,that‘would
undergo changes‘as a result of varying amounts of subSidence. ~If the
amount of wet- lands to be 1mpacted is relatively small the reg1ona1
1mpact is small. If the area is large, the reg10na1 1mpact may be s1g-
nificant. See Ecosystem stud1es for additional recommendations for the

- impact of subsidence on ecosystems.



5. Economic impacts from subsidence. The econdmic impaqt that ;‘
’”,subéidence‘haslhad on,thé Texas Coastal Zone is not known,:;Affew,

_ studies have addtessed spe;ific problems or areas. A comprehensive
study. is needed that addresses all facets of subsidence which may
have economiq}impqq;{_

* ;36.“1ndi:§q; measurﬂmentsrqf reservoir compaction. ,Réservpir com-
paction is the prime unkndwn;which‘yill determine if subsidence will

. be a critical problem. Compaction can be estimated by repeated |
gravity surveys. . In areas of‘fluid;withdrﬁwals, changes in gravity
mgaSpremgnts mayfréSdlt from either fluid withdrawél and compaction
or land subgiden@e. _ Gravity studies to measu:e,reserVoir'compacfion

should be initiated.
f_tCost‘Estimgtes for;Gene:aeragksr

1. Subsidence Momitoring = .. . § 75,000
(detﬁiled network over one field wifh survey
before and after production) o o
2. Seismic Monitoring S | R 125,000
(detailed_ﬁicroseiSmic monitoring one field.. |
A for one year) | |
3. ~GraVity:Measuremént§ . C g | ;::,:ru 50;000
(detailednetwbrk‘gver.oné field with survey
before and after»productiﬁn)
4. Subsidence Impact on Ecosystems B . ... 075,000

5. Economic Impacts: | : A ~ 100,000



IV. Air Quality Monitoring

Until the potential impa¢f§ of geopressured-geothermal ‘development on
ambient’aif qﬁa1ity are thoroﬁghly'ﬁnderstood;“each’geoﬁressﬁféd4ge§thermal
site should be monitored for air quality. The pbllutaﬁté“of:pbfehtiél"con-
cern are methane; non-methane, hydrocarbons, and ammoﬁia;‘bééaﬁée théSeﬁ
substances are knbﬁn to occur in geopressured formation fluids. The oxidation
of st'produées S0,, a pollutant of increasing concern on the Texas Gulf
Coast. As other potential pollutants are recognized from analyses of geo-
presstred-geothermal‘or frbm*éhbstanééé Such'asACOrrosion’inhibitoféféhd
biocides introduced into cooiing’tbwer waters, additional pdiametérs'ﬁay
be. added to the list. Meteorological data should be collected‘conéufrently ‘
with air quality data. ’

All‘air quality monitoring should conform to Environmental Protection
Agenéy Quality Assurance procedures and should meet or exceed all Federal
performance and dimensional specifications including those in Federal

Register, Vol. 36, No. 84, dated April 30, 1979.

Estimated Cost: Site Specific Air Quality Moni toring

Methane

Non-methane hydrocarbons
Sulfur dioxide

Hydrogen sulfide

Ammonia

Meteorological data

- $125,000/yr.



Socioeconomic and Demographic Research

Our recommendations for socioeconomic and demographic research follow
the recommendations and conclusionstofzhetIOW and others, 1976, and Lopreato
and Blissett 1977 ) _ '

Letlow and others; 1976, have concluded that initial exploration and
testing phases of geothermal development are likely to produce few positive
~or negative impacts on Gulf Coast communities. Lopreato and Blissett 1977,
confirm the need for attitudinal surveys at potential 51tes and for addi-
tional communication to area re51dents For these reasons and because
large- scale industrial utilizatlon of geothermal energy is not likely to
occur until geothermal energy becomes a pgg!gg_economic Tesource at some

future time, only two social research tasks are recommeded at this time.

(1) ‘Attitudinal Survey at Site; ' .

"Before the test-bed sitesisifinaliyqdetermined;;avrandom»sample survey
of citizens in the potential site areagshouidebe conducted thatwouldidentify
attitudes toward the expectationsvof_the;resourcefdeveIOpment," (Lopreato‘and

Blissett, 1977).

(2) Citizen Conference.

"During the period when‘an environmentai report is heing conducted for;
theptest_site, a Citizens' Conference on Geothermal Development:Should be
held in the area All geothermal research groups might be involved as
. 1nformants, with the sociocultural and institutional groups working most !
_closeiy‘on conference organization with the citizens. The conference would
provide a mechanismvfor disseminating information to theipUblic body likely

to be most affected by early resource.development and.would offer an

opportunity for imput from the populace," (Lopreato and Blissett, 1977).



Budgét

I. Attifhdinal Survey

SingleAsurvey

Surveys at»Kenedy, DeWitt, and

Colorado County Sites

IT. Citizen Cénferences
Conferences at Kenedy, DeWitt,
and Colorado County Sites
Costs are not predictable but
could be limited to $500

per site

10

Operating Fund

$ 30,000
90,000



INTRODUCTION
Study Region Description

Areas of known geopressured sediments in Texas 11e along the Gulf Coast
or a few m1les inland (fig. 1). Bebout and others (1975 ‘a-and-b; 1976 1978)
have defined several geothermal fairways -- areas where geothermal resources
are most likely to occur -= along the Texas Gulf Coast (fig 2) The sediments
that are most likely to conta1n geopressured-geothermal resources are within
the Tertiary Frio, Vicksburg, and Nilcox Format1ons and probably occur largely
within deltaic facies of these formations (fig. 3) Together these - maps define

the geographzc extent of the Texas Coastal Pla1n area to be affected by develop-

ment of geopressured-geothermal resources. gei]

fGeology : : “ , : : 3 S
- The outer Gulf Coastal Plain is composed‘of Quaternary sediments (fig. 4).
These sediments are comprised of systems of fluvial sands and muds strandplain
sands and marshes from the Sabine River Westward to Galveston Bay; barrier :
‘island sands and delta plain sediments along the Texas Coast and an “aeolian
sand sheet in South Texas (Brown and others, 1976 in press, Fisher and others,
.1972 1973; McGowen and others, 1976 1976 a) Bay and .estuarine sands and muds.
occur landward of the barrier 1slands, and shoreface sands and shelf muds dominate
the coastal portion of the Gulf, of Mexico. Throughout the Tertiary and Quaternary
the same basic-patterns of clastic sedimentation occurred’ along the Gulf Coast
such that‘sedimentary units~at depth have modern analogues, either currently

forming or exposed at the surface of the Gulf Coastal Plain.

11
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SYSTEM SERIES GROUP/FORMATION
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Figure 3. Stratigraphic section, Texas Gulf Coast.
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The major struotural features of the Gulf Coast are salt domes and systems
of grouth faults. Salt domes and associated salt ridges result from the upward
movement of relatively low-density d1ap1rs of Jurassic Louann Salt through
denser overlaying clastic sediments. Growth faults may be related to several
orooesses including differentialiCOmpaction between adjacent masses of mixed
sand and shale, eud?hesiuuard slippege_of coastal sediments along bedding planes.

‘Growth fault systeus‘along'the'culf‘Coest are a major factor in providing :
structural closure for h}drocerbon reservoirs.vThey ma;;elsofserve as hydrologicA
barriers to the updip migration of formation fluids; proridiué a.seal for some
potentiel-geopressured-geothermal reservoirs;‘ Conversely; they may provide
migratiou routes for formation fluids. | | _ L H

Recent fault activity has been clearly demonstrated along the Gulffi
Coast of Texas (Kreitler, 1976, 1977 a and b) and most of the'eotive surfacer,
faults-appear‘to>he extensions of growth faults r%cognizedAinhthesuhsurface.‘

- However, graduel,slippagevalong these fault'planes hasdresultedfiuefeu;~if any
detectable earthquake shocks. The coastal areesiof Texas and Louisiana‘are
oonsidered as low'seismic risk areas. :

The surfhce morphology of'the Coastal Plain of Texas isdom1nantly a flat,
featureless plain, composed of re11c Plelstocene deltaic plains broken by

"w1de river valleys and estuaries and rarely by low mounds. The mounds are

vthe land surface'expresslon of salt domes. " South of Baffin Bay-about 30 miles

south of Corpus Christi, an extensive sand sheet occurs with numerous active

and inactive eolian features--dunes, sand sheets, and deflation basins. The

Coastal Plain is separated from the_Gulf of Mexico by'an extehsive system of

barrier island bays and lagoons extending from Galveston Bay to the Rio Grande.

16



Soils

A wide variety of soils is presently along the Coastal Plain but several
generalizations can be made (fig. 5). -Much of the area is only poorly to
moderately drained. Clayey soils are only slightly permeable and are expan-
sive and corrosive and have a low bearing capacity. Loamy and sandy soils are
underlain by poorly permeable, clayey B horizons w1th notable exceptions being
modern and ancient beach-and barrier-island sands Marsh lands are- ‘underlain
by organic rich 5011s, peats and mucks. Both shrink swell and corrosion

potentials are high for these soils.; Bearing capacity is very low.

Vegetation
! : Marked diversity in climate and vegetation occurs along the Texas coastalp
}area (fig 6) Rainfall decreases from over 150 cm- (66 1n) per year in East j
‘”Texas to less than 66 cm (26 in) per year 1n South Texas. Mean annual tem-"-,,
perature 1ncreased from 20°C (69 P) 1n East Texas to 23° C (74 F) in South |
Texas. Corresponding largely to. the change in available moisture the major
vegetation associations change from ‘coastal marsh in East Texas to prairie
grasses w1th hard wood mottes in. Central Texas to chaparral in South Texas.
Salt marsh is locally present all along the Texas coast. : UA A 'hu
It is- 1mportant to recognize that a hierarchy of systems--geolog1c, 5011 |
}kvegetative, and zoologic--are present on. the Gulf Coast Soils are largely .
dependent on the character of the geologic substrate, topography, and climate;
natural vegetation is dependent on soil type and climate; and the animal life
that occupies the regionjis in many cases dependent on vegetation. Tidal range
controls thelandgardvextent“ofrsalt‘marsh vegetation;iwhile'for'many other
species the range in available moisture controls:to a large extent their

geographic range. .

17



GENERAL SOIL MAP
"TEXAS GULF COAST
- 1976

Adopted fram Generdl :Soil Map of Texcs, 1973, Texas Ageicultural |
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‘Figure 5. General soil map, Texas Gulf Coast,
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VEGETATION MAP

TEXAS GULF COAST
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Figure 6. Vegetation map, Tex_as Gulf Coast.

19



Land Usé

Current land use on the\Texas Gulf Coast is largely as cropland and range-
land (MoGowen and others, 1976 1976a; Fisher and others, 1973 1972' Brown and
others,71976 1n press) (fig. 7). Near the Louisiana-Texas border fbrested
lands and wetlands increase in 1mportance. Major urban areas are Brownsville,

Har11ngen, Corpus Chrlst1, V1ctor1a, Houston, Galveston, and Beaumont.
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LAND USE MAP
TEXAS GULF COAST
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Figure 7. Land use map,Texas Gulf Coast,
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RECOGNITION OF GEOPRESSURED-GEOTHERMAL RESOURCES
"IN THE TEXAS GULF COAST

Jones (1969), Walla§e7(1970), Dorfman and Kehle (1974), and Papadopulos and
‘others (1975), among many\others, described the potential geothermal resources
ofrtheyarea. Early assessments of geopressured-geothermal Tesources were

unlversally opt1m15tic Papadopulos and others (1975) estimated that re-
coverable thermal ‘and mechanical energy from geopressured-geothermal f1u1ds

of the Gulf Coast;would range fromf2880 to 19,580.mw centuries (14,4000 to
108,650 mw (20 years));~'Dorfmaniand;Kenle (197§j>su§gested that Tertiary
sediments along the Goif Coast would,eontainrafreserve of at least 20,000 mw
centuries of electrical poﬁer;f Furthermore,’thisdwaS’in addition>to any methane
or other’ hydrocarbons dissolved in the geothermal f1u1ds. ;Infdefense'of'these
early estimates it should be understood that detailed regional maps of sand
dlstr1but1on, sand th1ckness, temperatures, and rock permeabllxties with1n

the geopressured zone were not generally available.

Recent work by Bebout and others (1975' 1976, 1977, 1978).has shown that
geothermal reservoirs of sufficient size, temperature, and permeability--Sl m
(300 ft) thick, 129 km (50 mi ) in area, 150°C (300 F), 20 nd--to support one
25 mw. (20 year)Agenerat1ng facility are not common. To date only five areas
on the Texas coast nave been identified withdadeqnate srze, temperatures, and
porosity to be considered as a strong candidate for testing by drllling a well.

Eleven other areas have been identified as possible s1tes.1 ]

22.



CURRENTLY RECOGNIZED GEOPRESSURED-GEOTHERMAL
PROSPECT AREAS AND FAIRWAYS

The five prospect areas are the Armstrong, Nueces, Brazoria, DeWitt, and
possibly the Colorado Counties prospects. (fig 2) According to Bebout and
Loucks (1976) the sand bodies for the prospect areas range in cumulative
thickness from 61 to 183 m (200 to 600 ft) and each extends over an area of
125 km (50 mi’ ), w1th the exception of the Brazoria prospect area Fluid
temperatures in the three prospective. reserv01rs range from 121°C (250 F) to
at- leaste165 Cv(330.F) Permeability data are sparse, “but suggest that per-
meabilities of 18 to 20 md are to be found at depths of 3350- 3660 m (ll 000-
12,000 ft) At this depth fluid temperatures are about 121" C (250 F) and
while temperature 1ncreases with depth permeability decreases in the hotter,
deeper reserv01rs The large reservoirs of hundreds of square miles, extent
with large permeabilities predicted ‘by previous workers do not exist in the
Frio, Wilcox, and Vicksburg Formations, rather only 15 fairways and S possible
prospect areas have been recognized (tables 1 and 2)

Testing of the Brazoria County prospect area began in July 1978 with the
spudding in of Pleasant Bayou #1 the first geopressured~geothermal test well.
Because of technical difficulties this well was plugged in January 1978 and

Pleasant Bayou #2 was initiated in February 1979.



Table 1. - Fairway characteristics 7

Fifrway

" Extentof = Temperature

- Limiting factors

'Nueces, and
San Patricio 10,000-16,000 ft dcep

200 sq miles ©'300-320°F

sand bodies o range pcme:ti:l;itzll:i:;gwoir
, Wilﬂi?:alg::; i Deltaic sands : ' .
Camrrbn ’ 100-600 ft thick = —= Very low permeability
Counties ' bglow 9,000 ft :
- Deltaic sands 2
g::::s high sand/shale percentage — . v’ﬂiy vl:r;g“:::‘h xehty. :
unty below 9,000 ft ° P
Armstrong , _
Ranch, —_ —_ —_—
Kenedy County , : : :
Aransas, : 500 ft thick Very low permeability,

numerous faults result in
questionable reservoir

Counties N - continuity
South-central 200 ft thick '
Matagorda 100 sq miles 300°F Very low permeability
County 15,700 ft deep :
Northeast . ' SRR
: 150 ft thick o a
Matagorda 300°F . Very low permeability
County - 13,700 ft deep b %
Brazoria 1,200 ft of sand op Low tomoderate permeability
County below 12,600 ft 278-314°F 18-20 millidarcys locally

From Bebout and others (1975a, b).
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. Table 2. Wilcox geothermal fairways. .

I
2

" Name

~Areall
“Extent -
_ (mi2)

~Sandstone Thickness

Depth _to

Total -

~ Individual Beds .

35°°F;

Top of Geopressure

Zapata : :
i w§$b ”ﬂ o
- D‘;;fal £
JL Live éék,jﬂ g

Do mit

Colorado
3 Harri‘sfff}

leerty 1

.
i{o‘;

200

1,75

200

(ft).
f _4QQ p
400

20

7@6

850

© 3,600

o 466 '

- (ft)
20150
10-20
10-50
10-40

10-50
10220
10:60

10-60

10,200
10,800 °
11,000
2;11.;5015

10,500~
19,900

112,300

11,000~

13,500

' 12,500- -
13,800 |

~(ft)

8,700
9;000-10,000
9,400
10,100-10,700
11,400

11,100-13,300

12,300




POTENTIAL ENVIRONMENTAL CONCERNS

Geopressured-geothermal resources of the Texas and Lonisianakculf.Coast
are currently being evaluated as thermal-hydraulic energy,soorces for genera-
tion of electric power. - Concurrent studies are underway'to determine the
env1ronmenta1 effects of development of these resources (Gustavson and
Kreitler, 1976; Gustavson and others, 1978 and White and others, 1978).

The most significant enV1ronmental concerns are sub51dence or faulting

resulting from the W1thdrawa1 of enormous volumes of formation waters and

the d1sposal of highly saline brines.

Geothermal Fluid Production and Surface Subsidence

The utilization of geopressured-geothermal resourees‘reouiresjthe
withdrawal of enormous volumes of geothermal fluids from the Subsurface.
It is probable that fluid withdrawal from aquifer sandstones in the geoQ
pressured system will allow fluids from adjacent mudstones to flow into
the sandstone aquifers as e pressure gradient isuestablished,,'This induced
dewatering of geopressured mudstones will probably allow a certain amount
of compaction of mudstones to take place, in conjunction with sandstone
compaction. Transmittal of the compaction to the surface nay‘result in
subsidence (see Gustavson and Kreitler, 1976; and‘Whitefand others, 1978, for
a discussion of-compaction and subsidence models).' The impact of subsidence
in undeveloped upland areas will probebly be minor. Subsidence in or near
coastal lowlands, floodplains, wetlands, or developed areas could result in
a significant environmental impact in that slight changes in. land elevation
can result in extensive lateral shifts in wetlands vegetation zones, increased

flood potential, and extensive property damage.
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Faulting | - ;

Active faulting on the Gulfyéoast.has been recognized ;n several areas
and, in part at least, fault_olanes?may control or geographically limit
subsidence. This is mot to saybthat the Gulf‘Coagfal Pléin’of Texas and
Louisiana is alseismically’active area.' Recent fault movement in the Gulf
Coast has been documented, but the movement has apparently been too local
and too slow to generate seismic shocks. Damage to structures such as
pipelines, roads, buildings, and airfields is the maJor result of fault

movement.

Geothermal Fluids

Analyses of fluids from the geopressured zones of both Texas and
Louisiana indicate that TDS values from less than 20 000 ppm to -as much as

345 000 ppm may be expected Figure 8 illustrates analyses of geopressured

'fluids from 37 wells along the GulfCoast.,,

A
B sb

The concentrations of major dissolved ions in goopressured water are
compared to_the concentrations of 1ons in normal sea water (Gulf of Mexico)

3- +

:*+, HCO ', B * jons have

(fig. 8). For geopressured fIUIdS Na ,'Cl-;:Qa
been recorded in concentrations of up to 1 order of magnitude greater than
sea water with,Ca s ion concentrations sometimes an order of magnitude less
than sea water; K" and Br ion concentrations bracket their concentrations
~in sea water and occur in concentrations as much as one half order of mag-
‘nitude more or less than their normal sea water concentrations. The normal

concentration of SO4 ions range from an order of magnitude less than sea

- water to missing altogether. Datason trace elements in geopressured fluids

27



8¢

Concentration in Parts Per Milion

; 5 3
R - [e] 'o P>
5 3 3 S s
Gl
iR i fo o
.Na+K
e e® w %% v s e e s
No
e i mal i . . . : . . B
[ T T 11 [ 1] sos
. - 3 0 SpEs ..a: .'”.. [
L [ Im illll M TT 7 ] Mg y
/ S0 L 3 . Py :. .
| 1] Ca |
REFERENCE
-~ Dechey et al, 1971
o Collins 197%

» Gustavson and Kreitler, 1976
o Kharoka et of, 1977

.« Fowler 1968

© 3 Schmudt 1973

oo selele se

'Figure 8. Geothermal brine éoncéhtratiqns;

P




010 B T

are very ‘limited although Gustavson and Kreitlerf(1976) report traces of : -
beryllihﬁ,fcopper;firon;‘andetrontidm~in:fbfmation fluids: from the:Chapman ‘-
Ranch Field south'of Corpus ChristiE:~Khnraka7an8 others:(1977,:1977a, and - 1978)
report traces of hydrogen sulfide and ammonia from severaliTexas fields. — =
" Geopressured fluids are not’ concentrated sea water with' a regular and =
systéﬁatic-incrEEsé?ihfcil‘dissOIVedfions;fbut-aie complex- solutions that: -
are in'part’ the Tesult of fluid‘and ion 'migration and chemical reactions that
accohphn&"the-bﬁrialibf;Sediment*aid’itS“SUbBEquent diagenesis.” Therefore, in
théiewent‘thit*geobfessuted“fluidsidre*réléasEd intb“bays}‘lcgoons, or the.
- Galf of ‘Mexico’ the Fluid release cannot’ be: simply- "equa“te’fd‘ﬁ to an-input-of con- :
centrated sea water, for' the balance of ‘ions’in geopiesSuredIfiuidsﬂdiffers‘
‘marKedly ‘from  the ‘ionic balancé of normal sea waterfﬂfPossible”airfconteminants
derived from the release of geothermal'fluids are*mbthhnef(CHz); non-methane
 hydrocarbons’ ) hydrogen ‘sulfide (H,S), and ammonia (NH,) (Khareka and
Othersf*1§77);-3¥f?éit¥acted‘h}ﬂrocarbon*residnes andfnonlcondensebleégases‘

~ are ‘flared, ‘other ‘carbon ‘and sulfur ‘compounds may be released to ‘the i~ '

atmosph"e‘"rei.,i ToAnLIELA e ol
wmdaw ez T wiinovos wa i canyveg oin LTS 5

Surfacedisposalof geopres sured-geothermal Fludds o0 2nTes LTl s

LRUISE MRV SO NET BRI QRS BRI EDET N S S LSRRG

. Geothermal fluids could be disposed of 1nto surfhce water bodies or " |

they could be injected into tbe subsurface.“ Disposal 1nto surface waters ;‘:ix
would be by pipeline exPosed near the botton of a water body and should o

cause rapid and effective mixing with ambient waters. Dlsposal of large :Ai‘"‘
volumes of brine nto surf“e waters or temporary stornge in holding ponds o

.....

is, however, likely to result in significant environmental impacts.
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Gustavson and Kreitler (1976) describe the'impact to Chiltipin Creek of

salts that are aparently the residual of oil brines previously stored. in .
evaporation-ponds. - Salinity of Chiltipin £reek waters has exceeded 35,000 - .
ppm several times a’yearrsince;1969,,effective1y destroying thernatural -
environments.of the stream. In the wetlands_and,estuaryfsystems;_of.thei

Coastal Zone, a delicately balanced, broad-mixing gradation,pf_fresh to salt
water exists and direct disposal or accidentai release into these waters can
hane a*nnmber,of,significant:negativejconsequences. .Mixing occurs-as fresh-
water discharge from streams intermingles with marine waters moﬁingzlandwardd,,
throughstidal,inlets'and_passes, and by storm innndation,L”Thepprimary effects .
will be the degration of vegetation and aquatic fauna intolerant.to rapid salinity
or temperature changes resulting from geothermal fluid releases. . In additionm, .
boron and toxic elements contained in geothermal waters may be sufficient to
produce harmful effects to biota.

Operating thermal effeciency in most types of generating facilities today
is less tnan 50 percent. Most of the energy is lost or dissipated as low-
grade waste heat additions into the environment. The discharge of heat to a
body of water can cause various physical, biological, and chemical effects.
With increasing ﬁater temperature, the oxygen-holding capacity of the water
decreases, density changes may cause stratification, evaportation is increased,
chem1ca1 b1010g1ca1 and phys1ca1 reaction rates, increase, and v1scoslty de-
creases. Surface waters of the Texas-Lou1szana Coast cover a. whole spectrum
of d1fferent types of water bod1es and water chemlstrles from open marine to
fresh water pond in ar1d to seml-troplcal enV1ronments. If surface waters
are used in a cool1ng system or for d1sposa1 of geothermal waters, effects of
geothermal heat d1scharge w111 be dependent on plant 51te locat1on and

prox1m1ty to. and use of water bod1es.

30



Subsurface disposal of geopressured-geothermal fluids

Disposal of geothermal fluids into the subsurface will result in ,
substantially less effect on the env1ronment than would surface disposal
Twenty or more 1nJection wells may be needed to dispose of the 64 800 m3
(400 000 bbl) of spent fluid from a 51ngle 25 v power plant the number of
wells 1s dependent upon the rate of disposal per well In the absence of an

acc1denta1 release of brines, the maJor potent1al1mpacts resulting from the

re1n3ect10n of geothermal brines would be (l) p0551ble upward m1grat10n of
the base of fresh ground water that would overlie the area of the disposal
’f1eld or perhaps leakage of brines along faults and (2) induced movement

along faults,

Accidentalrspillsfw‘: f‘:v

''From.the complex ‘network of production wells, pipelines, power plants,
andadisposal:wells,that%will“compriSeia'geopresSured4geothermal'electrical'”
éeneratingﬁplant,*an accidental release of hot brines‘is’poSSible;"Spills ‘
are mostflikelyato:happenain the process ‘of ‘drilling the well--a blow-out,
duringinormalfmaintenance procedures of an“opefatingfwell,?or’as7afbreach‘in
the pipeline that will *carry.tﬁé ‘geothermal water from -‘product'ion well to
gerierators to disposal well. ‘Geothernal fluids released on land would harm
vegetation and -s’mall‘ animals,' and would temporarily increase ‘'soil salinity.
Stustained: releases on land could increase soil salinity to the point where .
the soil: would no- longer SUpport non-salt tolerant vegetation. Large spills”

or sustained releases’ could: also’ contaminate shallow ground water and

streams, i
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Commercial development scenarios : ' C

The commerc1al development ofygeothermal resonrces can be descr1bed in
terms of three locat1on scenar1os | | | | |

1. The first scenario places product1on generatlng and d1sposal
' fac111t1es on coastal low-lands or uplands access1ble by roads.' The power
plant will occupy a relat1vely small area w1th1n a network of production
‘wells, and spent f1u1ds w111 be dlsposed via re1n3ect1on wells.b In th1s
scenarlo a2 minimum of land area would be dlrectly affected as well s1tes,w
'rp1pe11nes, and access roads to the well sites, storage ponds and V
_generatlng plant site. B |

2. The second scenario places generating production and disposal
facilities on low-lying coastal marsh lands that occur primarily in
Louisiana. Under these circumstancesvproduction and‘disposalewell sites
~would be accessible primarily by dredged canal.'The generating plant would
be placed,on-a pad of made land constructed from dredge spoil. Access to
the generating facility would require either dredging a canal or dredging
material to support a road. Substantial dredging would-be.required to
'open canals to move heavy equipment to and from drill sites and the gene-
rating facility and to construct and maintain pipelines.

3.',The,third scenario requires that production facilities be located

offshore in estuaries, bays, lagoons, coastal lakes; or the Gulf of Mexico. -
Under these circumstances production facilities may consist of a network of
wells’inrthe’water body or of groups.of directionally drilled wells that
may be serviced from one or_two_production'platforms.vlIn»this case a-
gather1ng facility and the array of injection wells would be located on land

and connected to the production platforms by p1pe11ne. €=;

32



Of the three scenarios, development on coastal lowlands would result in the
_ least harm to the env1ronment wh1le development in coastal marshlands would
:result in severe enV1ronmenta1 d1sruption |
Pover plv
“For each location scenario, two possible power ‘plant’ systems may apply: '

two-staged flashed steam and secondary working :fluid systems. The fundamental °
differénce between the flash method and secondary working fluid method (binary)
in terms offenvironmental‘impect'is*thet the flash 'method allows noncondensable
gaseS"to:be‘passed»tovthe‘atmosphereg-or'flared if combustible.

" 'Approximately 10 to 12 production wells (at akflow”rate'of 6560m3/day1we11
" 40,000 bbl/day well) would be required to ‘supply geothermal fluids to a 25 mw-
‘flash plent;?-Twenty-tOitWentyffour injection wells with injection rates of
985 mS/day (6,000 bbl/day) would be required to oispose‘of;the spent geothermal?
fluids for a facility of this magnitude.  At half-mile spaeings the well fields

would require seven to ten miz.

Landpsurface disturbance

‘Intense’ ‘development - w111 ‘occur only - at the power plant site nhere the
construction of roads temporary hold1ng ‘ponds; - power transmission’ lines, and
. the power plant w1ll requ1re “the use of a minimum of" 10kacres.' The»major~ :
impact ‘here 'is ‘that the area offthe"deVelopment”site*iE withdrawn £rom ‘the
‘ neturaltsyStem;@2015p65e1”and production wells will be‘acceésiblyfby'a-network‘f
of unimprOVed“dirtTroadsfwhose,effect'on'opland*ereardevelopment will ‘be minor. :
The construction of ‘roads -or canals inbwetland'areaSYWould, however, severely

impair the local environment.
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Pipelines . Lt al v e et e lans et L o

A system of p1pe11nes will be neceesary to collect and carry geothermal fluids
from production wells to the power plant slte and later to the dlsposal fac111t1es.
Current practice on land is to bury Ppipelines. The' environmental impact of
burying a pipeline on land is relatively minor, consisting of;distofbed soil and
vegetation along the route of the pipeline. .Vegetation can be reestablished
along .the pipeline generally;within;a few months. The»constructlon of pipelines
or canals»through'wetlanng bays,‘estuariee, or the Gulf of Mexico, however, is
likely to result in significant local environmental,disturbance,, Loss of,habitat
and vegetation in areas occupied by spoil piles, levees, and canals will result.
Reduction of water quality will prooably result from the redistribution of heavy
metals, pesticides, sulfides, and particulate matter_oontained in the. dredged
spoil. Canals and levees serve to interfupt natural drainage of marsh areas and

can locally raise or lower water levels.

Noise

The development of geopressured-geothermal resources under all three
scenarios will result in similor elevated noise levels..'lemporary noise-level
increases will result from the construction:of each’drill,sitefand from well
drilling. The drilling operation, involving the use of heavy equipment and
large diesel engines, occure 24 hours a day for several weeks;or longet and
noise levels of 80 to 90 dBA on the derrick floor can be expected.  The con-
struction of pipelines and the power plant will also result in temporarily
increased local noise levels largely due to the operation of.construction
- equipment. The effects of elevated noise levels on animal life are not clearly

understood, but do not appear to be of major significance.. - = e ()
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Cooling towers R T

Many methods of condenser cooling are possible in the coastal region and
each method employs treatments or 1nduces some chemical and phy51ca1 changes
on the cooling waters. Chlorine may be added to prevent fouling of condensers
by untreated natural water.‘ Additional algic1des, biocides, and corr051on and
*scaling 1nh1b1tors are added to rec1rculat1ng cooling systems and these chem1cals
can become concentrated by evaporation in draft towers or holding ponds, .Further-

more, these cooling fluid additives are carried into the atmosphere and to the

surrounding landscape in water,vapor droplets;p
PROGRAM GOALS

-~ This document”defines,a.program to assess_aspects ofaenvironmental_quality,
within the Texas Outer Coastal Zone that may be affected,by geopressured-geo-,,i
thermalwresource;development including: -

1. Land subsidence and.fault activatjon. . f

-2, Effects of spent geothermal fluid disposal.
3. Ecosystem quality
'd,i.Waterxquality;;.:fp,,,raug

5. Air quality

'6. .Social impacts.of geothermal development on communities..

The broad goals of this program are 1dent1ca1 to those expressed by ‘
Anspaugh and others (1977), namely to e S

...ensure that large- scale geothermal development proceeds in

an environmentally sound manner, that major problem areas:are

anticipated, and that necessary feedback to those concerned
‘with technology development exists so that appropriate control
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_measures may be instituted if justified. In order to achieve -

these broad, problem-oriented goals, the program must maintain

vn a high degree of flex1b111ty so that the main emphas1s can con-

stantly be focused on ‘the most important, ‘unresolved issues.
These issues may well change as the program develops. A major
effort will also be required to achieve a high degree of coor-
dination and information transfer among many organizations

including the technology developers and users and the various

federal, state, and local government agencies responsible for
regulatory aspects of geothermal development. A secondary °

. goal of the program will be to accumulate sufficient data so
“that any problems associated with the development of geothermal

resources may be read11y d15t1ngu1shed from those due to other
causes.

RECENTLY COMPLETED AND ONGOING

ENVIRONMENTAL RESEARCH

The Bureau of Economic Geology has recently completed several environmental

studies -aimed specifically at delineating the potential environmental concerns

that could arise from development of geopressured-geothermal energy:

1.

Geothermal Resources of the Texas Gulf Coast: Environﬁental Concerns
Arising from the Production and Disposal of Geothermal Waters.

U.S. Energy Research and Defelopment Administration Contract #AT-(40-1)-
4900, 1976.

Ecological Implications of Geopressured-Geothermal Energy Development,
Texae-LouiSiana Gulf Coast.

U.S. Department of tﬁe Interior, Fish and Wildlife Service Contract
#14-16-0008-2141. '

Preliminary Eﬁvi:onmental Analysis of'Geopressured-Geothermel P:espect‘ |
Areas, Brazoria and Kenedy Counties, Texas. | N

U.S. Department of Energy Contract #EG-77- S 05 5401
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We are currently performiné environmental baseline and monitoring studies
-in the vicinity of a,geopressuredfgeothermal‘test well site in Brazoria County,
Texas. Monitoring 1nc1ude5' I S S S
1. Faulting and. subs1dence—-liqu1d tiltmeter. survey, annual first-order
leveling survey, and microseismicity survey
2. Air_qualityrqgi:ft i Fry e
3..; Water quality . .-
4. | N°i,5§~ HEAN SV It PRl Lare R mmrmese

5.  Archeological.resources - . . ..

:”We are also completing the preliminary env1ronmenta1 analysis of geopres-

sured geothermal prospect areas in Colorado and DeWitt Counties, Texas (U.S.'

SRS I DO

i e Ty £ N R S S 3 R P S Le ,A,I,k’,QU,ALITy' 558 2 NN ‘t.:‘.e..i‘E -
Introduction . (oo locoaoo o

.....

| Human aCtiVItY on the Texas Gulf Coast has resulted in severe local

. LY

degradation of air quality.: Several a1r quality regions along the coast do

‘not meet current Federal air quality standards for ozone, non-methane hydro-‘f‘
carbons sulfur dioxide, and particulates (Texas Air Quality Control Board
1976) (tables 3 4). The development of geopressured-geothermal resources h

which may contain both H S and hydrocarbons could under certain conditions, ‘

«contribute to further degradation of air quality

venriyy 1 UHE

Cir ;,s.Ai?[Pollpﬁants inrGeopressuréd-Geosher@a!gF;uids\

The chemistry~of formation fluids from geopressured-geothermal horiaons

is incompletely known,'since only'a few detailed analyses are available.
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Kharaka and others (1977, 1977a, 1978) have ‘shown' that small ‘but variable
amounts of hydrogen sulfide (st) (0.04 to 1.4 mg/l)"and’ammoniaF(NHfa)

(4.2 to 100 mg/1) may be oresent in fluids from the geopressured zone in
certain areas of the Gulf Coast ‘(table 3). ~This data and data from South

Texas (Gustavson and Kreitler, 1976), show the variable chemistry of geo-

pressured formation fluids. From available data it is impossiblé*to‘estimatef

with assurance either the presence of potential air pollutants or their
concentration for any geothermal prospect areas before'formationrfluids’are
avallable for analys1s. It is generally thought however, that br1nes from
geopressured horlzons are saturated or nearly so, 1n methane and other ‘
hydrocarbons. Non-methane hydrocarbons w111 only amount to approx1mate1y
5.0 percent by volume of the total hydrocarbon load. |

Commercial utilization schemes mill\require either flashed stream, total
flow or secondary working fluid systems to convert geothermal'heat and
mechanical'energy to electrical energy. In each of these systems gas
separators will be used to str1p off methane from the geothermal flulds. 1f
the methane contains HZS or other unwanted gases these will be scrubbed and
flared to the atmosphere.r Non-condensable gases from the cool1ng processes
associated with the flashed stream or total flow systems»w111 also?be'flared
or released to the atmosphere | | o |

The poss1b1e air contamlnants from vents,-leaks or.from 1ncomp1ete
combust1on in flares would 1nc1ude methane (CH4), non-methane hydrocarbons
(C H ) hydrogen sulfide (H S), and ammonia (NHS) (Gustavson and others, 1978)
Sulfur dioxide, a product of ‘the ox1dat1on~of‘HZS, 1Sfalso‘a*probable air

contaminant.
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5 Corpus Christi, Urban 4 0.16 0.2 9.3 3.7 3.5 0.03 0.00 0.15 0.01
Cofpus Christi, Downwind 21 0.14 0.1 - - - 0.01 0.00 0.08 -

7 Houston, East ' 1 |o0.21 | 0.6 |11.8 5.9 4.6 0.03 | 0.00 0.04 0.03

" Harris County, Aldine @ 8 0.21 | 1.5 |10.6 .| 5.6 4.2 .| 0,02 | 0.00 | 0.03 0.02

Texas City 10 0.29 0.9 4.8 2.4 2.2 0.01 0.00 0.04 0.02
Clute (Freeport) 11 | 0.16 0.4 | 6.4 2.8 2.6 - - - 0.02
Seabrook 20 INSUFFICIENT DATA NOTE 1
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Under normal operating conditions methane will be stripped from geothermal
fluids and sold. Gaseous non-methane hydrocarbons (S percent by volume) will
be removed from the brine with the methane and thus will probably not be present
in volume large enough to be 51gn1f1cant air. contaminants. NH and H S w1ll be
flared or released to the atmosphere., Furthermore, it does not appear that
significant amounts of HZS w111 be found 1n geopressured-geothermal fluids.
However, because the chemistry of geopressured formation fluids is variable
and poorly understood the effects of gases contained in these fluids on potential
air quality are also poorly ‘known. Therefore, until better knowledge of formation
fluid chemistry is available, air quality should be monitored at each geopressured-
geothermal test well s1te

Commercial operations or p0551b1y advanced testing phases w1ll require e
cooling and conden51ng of spent geothermal fluids prior to reinJection. .
Biocides such as sodium chromate and sodium pentachlorophenate may be intro-
duced to the waters in the cooling tower to prevent the growth of algae .

(Muehlberg and Shepard 1975) Triethylene glycol is used 1n the process of

“remOV1ng water vapor “from methane. These substances such as boron, that are

h1gh1y toxic to plants may be present 1n cooling tower and dehydrator exhaust

and may be carried to surrounding vegetation along with natural substances in
the geothermal fluids by wind drift. i; | 2 J
.

The climatic’ regions of the Texas Gulf'Coast approximately coincide thh
boundaries of the Air Quality Control Regions along the coast (fig. 9). The

climatic regions are . based on characteristicfannual distributions of rainfall,
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w1th the lower coast (Air Quality Regions 4 and S) receiving maximum precipi-

DRSS u

tation during May and September and the upper coast receiving maximum preci-

p1tation during the _summer months. _

lt 1s difficult to generalize about the climate of the Texas coast , For ex-
ample, yearly precipitation is likely to vary from the mean annual precipitation,
by 25 percent during any given year. Furthermore the mean annual preciptation

for the Houston—Galveston area is nearly tw1ce that of far South Texas and the

RlO Grande. . igrv -

The coastal climate however, is characterized by southerly and south-

FUEL

easterly breezes. It is warm throughout humid in the north but becoming

1ncrea51ngly drier to the south Outbreaks of cold polar a1r occur from .
September to May, although they occur more.frequently during the w1nter months.

These frontal systems, "northers;" bring strong northerly w1nds dry air, and

Y

cold temperatures, although passage of the fronts may generate substantial rain-

fall It 1s these inflexes of cold polar air that account for the few episodes of

[V

free21ng weather that occur on the Texas coast. 'The Texas Gulf Coast is alsov ,

sub;ect to hurricanes and tropical storms from midsummer through the fall

Storms w1th hurricane force winds strike the Texas coast about once in every_

1.5 years.» Carr (19626 and Orton (1964 1969) provrde excellent general )

discussions of aSpects of the Texas coastal climate. o \ pri e e
Air Quality Control Region 4 encompasses thefc;unties that‘comprisef o

the lower Rio Grande Valley The climate is ‘warm and dry with annual mean :”_v}

temperature extremes that range from 48 F (9 C) (January) to 97 F (36 C) -;:~~=»

(July). ‘Mean annual rainfall ranges from 24 to 28 in (61 to 71 cm) . Pre; J

vailing wind directions are,showndin;figure 9;' As*iS'true with the entire

i)

I
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Texas coast gentle southeasterly onshore breezes occur most of the t1me However,

the wmd roses of f1gure .. do not adequately show the second dommant w1nd
direction. North, northwest, and northeasterly w1nds assoc1ated w1th the south-
ward passage of cold air masses ("northers") have a strong 1nf1uence on many
aspects of the Texas coast in add1t1on to cl1mate and air qual1ty

~Air Quallty Control Reg1on 5 occurs from Kenedy County northeastward to
Jackson and Lavaca Count1es. Along the coast the c11mate is warm and hum1d and

mean temperature extremes range from 46°F (8 C) in January to 95 F (35 C) 1n

July Mean annual prec1p1tat1on ranges from 23 to 40 1n (58 to 101 cm), w1th

prec1p1tat1on max imums occur1ng dur1ng May and September. Preva111ng w1nd
directions are south- southeast (f1gure 9). o | -

Air Qual1ty Control Reg1on 6 extends along the coast from Matagorda
County to Chambers County. Climate here is warm and hum1d The mean annual
m1n1mum, 44°F (7 c), occurs in January and the mean maximum temperature, 93°F
(34 C), occurs 1n‘Ju1y The mean annual ra1nfall ranges from 40 to 50 in (102
to 127 cm), w1th maximum monthly raxnfalls occurrlng durlng the summer.

Regmn 10 the northernmost coastal air quallty reglon, is also the wettest,
receiving more ralnfall than any other area of the State, more than 50
in (127 cm) C11mate is hot. and hum1d with temperature rang1ng from the mean
minimum of 40° F (4 C) in January to the mean maximum of 93°F (34 C) in July
Winds are varlable thh southerly and southeasterly sea breezes dom1nant. .
Northeasterly winds are important dur1ng the passage of cold fronts dur1ng the

: cooler months. A w1nd rose is shown in figure 9.

Temperature Inversions

Air temperature normally decreases with elevation above the land surface.

When the reverse is true for a layer of air, a condition of temperature
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inversion exists. A low-level inversion or isothermal layer results in stable
air structure and tends to suppress‘air turbulence;or miiing and holds down
wind velocities near the earth's surface. ‘Thus;ftemperature»inversions tend to
prevent dispersion of air pollutants. Table 4-gives;the§percentage of fref
quencies of inversions below 500 ft (152 m) for a portion of the Texas Gulf
Coast. The data, although limited, are characteristic of the coast and suggest
that air stability decreases rapidly during the daylight hours and only rarely
do stable air masses, temperature inver51ons exist by late afternoon. Temper-
ature inversions are least common during the summer months and most common

during the winter months.
Low-level Air Turbulence and hiking Depths

Two forms of turbulence are important on the Texas Gulf Coast, "mechanical
turbulence" produced by shear and "convective turbulence" produced by hydro-
static 1nstab111ty. If the vertical temperature distribution is stable, tur-.
bulence is suppressed but if temperature stratification is unstable. as is
‘ usually the case along the Texas Coast turbulence is 1ncreased

As air is heated during the day, temperature stratification becomes
neutrally stable ‘or unstable. This condition favorS'vertical convective
‘ mixing of the lower portions of the atmosphere. The heights to which mixing

occurs along the ‘coast are given in Table Sgand are indicative of the air

layer through which pollutants can be mixed. Vertical mixing heights are
| greater in summer {3,940 to 4 590 ft 1 200 to 1, 400 m) along the coast and
less during the winter (1 600 to 2,460 ft° 600. to 750 m) (Holzworth, 1962).
Visual eV1dence of low-levelturbulence in the form of Vertical convection

is given by the presence of cumulus clouds.
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Table 4
Percentage frequencies of inversions. and/or

isothermal layers based below 500 ft.

STATION SEASON 2100 0900 1800 - 0600 . PERIOD OF RECORD USED
| For 03Z and 15Z OBS. - For 00Z and 12Z OBS.
San Antonio WBAS Winter 54 34 9 47 June, 1955 - May, 1957 June, 1957 '- May, 1959
Spring 27 6 2 43 | g o
Summer 8 0 2 26 _
Fall 46 15 6 45 .
Brownsville WBAS  Winter 51 7 66  June, 1955 - May, 1957 .June, 1957 - May, 1959
) Spring ‘ 11 1 52 : o ' v B
" Summer A 2 2 63
Fall =~ 23 4 71
Seasons:
Wihter: i December, January,uFebruary
Spring: March, April, May L
Suﬁmer: ~ June, July, August- ' S Wl

Fall: fv '.September,HOctober, November



Table 5

[

'Estimates of mean maximum mixing depths (feet sbove surface).

i

Jan. ‘l"iFe:b'.“"’j Mar. ‘Apri MayJune ' July Aug. " Sep. " Oct. “Nov.” Dec.

Region 4

2100 2720 2620 2890 3180 3970 4200 4490 4070 3940 2920 1940

Region §

1840 2620 2620 3120 3280 3940 . 4270 4590 4100 3940 2690 1940

Region 7 TvNIEL i;."‘i' o _';:1:' SRl ( o foo il R

1640 2490, ., 2790 . 3350 3770 4270 ..4590...4590 4270 4000 - 2760 .-1900

Region 10" ™ 77 ¢ |
1710 - 2460 2790 *'3280° "3610° 3940 ~ 394014100 T 4100 3940 2620 1900

_(Modified from Texas Air Control Board, 1974)

B s A S O S PO St T N S S
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Mechanical turbulence, as evidenced by strong low-level winds, oocurs
with modergteyfrequehey ih the eoastalvareas of Texas.  These cases. are limited
largely to the passage of polar air masses with large pressure gradients
‘during the winter months.

. During,the;summer.monthereether is dominated by the tropical maritime
air mass extending'westward from the Bermuda high-pressure cell. Southeasterly
w1nds preva11 throughout the year, although they occur more frequently dur1ng
, the summer months. Veloc1ty of these w1nds is most frequently 8 to 18 miles
per hour (12. 9 to 30 km/hr) . |

Along the Texas coast temperature 1nvers1one are rare dur1ng the summer
(table 4). Convective mixing is common and mixing helghts reach over
4,000 ft (1220 m). Strong prevailing southeasterlies combine with unstable
air to eneourege vertical mixing. In winter stable conditions oceurAihfreew
'quently,and‘these are partly mitigated by_the passage of cold fronts and
associated strong northerly surface winds. |

Thus the conditions that prevail along the Texas coast are excellent for
both horizontal and vertical dispersion of pollutants: conditions do not

favor the accumulation of air pollutants.

CURRENTLY AVAILABLE AIR QUALITY DATA

| The Texas Air Quality Control Board maintains an extensive network of air
monitoring and sampling equipment along the Texas Gulf Coast. Iu conjunction
with this are the National Air Surveillance Network (NASNi and the City-County
Network of sampling sites. AThrough 1977 a totai of 139 High-Volume air sampler
and 104 gas bubbles were in use for non-continuous air sampling (table 6). |
the same time 36 continuous monitoring vans are distributed along the coast
(see figs. 10 and 11).
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Tablec 6

Air quality surveillance system regional equipment.

. o . s Gas Continuous
Region. - Hi-Vols . Bubblers Monitoring Trailers

v g 8 3
v e 18 6
R - 29 21

X' .. 12 6

SUBTOTAL:  + 72 . - 67 36

—u_§NA$aig§&;City-Counfy?Nétwbrk E o

w Amf§ T;;;1i gl,};d 73,:---.> .) . 3 N
v B 'xglio:j"”%i~'v.‘: R.%%} ;i“A>an%ﬁH‘Aﬁt1__
. ; L . , : :

SUBTOTAL: : 67 . V37 - ,’ ;_7

I
I

TOTAL: 1139 : 104 ) - 36 I
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The high-volume air samplers are designed to provide data on total suspended &';
particulates,'benzene solubles, smlfates, nitrates, heavy metals,‘and trace
"elemehts. X-ray fluorescence is used to identify specific elements and types of
particulate matter.. Gas bubbles provide data on soz, NOZ’ NHS’ total oxidants,
aldehydes, mercury vapor, hydrogen sulfide, and fluorides. Continuous monitors
' ‘THC, SO

‘collect data on. CO HC H.S, TS, 03, NO, NOZ’ temperature, wind speed

4’ 2’ 2 ’
:and d1rect1on, solar rad1at1on, and miscellaneous inputs. All data are stored

,and.eval;able at the Texas Air Quality Control Board, Austin, Texas.
Air Quhlity‘in the Texas Coastal Zone
Table 7 summar1zes Nat10na1 A1r Qua11ty standards and outlines those
regions that do not meet these standards Regions 5, 7, and 10 do not meet
national standards for part1cu1ates sulfur'dioxide; photochemical oxidants,
and non-methane hydrocarbons.‘ Region 4 does not meet nat1ona1 standards for

particulate matter. Add1t1onal data are avallable from the Contlnuous

‘Monitoring Data Summaries of the Texas_A1r Quality Control Board (1975, 1976).

AIR QUALITY DATA ACQUISITION PLAN

Baseline Air Quality Monitoring

The availeble ambient air quality data on the Texas eoest are suffioient
to characterize baseline air quality within the urbanlzed and 1ndustrlal1zed
areas of the coast. The dens1ty of mon1tor1ng and samp11ng statlons is much
less in rural areas than it is in 1ndustr1a11zed or urban1zed areas. Never-
theless, sufficient data are probably available to characterize regional
ambient air quality in rural areas. ,Furthermore, only a limited number of

widely spaced geopressured-geothermal fairways have been identified along the Q;;
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Nat1ona1 .air quality standards and maX1mum recorded

‘f;Table 7.
: o air pol]ut1on levels for Texas air qua11ty regions

'PRIORITY

READING '} S STANDARDS : PRIORITY
* CLASSIFICATION

€S

- POLLUTANf;' ;

B
Time

II

CIIn

Primary

National

- Secondary

Type | U4 T — ok

- National

REGIONS

Part1cu1ate

Hg/M3

Sulfur Dioxide.
- Hg/M3 (PPM)

Carbon Monoxide
mg/M3 cPPM)

Photochemitalﬁl
Oxidants Hg/M?Q
(PPM) |

Hydrocarbons o

(nonmethane) -
Hf/M3 (PPM)

N1rtogen Dioxide |

AGM:

24 hr. max.

AaM

[724 br. max.

B 3 hr. maxit

8 hr. max..
1 hr. max.

1 hr. max.

3 hrs. max.

0600-0900 |

A

= 95.;;
325

100 (.04)
455 (.17)

1802)
55 (48)

195(30{

195 (.29).

110 (.06):

60-96

- 150-325

- . 60-100
(.02-.04)
. 260-455
-(.10-.17)
1300 (.5)

NA
NA-
NA

NA

60

60- (.02)

260 (.10)

1300 (.5)

Less than
for I

Less than

for I

_Less than

for I.

Less than

75
260 -

80 (.03)
365 (.14)

io (9)
40(35)

160 ({08)

1&6 (554).

100 (505).

60
150

1300 (.5)

10 (9)
40(35)

160‘(.08)f

160 (.24) -

100 (.05).

11
III

II
III

111

111

L1

III

11

;Aligkegions

;fAll ‘Regions

(Modified

from Texas Air Control Board, 1974)

Rev1sed 4/15/75



Texas coast (fig. 2). Because of the available data and because of the
distribution of\potenfial goepressured;geothermal production sites, no
fixed-location monitoring stations in areas other.than geopressured-geo-

thermal production or test sites are needed.
Current Air Quality Monitoringi

A1r quallty and meteorolog1ca1 data are currently be1ng collected at the
f1rst geopressured geothermal test we11 the Pleasant Bayou #1, near Alv:m in
rBrazor1a County, Texas. Through a subcontract with The Un1vers1ty of Texas at
Aust1n, Radian Corporation has been monitoring air qua11ty 51nce<March 1978
Since the test well will not begin product1on until late 1979, the data,;hat
have been accumulated since Marchf1978 will provide e suitable ambient air

quality baseline.
Site Specific Monitoring Stations

Until the potential impacts of geopressured-geothermal deveiopment on

ambient air qualify are thoroughly understood each geopre55ured:geothermal

site should be monitored for eir quality. The pollutants of potential

concern are methane, non-methane hydrocarbons,}and ammonia, because these
substencesrare known to occur in geopressured formation fluids. The
oxidation of HZS produces soz, a pollutant of increasing importahcevon the.
Texas Gulf Coast. As other potential pollufants are recognized from analyses
of geopressured geothermal or from substances such as corrosion 1nh1b1tors
and biocides introduced into cool1ng tower waters add1t10na1 parameters may
be added to the list. Meteorological data should be collected concurrently

with air qualicy data.
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'All ‘air quality monitorlng should conform' to Environmental ‘Protection Agency

Quality Assurance procedures and should meet or exceed all Federal performance

and dimensional specifications including those in the Federal Register (1971).

A:Estimated‘¢ost:for Site Specific Air QuelitysMonitorigg:_i.s-
Methane |

’kNon-methane hydrocerbons l

;USulfur d10x1de -

, Hydrogen sulfide

‘_Ammonia o

»4Meterolog1ca1 data L

. Total Cost . $125,000/year |

... Proposed Air Quality Monitoring , .

1*Theifirst“geoﬁresSﬁredQQeothErﬁaiitest well site is currently monitored
for airEQﬁelity;?*Withih’theiiekt"two'yeers;ithreeqedditioneiasites;ﬁayibeig:’W
considered*for'teStingf’ Kenedy, Colorado, ‘and DeWitt Counties.. If these teSts

occur, funding required for air quality monitoring may exceed $350 000 per year.

ecosvstEM uALTTY T

The' follow1ng discussion of ecosystem quality and of the kinds of changes
in the ecosystem that may ‘occur ‘as ‘2 ‘result .of development of geopressured-
' geothermal,resources alongythe Texas Gulf Coast is based on documents previously

prepared by the Bureau of Economic Geology. These documents include: "Ecological
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»Implicatiqns,of;Geopressqred-qeothermallEnergy Development, Texas-Louisiana
Gulf(Coast,"LSGustavsqn andfoghgrs,‘;978);f"Environmenta1 Analysgs:of Geo-
pressured-Geothermg}v?rqspectiAreas," (White and others, 1978); and '"Geo-
thermal Resourcéé ;f tﬁé Texas Gulf Coast: environmental concerns arising
from the produgtioniénd'dispdsai»df gedthermél9ﬁate;5ﬁ‘(GﬁéfaVSGh'and
Kreitler, 1976). |

Several potential effects on fish and wildlife resoﬁfcés have been
recognized, based on énglysis of information oﬁ theveésﬁyétéms cBncerned
and the potential ﬁature and extent of commercial exﬁidifétion'bfrfhe
geothermal resource. This evaluation considers stresses fromréeofhermal
activities and stresses from other sources, both maﬁ?iﬁduced ana‘"ﬂatural.ﬂ
Such stresses include whdlerbfganism and biélogical-community responses to
normal environmental regimes and altered responses to stressed regimes.

Three major bidlogical issues'pertihent tojeffects on fish and wildlife
are addressed: (1) the adequacy of baseline data on kinds‘ang quantities of
organisms and on physicai, chemical, and geologigal features of the Gulf
Coast region; for example, can wetlands, marshes, productive estﬁaries, and
critical game_habitats,be precisely located? (this information is critical
to facility siting); (2) the status of predicting and identifyiﬁg changes in
ecological and physiological fuﬁctiqns and processes anticipated'from stress
effects on geothermal exploitation; for example, are data available to allow
accurate predictions of the effects of sdbéidénce on ecosystems?; and (3) are
adequate effects datg availgblerto determine the shoftttefm and long-term

impacts on ecosystems from surface releases of geothermal brines?
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Overview of the Texas Gulf Coast

The coastal region of Texas is.ecolegically diversefand complex,*perhaps
deceptively so, considering the lack of marked topographic relief in:the area. -
The natural complexity: is related notonly to present climatic,»geolegie,-and
soil conditions;ﬁbufyalso to the historical biogeography of the region.

ﬂhe;predominantafactorSIresponsiblerforlthe geographical;pattern:of'change
of terrestrial and freshwnterrbiologicalxdiversityepver-the;region-hreZa
climatic:gradient'ef moisrure,and«tempereture;and-edaphic‘changes. - Moisture
decreases and temperature increases from northeast to southwest. The Texas -
coast can be divided into three climatic belts:.. a humid region from the . ':' -
Louisiana border to Galveston, a region ranging from wet subhumid near Gal- -
veston to dry subhumid near Corpus:Christi, and~a'seniarid section from Corpus
Christi:to:the;Rio.Grande.t_Average:annﬁal temperature_ranges from?20°C}3t~ |
Sabine Pass to 24°C at Browneville. Rainfall varies from-140-cm per year in
the northern regions to 66 cm on the lower;reaches:of.the;coast;w“

Six different terrestrial ecoregions have been recognizedﬁforutnisfarea7
(Bailey,.1976);;rThree,ofrtheee are humid'fbrest zones inclﬁding:parts~of.the
study~erea)east;dfuthe:Trinity;Riyer,embayment;fiﬂb}the'seuthwesr ofithe>qesiC'
forest 2ones?is*a predominately oak (ggerc '~spp;);bluestem (Poaceae)'paréland
section which gradually changes to a predomrnantly’mesqulte (Prosopis spp -
acacia (égggig_spp ) section. in the regron of Calhoun County, Texas.. - ‘Within

’thls:same area Ba11ey;(1976)’recogn1zed1two,maJor-marine_andﬁestuarlnesystems;
a West Ind1an PrOV1nce extending morth from ‘the Mexican border to Calhoun -
County and a Lou:sianian Prov1nce extending from there to the. Mississippi
RlverADelta~regionzand:beyond;:3W1th1n;each_offthese"majoréecologrcaliregions
:herelare,many:differentrbiologicel.cOmmunities...Some“of this variety results

from the terrestrialecOastalHsurface..,
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- The barrier islands along the Texas :coast enhance the biological -
diversity of the region‘(tableis). The coast is characterized by a continuous
series of béys, estuaries,'andAlagoons‘from-Sabine Lake»torLaguna Madre. -

The Texas;Coastai Plain is drained by ten major river systems which enter
the: bays or discharge directly into the Gulf. Thé bays are normally headed
by alluviél,plainé«and deltas which usua11y~supp6rt marshes.’ The seaward
sides of bays are prbtected,by barrier islands. The shores of many bays

and both sides of barrier islands consist of many miles of fine‘sand beaches,
tidal flats, or marshy areas. The Texas coastal system contains 398,080
acres of marsh and 1,344,000 acres: of bays and estuaries.

The predominant human influence in the Gulf Coast region is commerical - =
and agricultural. Seventy bercent or more of the land is,underlcommercial
use of one sort or another. Becéuse of the predominantly monocultural
management practices of much of modern agriculture, many of fhe'terrestrial
biological communities of the region have been greatly simplified and there-
fore have probably become less ecologically stable than the natural com-
munities which were once predoﬁinﬁnt.l There are several major residential-
'industrial centers in the region, including Brownsville, Corpus Christi,
Victoria,>Houston, Galveston, aﬁd Beaumont. |

The estuarine systenms are'somé of the most productive in the wbrld;p They
support large fisheries, provide a valuable recreational resource,~énd include -
habitats for a number of species threatened'with.extinction. Some of the
major ecological conflicts in the region arise from the values of the above:
wetland-related activities and those of other;‘sometimeS'incomﬁatible usés,;
suéh as those of heavy industry. The resolﬁtién:of‘such conflicts in the future

will tax the abilities of all of society (Blevins and:Novak, 1975).
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Table 8. Biological assemblages of seven map units of coastal Texas
as documented in the Environmental Geologic Atlas of the Texas Coastal Zone.*

Beaumont Qo v, Ba . e
et oo | oot e | G Nhe S
Beach  + o+ + + + + +
Unvegetated coastal mud flae ~ 4+ © = o] vere el s et -
o Vegetated strandplain flae.~ + - - -] - - -
* " Grass and locally scrub oak-covered }idéés” o+ - - - = - -
Salt water marsh. . + + + + o+ - +
Brackish water marsh ~ + + - - - - -
«...~ - - Brackish to fresh water marsh - . +: s+ SN SRR T - +.
Inland fresh water marsh + + + + + + +
¢ Prairie grasslands: '+ *+ ST T R R C 4
; Swamp  + + + + + - -
" Frequently flooded fluvial areas ~ + + e e el - T+
... _Fluviallwoodland  + _* A S + . % .t
© Mixed pine and hardwood forest ~ + - 4+ - - - - -
- Small prairies in foré;ted uplands. -+ R - - - S -
' Oak mottes and groves + + + + + +
i Vegetated barricr flat - —. + - 4 + + +
Sand flat - o+ + + + + +
:Barrenland’ ~'=" BRSNS 4 - -
Shell ramp barrier flat = - + - - - -
' 'Fluvial grassland = - S + | ¥ - -
e Berms = .. . = ] .7 gt + + s
" Washover channelandfan . - - | = = 4 +
i o Activedunes: o e e e L 4 i
-Active clay-sand dunes = - - - +. + +
. Poorly drained depressions = o= it Doam v oo S el i e 4T
Loose sand and loess prairies - - - - + + +
. ‘Brushland - - e T - + + o
Intense winddeflation and wind-tidal activity ~ = = = = = = - + +
S 'Fluvialbrushland = = = = - +
‘.. . Brush<overed bottom lands - e =YL m = s ¥
T " Saline grasslands - - e |- - +
\., . “TOTAL number of biotopes 155~ <155 fisr2 2 14 b 120 18 77 21

ot Biotope occursina particular mapping region. ~ >+
» = Biotope does not occur in a particular mapping region. . )
2T Approximate coincidences with boundaries between biotic provincesas '
: designated by Blair (1950): The boundary between the Houston -
- Galveston and the Bay City-Frecport sheets is somewhat south and west .
of the boundary between the Austroriparian and Texan biotic provinces.
. The boundary between the Port Lavaca and the Corpus Christi sheets lies

" southwest of the Tex&n/'l'an@ulij:dn boundary. -
.+ Source: Fisheret al.; 1972, 1973:McGowien et al.,'1976a, bi Brown et al.; 1976 and in press. -
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Ecological Problems

Ecological problems-associated uith exploitation of major energy resources
are summarized in tabie 9. Geothermal resource exploitation snares,many of the
ecological problems of other energy systems and has sOme unique ones. Problems
shared with petroleum-based resources 1nc1ude f1u1d spills, road construction,
p0551b1e dredging and filling in wetland areas, drilling fluids and rockcuttings
disposal, noise, power transmission lines, pipelines, andkland,areas,affected
by production andinJection wells. Total land surface area'comparedbto other
power  generating methods may be very limited principally because of the number '
of fields with geological character1st1cs suitable for exp101tation. It may be
necessary to construct water towers for cooling purposes, thus including
aerosol drift of treatment compounds (b10c1des) and/or geothermal fluids to
surrounding areas. Depending on the exp101tation scenario, structures may be
located offshore in the Gulf, in bays and estuaries, and/or on land. Solid
wastes;_organic_poilutants, and heat and noise common to othernindustrial
complekes will undoubtediy occur.r |

Unique problems associated with exploitation of geopressured-geothermaI'
resources involve the handling of huge quantities,(as much as 50,820 m3/day '
SI0,00b bbl/oay) of geothermal fluids at very high temperatures (ISOOC). Land
subsidence and surface faulting may result from withdrawal of these fluids.
Fluids may be very saline and possess ionic proportions different from that of -
seawater. In addition, the brines may contain tox1c substances such as ammonia,
boron, and hydrogen sulfide. The large‘quantities of fluids w1thdrawn may re-
quire that extensive surface holdingvponds be.-constructed capablefof temporarily
- storing fluids in the event of: (1) blowouts duriné drilling or weli_maintenance;
(2) possible pipeline breaks or leaks, and (3);shutdown~of generating facilities

during which time brine flow might continue.
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| If 1n3ection of geothermal effluents is fea51b1e, and uncontrolled spills
\/ can'be prevented then ecological 1mpacts of geopressured-geothermal exp101ta-rv
tion may be minimized compared to other currently effect1ve electrical energy
n:conver51on systems w1th the p0551b1e exceptions of hydroelectric and cogenera-
tion. It appears that geopressured geothermal energy production may be a small\

and relatively short term energy source resulting in environmental problems

much like those of fossxl-fuel systems.

: ECOLOGICAL.RESOURCES OF THE GULF COAST

The follow1ng 1s a summary of ecolog1ca1 resources of coastal Texas. - These
resources 1nc1ude both human systems and the natural ones on which they depend.
Both could be affected by exploitation of geopressured-geothermal energy

resources .

Current Land Use -
The predominant use ‘of land in- this ‘coastal” region is related to agriculture,v
_petrochemicals, tourism, ports and other transportation, and manufacturing
Agriculture and related 1ndustries account for 70 to almost 100 percent of the
principal land commitment. The types of agriculture vary, reflecting partially

the natural ecological resources 1n the region. Grazing and croplands are
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extensive.‘ Forestry is 1mportant 1nland from the Upper Texas Coast 011 and
- gas fields ‘are common throughout this zone, and major refining and distribution p
centers are located near Corpus Christ1, Houston-Galveston, and Beaumont-Port
ixArthur. Corpus Christi and Houston-Galveston are 1mportant ports and Houston isi
a major distribution point for air traffic. Tourism is extensive, particularly :
F,on the beaches of the barrier islands of the Texas coast. The Houston-Galveston,

area in particular has become an important manufacturing center'for a diver51ty :

o/



of products be51des petrochem1cals 1nclud1ng foods, sulfur, wood products and k;}
other constructlon-materlals. For detalled land use maps of thls reglon and |
tabulat1ons of acreages under d1fferent uses see Flsher and others, (1972 1973),
General Land Office of Texas, (1975) McGowen and others, (1976a) ‘and Brown and
others, (1976 and in press) Flgure 7 is a generallzed land use map of the |

Texas Coastal Zone.

Current Aquatic Usage

The coastal weters of,thebTexas area form an importantfnatural resource
base for economic act1v1t1es. Three economic sectors depend directly uponr
coastal,waters: waterborne transportatlon, commerc1al f1sher1es,'and recrea-
tion and tourism (General Land Office of Texas, 1976). o

The commercial fishing industryJOn the Texes coest produced almost 40,14
million kilograms (88,5 million pounds) of finfish and shellfish in 1975 with
a market value of $93 million (U.S. Department of Commerce, l976)._.The in-
direct_effects_of this production throughout the State and the Nation total’

nearly $350 million per year..

Natural Ecological Systems of the Texas Gulf éoast

Many attempts have been made et elassifying'ecologicel systens by energy
relationships, environments, and biotypes (Beiley,‘1976; Ketchun, 1972° u.s.
Fish and Wildlife SerVice, 1976a). Among the most notable for the Gulf Coast
are those of the Bureau of Econom1c Geology (Flsher and others, 1972 1973
McGowen and others, 1976 1976a' Brown and others, 1976 and in press), and
General Land Office of Texas (1976 1975) The study area 1nc1udes four
maJor terrestrial and fresh-water ecologlcal and blogeograph1cal zones (f1g 12)
~ These zones reflect not only the present ecolog1cal d1str1but1ons of specres, -

but also the1r evolut1onary h1story The patterns are eV1dent from stud1es of k—#
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plants (Tharp, 1939), historic American Indian groups (Kroeber, 1939), other
terrestrial vertebrates (Blair, 1956),vand freshwater fishes (Hubbs, 1957).
Three major North American biotas are represented. Many of the plantsfand
animals characteristic of the New World tropics enter the southern area on

the Rio Grande plain Species characteristic of the arid southwestern deserts
'kare present in the extreme southwestern part of the study reg1on Plants and
animals of the eastern humid coastal plain forests occupy the eastern section.
These biotas interdigitate and intermix in characteristic groupings across the
study area. ' | o K S

Parts of four biotic prov1nces recognized by Blair (1950) .are represented

(fig 12). The Chihuahuan prov1nce is barely represented in southwestern
Starr County, Texast It includes spec1es that are widely distributed in the
deserts of southwestern North America The Tamaulipan is subhumid subtropical
prairie brushland dominated by mesquite ( rosogis spp ) and acacia (Acacia spp.)
that includes the Culf Coastal Plain extending approximately from Mexico to
Calhoun County, Texas. The Texas prov1nce to the north 15 a broad ecotone
(transitional ecological zone) which is subhumid subtropical prairie parkland
'characterized by oak (guercus spp ) and bluestem (Poaceae) It is a transition
area between the semiarid grasslands to the west and the eastern mesic forest,
The Austroriparian provznce 1nc1udes humid subtropical forests of East Texas
and southern Loui51ana. Most of the species of th1s coastal plain forest
region extend eastward to the Atlantic. : '

| The above distributional pattern is exhibited by most species of fresh-
nater fishes. There are- two major exceptions. (1) ‘those species limited by
" stream divides, and (2) associations of- marine and freshwater forms living in
kfreshwaters ‘near the coast (hubbs, 1957). The major stream divides, which
affect 35 spééiéé e%”frésh;ééiéé‘fisﬁéé in Tenas;”éfe:thezﬁio'Crandeiﬁ&eces,
Nueces-Guadalupe, Brazos-Trinity; Trinity-Neches, and the.Neches-Sabine.
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“The broad»biogédgrépﬁic-pattérn§*¥illusfr§te;ﬁetEEHIY”ﬁ{fféreneéeQiﬁ‘tﬂe
ecological characteristics of tﬁé’éﬁﬁirohmeﬁts;ibﬂt‘ilédigeﬁetié:éiffereﬁeegf
of ‘the populatiofis inhabiting ‘them. ' ‘When making predictions ‘of possible ‘environ-
" ientdl modifications such as ‘those @ssociated with energy exploitation “"'*-
strategies, these different‘areas must be considered separately. Hubbs ="
(1957) "notes that‘the egreement between distrlbutions of aquatic and ter-
restrial specles es-probably based on cllmatological and geologleal factors
which probably determine the properties of water. He mentions”difficulties”
in rearihgiAhStrbripérianIfiSﬁéE“in’w&tEre‘ef5Belcbﬁiéh*6rigin which ~
have moderate ariounts of dissélved salts and preportieheli&“ﬁére”ééléiﬁm:3*3?
nagnesium, and ‘éarboriate fons .- There ‘are similarly high mortalities of =
Balconian Speciés in waters of low pH. " This illustrates fifafif‘oaiy‘.‘aiffe}“encés
in eeiibgf’and“ph}sioiéé?*of”épeEiE§‘froﬁ‘different*Biogeéérepﬁféfareis?bﬁt‘

SEHBRTCU VUL

also thé importance of ionic'composition of watér for fish.'!
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Community and Habitat Diversity = . ..

' Within each of ‘the broad’ ecolbgical zofies ‘discussed, ‘thereis & "
cons1derab1e diversity. of habitat ‘types ‘and biological communities. Thei’-;
| recently publiShed ‘or soon “to’ be publiShed maps’ ‘of- “b1010g1ca1 assemblages"“l'
included*in the*Environmental'Geological Atlas ‘of” the'Texas Coastal Zone
tions’ and geological“features (Fisher and'others,j1972 '1973 McGowen and“7*f'
others, 1976 and in press) *' Bétieen 12 and 22 different "subaerial" Bio- T2
types are’ indicated for‘each of 7' mapped areas The numbers and kinds ‘of ¢
biotypes from the different areas may be compareditnrtable 9’."’"l‘his‘.'tal:-le-f""g

| illustiatés the Telationship of “this variation to the biotic provinces’
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.included. _Hareombeg(1974)‘discus;es»edmmuqities.pf;Chgﬁber,County,:Texas.
Wateope(lq75) gives an account of 9 biological communities for parts of East k-
_Texas,inCIuded,inftﬂe Big Thicket National Preserve. Johnston (1955) con- ..
tains much information on the{plant‘assogiatiens;of‘the southern -coastal plain
of Texae,: |
'“Speéiél Bioloéiceiikeseﬁ}ees ef’the Teias:Coasteldieﬂe»”’:

_ Aquatic_Resou:ces L

The major fish resources of the Te;as,Coesta1~Zone,are described by»,rn
Gustevsonland_others (1978).,The freshwater streams, lakes, and ﬁondsjof
the Texas Coastal Zone produce a wide variety of important §ports,fishe$;;f.¢
‘ The,eetuarine sports fishery is also an extensive and year-round activity
along the Gulf;Coest.._It iszdifficult,to‘present-actual‘numbers for this
fishery because preduction from coastal waters is not distinguished on the
basis of catch area. Fish caught offshore, nearshore, and in the estuaries
are all con51dered part of the coastal catch. |

The commerc1a1 fishery in the estuarine waters produces mostly shell-
fish. -Shrimp, oysters, and crabs are taken in large quantities all along
.the,coast..,Controlled fish netting (gill and trammel nets) and troutline
sets are allowed in most areas and produce moderately large quant1t1es of
redfish, speckled trout, flounder, and several nongame species. Gunter.
(1967) states that estuarine-dependent SpeCies make up 97.5 percent of the
total commercial catch of the Gulf statesh,andtthis.has resulted in the
regulation of fishing methods (both Sport and commercial) that might result
in harm to the overall fishery. |

The industrial fish populations of the Gulf of-Mexico have produced
some of the largest landings in North America, a substantial portion of which

have come from the waters of Texas. The most important of the products in
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terms of dollar value are the shrimp. Table 9 gives an indication of the
total nursery'areas contained in the‘Gqu Coast by state and_the average
annual shrimp catch. Shrimp productivitykis dependent on the availability
of coastal marshes which function as a nursery, refuge and food source.

\The habitat requirements of juvenile shrimp ‘have been discussed by Gunter
(1961), Barrett and G111espie (1975), and Gaidry and White (1973). The
1mportance of salinity and freshwater runoff in the production of penaeid
shrimp are rev1ewed by Gunter and Edwards (1969), Gunter and others, (1964),
Zein-Eldin and Gr1ff1th (1969) and Copeland and Bechtel (1974) "Aldrich
(1964), Zein-Eldin and Griffith (1969), Williams (1960), and Copeland and
Bechtel (1974) have discussed the temperature relationships fbr penaeid

- shrimp. | | L

The major finfish exploited comnerciall} is the Culf menhaden (Brevoortia'

partonus). It has been reported to support the largest comnercial fishery in

North'America.(Reintjes and Pacheco, 1966). Gunter and Christmas (1960) re-

* _viewed the Menhaden fishery and found that approximately 30 percent of the
production came fromlTexas. In addition to the Menhaden fishery there is an
industrial bottom fishery which is'relatively new to the northern Gulf
(Thompson, 1959a, 1959b, 1959¢c, and 'Ro'»ithmayr, 1965). Dunham (1972) conducted
a study of commercially importantvestuarine-dependent industrial fishes. It
has been estimated that over 90 percent of the total commercial catch of
finfish and shellfish in the Gulf of Mexico is estuarine-dependent (Louisiana

Wildlife and Fisheries Commi551on, 1971).

Terrest rial Resources
Terrestrial biologic resources along the Texas Coast including upland

game birds, migratory water. fowl, marsh birds, non-game birds, game animals,
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" Table 9. Acres of marshes, e’stuéfi"nevwibtcrs:,: |
and shrimp catch (heads-on) by states.*

Estuarine
‘Waters

West coast

~of Florida 2708‘1,525

Mississippi 500,379
Louisiana 3,378,924
Texas 1,344,000

ACRES

Coastal . Mangrove
Swamps

Marshes

528,528

34614

66,933

3,900,000
486,400 -

*From Barrett and Gillespie {1975).
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Average Annual

Shrimp Catch

- 1965-1974

393,160 26,578,000

14,035,000

- 8,063,000 -
73,547,000
83,744,000



and fur-bearers are described by. Gustavson and others  (1978) and by Wolfe

A A Tt
HEE SRR ST E

and others (1974). . . ...

Unique, Rare, or Endangered Species ‘

~There are 228 species of plants -and animals known from .the coastal .
régl_.‘!&g which are rare and/or in danger of extinction. These include 154
plantﬁspeciesjandﬂ?}‘speciesyof;vertebrates:(Bievins;andryorak, 1975; Rare -

Plant Studyfgenter,_1974;MlexasvOrganizationifor”Endpngered,Species,¢1975).;

Data Sources for eiorbgicAEﬁke;oufées e
Adequate,‘good:gualitf;data describe currentiiand:use,;aquatic usage,
natural ecological systems,gbioticrprovinces,,habitats,‘biological com-
munities, aquatic resources, terrestrial resources and unique, rare, or
endangered” species of the Gulf Coast. Some of the data, however, are o
regional in' scope and may not be exactly suited to 51te specific studies |
' Foreexample,<biologic%assemblage' maps are available ‘from the Buréau _
of Econbnic Geology, but théy are published at a scale of 1:250,000. Con-
sequently, they serve as%excelientw§uides*to“fbe Biéiaéic’éssembiagéQ“ij;J“*
site’but aré not intended to replace ‘on’sité mipping of habitats and biologic
assemblages. Severalblists of rare, endangered,‘or?uniqueispecies7a;gwaVail;
able, but Species are listed by counties.; Maps of their. preferred habitatl_y
and known range, especially for the smaller species, are. not available.f
v?_ Data pertaining to local biological resources should be °bt§iﬂ€§;f?9m:::-'

each geopressured-geothermal test site; These efforts are currently¥under

- way or completed for four geopressured-geothermal test well site in. Brazoria,

rKenedy, DeW1tt, and Colorado Counties 1n Texas (White and others, 1978;

Gustavson and others, in preparation)
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" POTENTIAL ‘EFFECTS OF GEOTHERMAL ENERGY EXPLOITATION ON

. THE ECOLOGY OF THE TEXAS-LOUISIANA GULF COASTAL REGION

Consideration of possible envirommental impacts bfﬁéebpféésuréd-geai"
thermal ‘energy exploitation' at this time ‘is somewhat speculative becaise
of several unknown or undecided”fécfbrs;3'Cdmp1efe‘ﬁater'éﬁaly5ésiafé'ﬂdt -
availsble for geopressured fluids, several potential locations of fields
in different coastal enviromments are being considered, and several

alternative thermal-electric conversion' technologies are possible. = .

© ' Geothermal Exploitation Activities Likely to Cause =~

"7 "Alteration or Destruction of Habitats

Manydiffereht.ac;jvitiés aéééciafed with exploitation of geopressured-
geothgrmai resourceéicgn‘pofential}y altqrubrndestroy,habitatst ;Thesg
inclqﬁeithe consf:uciion.gpdrﬁainéengnce ofvindustriai facilities, waste
management actiVities, secondgry ene;gy-use(facilities,_land subsidence
(unintentional), and several possible unusua};hazards._ These activities
are briefly dgscribed in theﬁintroductipn and more completély described in

Gustavson and others, (1978).

Construction and Maintenance of Facilities
All of these strictures replace whatever ﬁabitat‘existéd prior to their
construction. | o o
*'Cooling Systems -
Effects of cobling'systems'dn ecosystems may result fme;feiease°bf”
chemical effluents, demands on local water supplies, release of heat, re- .
lease of water vapor, and the construction of canals, pipelihgé,iéf cooling

structures (Shinn, 1976).
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Large withdrawals of fresh brackish, or sea water from natural sources
for use 1n cooling structures could 1nterfere w1th habitat requirements :
such as patterns of flow, water depth “or temperature, and might result in
1ncreased sa11n1t1es in down dra1nage water resource areas (Copeland 1974)
Brungs (1976) contains extensive 1nformat10n on the effects of chlorinated
cooling water on aquatic life o | - .

Splll holding ponds A

"Even though deep-well 1nJection of spent geopressured f1u1d wastes may

be fea51b1e, it appears that it would be necessary to construct holding |
ponds capable of retaining up to 5 000 m (30 000 bbl/day) to mitigate
effects of an uncontrolled flow which might result from a blowout or break-:v
down of the pipeline or 1njection system The amount of time that might be ;
required for a shutdown of the geopressured fluid flow during a system - -

'failure or a large-scale uncontrolled Splll is not known._

Waste;Disposal:Problems::

'Geothermal:brines-ni-

- The chemicalccomposition~of:gggpreSSufed-geothermal¥brines is not

completely known. : The- problems of ‘understanding the" effects of. geothermal

brines released -to-the ecosystem cannot be fully understood until complete
analyses,of geothermal brines are .available. Analyses' ofifluids from 7
f geopressured<sediments are now in;progress~at theLU.S;:Geological-Survey:5':i’
Menlo'Park ’California1(Kharaka;‘personalfcommunication)\and‘thefBureauiof'; :
'Economic Geology, The: Univer51ty ‘of Texas ‘at' Austin,- ‘A -general’ knowledge
of. the concentrations -and . distributions of major ions is available ‘(fig. 8)«

It should be noted ‘that. these concentrations and distributions will probably -
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vary from site to>51te ‘and p0551bly'from’well to well along the Gulf Coast
'Except for the data of Kharaka and others (1977),vand Gustavson and KreJtler
(1976), we have only lim1ted analyses of trace elements for geopressured
waters (table 10) | A | |

The most probable method of d1sposal of geopressured-geothermal waters 7
is 1n3ect1on into deep permeable geolog1ca1 formations. »There are few data
ava11ab1e on the capac1ty of such reservoirs to accept large- scale long term
1nJect10n of such fluids (Underh1ll and others, 1976 Gustavson and Kre1t1er,
1976). Wood (1973) stated that the use of waste 1nJect1on wells 1s a much
smaller threat to the env1ronment and to ground water than is the 1mproper )
surface d1sposal of such wastes Problems that may arise as a result of -
1n3ect10n procedures 1nclude the d1sp1acement of br1nes already present 1n-
the format1on which may flow to the surface or to fresh aqu1fers along faults.
or through abandoned test holes or old wells that have been destroyed by
corrosion. Also, excessive injection pressure may fracture'confining beds and
permit‘geothermal waste fluids to flow into other aquifers (Wood, 1973).
These problems have been addressed by Muehlberg and Shepard (1975) in their
consideration of a possible geopressured site in Willacy County, Texas.

(The possible release of brines into surface environments is .a major
concern, although the-probahility of a large, long-term release.is very
slight, Release of brines could occur from a variety of sources including
flooding of canals that might be_used to transport waste effluents; leakage;
rupture,‘or overflow of brine holding ponds;.leakage or blowouts from pro-
duction wells; spills assoelated with various types of fallure of the
electrical generating system; failure associated withktechnologyrused to

remove methane from brines; spills associated with injection wells;
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Table 10. Chemical composition

of selected formation waters

~~ from the Texas Gulf Coast.*

Perforanon xnterval m.

__ Fluid production tates _

0il and condensate
m® Iday ( barrels/day )

“ Water
m?/day ( barrels/day )

1,000 m’/day (1 000 f:’ /day)

Temperature
Measured °C:
‘Quartz°C
Na-K-Ca C .

Ongmal bottom hole pressure
- 10%knfm? (psi)

‘ Chemlcal composmon
Doomgll
' TDS
| calculated total dissolved solids

~ Na
 NHy
Ca
gy
L Fe
" Ma
a

- HCO4
field titrated alkalinity
SO, !
st RN
SiO,

. 3,588.92.

2.1(13)

1 30(19)

3,13855 . .

Sample Number : ) .
Y 76GG17 76GG58 - 76GG63 - .
Well number Gardiner #1 | May Owcens #1 | Portland #A-3
" Field’ Chocolate Bayou |East Whitc Point| Po'tt'landl
County Brazoria ~ San Patricio | . San Patricio
" Production zone " Lower Wemng " Owens Morris

35116,

4.8 bb) |

48 (301) 13(8) 75(47)

- 2.7(9%) 14,5 (513) 25 (ssz)
129 1 12 126
SR T R REEDI YRS 130
14 100 120
172(7,589) | 188(8,333) | 191(8.455)
68,000 . | 24,900 17,800

24,000 9250 © . | 6500
0.80 - 030 |, . 030
26 11.0 - 5.8
w235 S31 15 77
2,000 200 8y
Th380 B S 7.0
80 I 70 ) 23 ]
21 T T 14 016
.. 40,500 .| 14,000 . |- 9,270
520 1200 | 1,600
e - | 22 7Y
G032 e =t
87 TR ‘93
30 2
63 TR A

» *From Kharaka, Cdlendexi, and Wallace {1977).
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discharge of cooling water (if geothermal water were used as a coolant),
d1scharge of brines 1nto terrestrial fresh -water, estuar1ne, or marine
systems, or problems assoc1ated w1th the d1sposa1 of p1pe11ne scalings.
;Even'with injection, the possibility of spills exists. Temporary
surface storage may be necessary at yarious times &oringjtho nor;al plant
operations or du:ing anrinjection'system shutdown.‘”Doring tbese periods,

geothermal brines would be retained in holding ponds.

Potentlal b1olog1ca1 effects of brines

Potentlal problems ‘associated with storage of the spent fluids in
hold1ng ponds include damage to local terrestrial plant life and disrup-
tion‘of animal behavior patterns in the immediate area. Marked effects
. might result from spills outsidé holding pond areas (e.g. p1pe11ne
ruptures). If brines éscaped‘to fresh-water areas, there might be severe
salinity pfoblems for'organisms intolerant of increosed salinity, and toxic
compounds may -also be present (boron, ammonia, etc.). Downstream drainage
areas may be affected, including estuarine ond marsh habitats (espeCially
those that contain important nursery grounds for sensitive juvenile stages
of organisms). Included in these salinity problems are unusual ionic
1 ratios. Critical aspects of a brine sp111 are its location and the amount
of time required to shut down the system.

The impacts of a geothermal brine spill may inclode an initial kill
of localbaquatio life because of osmotic, thermal, or other toxio stress,
followod by long-to;m,'possibly chronic effects of g:adual dissipation of
elevated levels of salinity, heavy metals, and other geothoimolfcompounds.
Natural ecological systems that receive such brines are modified in a

number of ways which affect water circulation systems, osmotic regulation
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.of aquatic organisms, water stratification, specific heat, hydrogen ion
balance, buffer systems, solubility of oxygen, turbidity, and ion balance.
Such changes result in low species diversity and in destruction of bottom
communities and soil structure (Moseley and Copeland 1974) Effects of
brine pollution are beginning to be understood from studies of salinas,
natural hypersaline lagoons,-and brine polluted communities. Very few
organisms are capable of- adapting to the high salinities, strange chemical

balances, and varying 1nputs of brine waters.

Effects of salinity on organisms f B | - i

" Even the most tolerant plant species are able to withstand natural
marine salt concentrations of only about 50 000'ppm.; Fresh-water marsh
species have much lower- tolerances. Tables 11 and 12 indicate some of the
- tolerance ranges of typical plant species found in coastal Texas and
‘Louisiana. The upper limits of salinity that halophytes can tolerate vary
with rapidity of the change, duration of change, and temperature factors
(Waisel ,- 1972) Hoese (1967) states that the Gulf salt marsh system based

on §partina alterniflora would probably be destroyed by salinities which

approached or exceeded SO 000 ppm. In addition. plantsspecies are extremely
sensitive to ionic imbalances. Bffects of a geopressured brine spill on
terrestrial plant communities,‘natural or agricultural could be ‘severe.
Although we know of no. research on the effects of geopressured brines per

se, there is considerable literature on the effects of general salinity and
of particular substances»presentvin geopressured‘fluids on terrestrial plants.
(Effects of~ions,‘e1ements.:and compounds hnow to occur in geopreasurod
fluids are*Summarired_in'GuStaVSOn and others, 1978.) Studies of salinity

effects on terrestrial plants and soils have been concerned principally
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Table 11. Salinity tolerances of some typical plant species

found in coastal Texas and Louisiana.

‘Plant salinity ranges from Palmisano (1970)
unless noted otherwise.*

Species

Common name

Bay or marsh type Salinity

where normally found  Low

High

Avcrhgc

Halodule Wrightii

Shoal-grass Brackish-Hypersaline  1.000! 60.000" --
Ruppia maritima Widgeon-grass Brackish-Hypersaline 0? 45 000" 25.000°
Cymodoccé filiformis Manatce-grass Salt; Brackish 10,0007 40,0002 ——
Thalassia testudinum Turtle-grass Salt: Brackish 10,0007 50.0007 30, 0004
Halophila Engelmannii Halophila Salt;Brackish  23,000° 37.000° -
Spartina alterniflora Cdrdgrass o Salt 5.500 40.000 16,100
‘ Di’srich[is spicata . Saltgrass Sale; Brackish 5,000 50.000 - 14.200
... Juncus Roemerianus Black Rush Salt; Brackish 1,000 45000 - -
Scirpus-robustus Salt-marsh Bulrush Brackish 6,000 39.000 .
Spartina patens Saltmeadow cordgrass Intermediate; Brackish =~ 0 39.000 9.600
Scirpus Olneyi Olney Bulrush  Intermediate; Brackish 5,000 17,000' 9,200
Alternanthera philoxeroides ‘Alligator-weed lmermcdmtc - 0 150000 1.400
Phragmites communis Common Reed Intermediate; Fresh 0 20,500 -~
Vigna repens Wild Cowpea Intermediate: Fresh 2,000 12,000 - ——
Sagittaria falcata Sythefruite Arrowhead Intermediate: Fresh 209,500 2,300
~ Cladium jamajcense Jamaica Saw-grass ‘Fresh: : 0 3,000 —-:
Panicum hemitomon Maidencane Fresh 0 1,000 ' 900
2 Eichornia crassipes 4 Water-hyacinth Fresh : 0 500 -
) tSimmoné (1957) "Mchllan and Moseley {1 967) ‘

T

2McMillan (1974)

Zlcman (1975)
. Approximate averages from various literature
“Names afrter ("om.ll and Johnston (1970), g -



Table 12. Soil moisture sahmty tolerances

. of various agricultural crops.*

ki
Crop - . . Future
P B A A A,
Spring batley (grain) 13,300 3,200 15,000 10,000 |
¢ 7. Sugarbeet (sugar) {: 7,300 ©.~'1,500 .. 9,000 = 57,000
Mangels (dry substance) - 2,500 7,500 6,500
-y ~.-Oats (grain) -} 110,600 - 2,200 . 6,000 - 6,500
Lucerne | > 3,000 — - 6,000
- . Spring wheat.(grain) - | - 8,300.:.2,600 -~ -3,200 - - 4,000
Flax (straw) | - 2,500  —— 4800 4,000
~ :Potatoes’ . | . -3,100.: 1,100 4,200 .© 73,000 -
- Onions 2,500 - 3,200 2,500
Horse beans (seed) .| < 3,000 : © 3400 © - 3,100 - 2,000
Poppy (seed) 2,000 1,000 -~ 1,500
- oo Peas(seed) | . 600 < 600 - - 600 . 600
- Beans—brown (seed) 4oo 500 400 500
Beans—white (seed) | == 400 - 400 < 400

_Data are for the crops grown on drained lavid in the Netherlands .

* which had been flooded by marine water during World War 1.
The soil could be considered a light marine clay -
 containing 0 to 6% Ca00; and a little humus (2-4%)
The water table was about 1 meter below the soil surface.,
* NaCl was measured in soil moisture in the $-20 ém layer

at the time of the sowing period in spring. . .
“‘and from which at least 75% of a nornial yidd was obtained.

’ ‘Modnﬁcd from Bcrg (1950)
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with soluble seawater-derived salts of which the main ionic constituents
are chloride, sodium, sulfate, magnesium, calcium, potassium, bicarbonate,
and bromide (table 12). Salinity'tolerances of severa} common Gulf Coast
‘animals are given in table 13.

The concentrat1ons of 20 substances in geopressured brines and sug-
gested amblent 11m1ts of concentratlon in. b1010g1ca1 and 1ndustr1a1
env1ronments are. summarlzed in table 14. The concentrat1on-of at least
13 of these substances are above recommended standards for dr1nk1ng water
in at least one of the geopressured samples s111ca, calc1um, magnesium,
stront1um, copper 1ron, manganese, sodlum, potassxum ammonia, bicarbonate,
chloride, and lead ‘ S1xteenﬂexceed standards for some'terrestrlal fresh-
water or marine organ1sms 1nc1ud1ng bery111um, boron, cadm1um, hydrogen
ion (pH), and- hydrogen sulflde in add1t1on to the above substances, except
perhaps stront1um and lead. Concentrations of at least elght substances
exceed some,maximum<industr1a1 economxc;llmrts:v 5111ca,,ca1c1um, manganese,
strontium, sodium;nbiearbonafe, snlfate,jand’ehloride; -These limits are
suggested by the U.S.'EnvironmentalAProteetion Agency (EPA, 1976) and/or
McKee and Wolf (19§3); ConcentrationSffor'geothermal water samples refer
to undiluted wellhead concentrations}}not to concentrations that miéht
result from processing dilution, concentration;'orimixing‘affer notential
release to natural bodies of water.

. We have no specific data on organic compounds present in geopressured
fluids other than methane (CH4). Future analyses should include organics--
particularly the cyclic compounds and other toxic substances known from

crude oil such as ethylene sulfide,
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Table 13.Natural salinity tolerances
for some species of coastal Texas and Louisiana animals.

Some of the figures may represent salinity preferences.
‘rather than tolerances.

25,000

Species CommonName SN SME ORI, | Souce
~ Menippe mercenaria Stonc Crab 35.000 Simmons (1957)
Rangia cuneata ‘Marsh Clam 0 24,900 Perret et al (1971)
_ Crassostrea virginica -~ American Oyster 10,000 30,000 Gunter (1967) .
Thais haemastoma ~~ OysterDrill -~ 1,700 25,900 >15,000  Perret et al (1971)
- SR '~ 25,000 45,000 <45,000°  Simmons (1957)
 Penaeus setiferus White Shrimp -~~~ 0: - 30,000 ' * Lindall et al (1972)
RS v SR s 15,000 30,000 : Gosselink et al (1976)
D imn e b T 69,000 " Simmons (1957)
.~ Penacus duorarum Pink Shrimp 45600 25,000  Gosselink et al (1976)
L oo C .0 69,000 ~ Lindall et al (1972)
Penaeus aztecus Brown Shrimp | " 15050 28,000  Gossclink et  (1976)
Palacomonetes vulgaris Grass Shrimp - 25,000 45,000 - <45,000 Simmons (1957)
Palacomonetes pugio Grass Shrimp_ - 25,000 45,000 Simmons (1957)
ulacomonetes intermedius ~ Grass Shrimp /20,000 60,000 Simmons (1957)
' Callinectes sapidus - Blue Crab '20,000 60,000 -  Simmons (1957)
SR a0 20,000 . 60,000 Si 1957
Brevoortia patronus _hrgcsmlg Menhaden = ““c00 54,300 _ R‘::g,zm 21960;
Dorosoma cepedtanum  Gizzard Shad 100 41,300 <.+ ‘Renfro (1960)
e A © 80,000 <50,000  Simmons (1957)
A”‘h"“ "‘""""’ Bay Anchovy . 000 300000 " Gosselink et al (1976)
S g g . 5000 75,000 . ' Simmons (1957)
?YP""f"’” variegatus  SheepsheadMinnow - glo09  2g'000 Gosselink et al (1976)
. Lo : . 45,000 -~ <45,000  Simmons (1957)
Cynoscion arenarius SandTrout . 45000 26,000 . . Gosselink etdl (1576)
, L ' oo 25000 75,000 <60,000  Simmons (1957) -
Cymoscion nebulosus  Spotted Seatrout © J9'50q 27000  (young) . Gosselink et al (1976)
UL BRI A . 60,000 <50,000° Simmons (1957) -
Leiostomus xanthurus Spot 8,000 27,0000 © Gosselink et af (1976)
e 70,000 Simmons (1957) . |
Micropogon undulatus  Alantic Croaker 45640 30/000 ' Gosselink <tal (1976)
Pl ! Ly 1,400 ° 75,000 <45,000 - Breuer (1957) -
Mugil cephalus SeripedMallet 4 %60 27,000 - Upawm)  Gosselink ef af (1976)
o Mu gl :qurema ' %m Mller 25,000 .gg:ggg» .<4o,ooq» Simmons (1957)
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“Table 14, Concentrations of 20 substances in geopressured brines and suggested ambient limits in biological and industrial eavironments.*

Element . - Geopressured formv:}n'ml mggrs szi{pugn Maximigm eco- | - . Maximum sat{c limie
d R an F. . ; t : rrigation |
ton, ot (“irnilmer ,:z"l" “l’,urldand Lehman "'E'!‘;’ n (‘){8-6(;’2- it:a cf:n:gltsc i: \'l.:‘t‘l:'il v;a:'c‘r u’:‘c‘n‘:r s%pg i‘cs ' )
compound | Well #1 Well 31 el #A3 . Welt 31, Unit#1a water supplies supplies (ppin) or aquatic caviconments
i ; . 0.3-40.0 (hoiler B . :
Silica : e feed): 0.1 B . o
. 87 34 23 68 7 " 50 (eurbidity problems) ((l‘;l"’l.i;l‘l;.;)b(':ldfs): 10-50 suggested limit
" . 2 ul ‘ -
a : L - and papcrpmirls) )
Calci v 5 " 30 {drinking and cooking) s Often desirable for irvigation.
1 c::;m 2.000 . 200 89 7 52 I 75(~2';N) ;::E'xinuun)";i’nli‘l” 10-500 c‘icpczudiug uu‘.mil ztpc
M. i x 30-125: : 24 ta protect .
amc;)mm 235 31 15 90 Ho 0.05 mg/l recommended 5300 undcrgmu‘u'n water basins
Strontiu - < ~ 30 (drinking and cookin ~
"('gr,l " 38u 2 7.0 126-252 3872 95 ';5-200 n?aximu:n lim%‘t) 10-500 : .
1Copper (Cu) 0.17-0.38 0.11-930 . 0,01 1.0 . 0.0018-7.5 depending on species and conditions
Iron (Fc) 8.0 70 2.3 B4-16.8 2738 - 16 - (0.3)! 1.0 freshwater )
Manganese g : : ' 0.2 for irrigation water on acid soils
(ﬁ‘n)uk 27 14 0.16  ND ND  <0.02 (6.03) 0,1 for }:orntm:tim?| of constimers marine molluses
Sodium i = - . S, - 0 106-212 in sprinkler irrigation
(Na)  [24.000 . 9250 6,500 16.000 . 14,000 c:_%m ﬁl[lut‘ol lh;:ﬁagz:cs&-lgt;:::;gdgg;:c 5 may cause scrious foliage damags
10-115 i servative limit Cumulative deterioration of soil likels
Potassium . ” . 2 Is cons ;“"' eh 2,000 limit for livestock water
(K) 300 70 68 230 150 xtre nl-.l("ou");-l:‘:' '((l'ril;kiux ! Essctitial in small quantities
: vxtrenie fimit for i for stock and plant nutrition
Ru(l;icll,i)um 00,810 030 0.30 14100 freshwater
Anﬁn i . Taxic to fish
(NH‘;‘ “ 26 1 5.8 (l.(l‘ll freshwater
Blc:‘r(‘_}l;';;"" 520 1,200 1,600 526 581 0-150 desirable or permissible 100-200 . 200 causes decline of sugar in apples and pears
Sulfate ' ; 576-960 maximum limit
(S()}) 0.6 22 84 30 30 200-400 20:300 - by cause precipitation of calcium and, thus toxicity:
. ’ Harmfu! 10 humans with heartand | . * . - S
Chioride (CI)[40,500 14,000 9,270 25,000 21,000 kidney discase: 5600-depending on | - 504 509 . 15003000 limit for livestock watering
o . ) USPHS rccommended limit is 250 ' ) L .
Beryllium ] 11. : 5 : ' 0,011-1.100 freshwater: .o
(¥5'-') ; 013026 0.11-0.22 = 0.1-0.5 for irrigation depending on soil evpe
Deleterious for certain crops
at the following concentrations: i
. . ) Oln]cxcc‘s‘s of 0.5: pecans, arﬂchokcs. plums. pcgrs. :
’ : : ‘ : . apples, cherrics. grapes, peaches, aranges. avocudos,
iriss .4 62 Tt Ring waver o102, Fapiruit and emons. hoatt L
: . OK -0-2.0: potatocs, tomatous, peas. wheat!
corn, oats, and lima beans . :
82.0-4.0; asparagus, datc palins, sugar beets, alfalfa, |
C . turnips, cabbages, lettuce, and carrots
KCadmium(Cd 0.008 0.01 0.0004-0.012 freshwater: 0.005 marine ¢ .
Lead (Pb) <0.2 0.05 0.0052-560.0 fish, depending on specics and conditions:
s\!'ll 15205'1:"5 0'3,.2 ND ND i ' ' 0.002 frcshyvatcr and marine - z
pH (acidity) 63 - 67 638 5.9 6.5-9.0 freshwater: 6.5-8.37 marine
'based on aesthetic criteria : . S

2., but-not more than 0.2 units outside normally occurring range.
“Data on brines arc from Kharaka, Callender and. Wallace (1977), Gustavson and Kreitler (1976),

Suggested ambient units are trom McKee and Wolf (1963) and U.S, Environmental Protection Agency (1976,

and unpublished data of the Burcau of Economic Geology. University 0:"T~‘\as‘.
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Data ava1lab111ty on effects of geothermal brines

| Gustavson and others (1978) have reviewed the known effects of specific
components of geopressured brine and of total salinity on organisms. The o
11terature that deals wzth these subjects is substantial.' What 1s not clearly
. understood are the synergistic effects that may result when organisms are
placed in contact with brines containing all of these components in a variety
of concentrations.: Furthermore, little is known of how toxic trace elements
are transmitted through the food networks of the Gulf coastal region. o
‘Thermal Discharge,;;,gi;ﬂw STl TTL I TET I S L TL IR B RO st i in

'kLikejalllother thermal,electric-generatingaplants;?geothermalspower‘plants
' produce;large»amcunts;of,hot;wastewater.reGeothermalfgeneratingzplantS?yieldia
greater amount of waste heat per unitgof*electricalnenergy'produced than do
fossil-or nuclear-fueled plants»because’theitemperature;and"pressure‘{hente the
enthalpy)_ofznatural,steamiiSzmuch lower;thanfthat of -steam producednin}a: A
boilerr(UzSa Department»of theelnterior; 1976) . If Spent geothermal ‘brines =
are discharged into holding ponds, a-large amount of additional heat may- be -
added to. -the-local environment. - -+ iio ¢ tbcffcauwaffffﬁu siegen ’

;.-Heat affects :the physical- properties -of ‘water such as-density,.viscosity,

vapor;pressure,zandvsolubility-ofvdissolved:gases.:.Consequently,asuch.pro-t:!
cessesEasdsettling ofvparticulategmatter;;stratification,gcirCulation,;and
evaporation—can beﬂinfluenced;hygchanges;in:temperature.K:Because solubilityii
of oxygen in water decreases -8s - temperature increasés;: thermal pollution
reduces the oxygen resource. Clark (1974) has stated the :following. areas .of -

concern for -thermal pollution in coastal environments .;”Ca'é*eﬂf
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» (1) Heat affects the rate at Wthh chem1ca1 react1ons‘pregress, and 1t<Aw o/
can speed the format1on of unde51rab1e compounds or change dynam1c equ111br1a.
It affects b10chem1ca1 react1ons, and h1gher b10chem1ca1 rates can result in E
a more rap1d depletlon of the oxygen resource. |

(2) Phys1olog1ca1 processes such as reproductlon, development“ and le-
metabollsm are temperature dependent The geograph1c ranges of many speedes
of f1shes and the spec1es comp051t10n of commun1t1es are governed to a great
extent by enV1ronmenta1 temperature. Temperature anoma11es also can block
passage of anadromous fish, greatly reducing future populations. &

. (3) ‘Thermal pollution affects other aquatic organisms such as plants,
the ‘benthos, and bacterial populations. Increased temperatureSfmay“reduce7*‘"
the number of species to nuisance conditions.

Potential effects of discharge of geothermal heat into the atmosphere -
and surface waters of Texas are of concern. Greatest impacts would be on:
the -aquatic ecological systems. Since these systems have been studied -exten-
sively; no additional impact studies are recommended.' Effects on terrestrial
systems are not as well-documented, possibly because of the subtle nature of -
these impacts. An obvious possible effect of thermal pollution=is an immediate
kili, but less obvious sublethal effects may pose greater risks because they
can have far-reaching effects on entire pOpulations. ‘These include seasonal -
distribution patterns, growth effects, reproductive timing and success,
metabolic regimes, and so forth. Holland and others,(197l)*found that
mortality in blue .crabs (Callinectes sapidus) was directly related to tem-
perature above 30°C, and the upper‘incipient lethal temperature for juveniles -
was 33°C. Galloway and Strawn (1975) found that fish diversity indices in a

hot-water discharge area of an electric generating station in Galveston Bay, -

-
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Texas, declined above 35 c. Temperatures lower than lethal levels may

e
I

result in stimulation of growth and reproduction in the cooling system and
:thermal plume of a power plant during the seasons when ambient water tem- /
perature is less than 0ptimum, but growth reproduction, and survxval are
reduced when the elevated temperatures become excesszve Additional
problems may arise when organisms are utilizing the warm waters during thevz
,cold months and the effluent is shut down | The refuge becomes a death trap
under these circumstances (Lauer and others, 1975) _ | . o

Edwards (1969) states that temperature appears to be of primary impor-ry
tance in the seasonal distribution of Texas benthic marine algae. and H
Thorhaug (1976) found temperature to be a critical factor in the grDWth and
surv1val of the seagrass community. Subtle effects of increased temperature
may be expressed as reduced ability to cope with additional stresses. |

Wohlschlag and others (1968) found that scope for routine activ1ty declines

at higher temperatures (near 30 C) for the pinfish (Eggodon rhomboides) ln
this case, if the fish were presented with an additional stress, such as an
1ndustrial effluent from which they could not escape, they might die. o

Research on the effects of elevated water temperature on organisms

documents the consequences that might result from release of geothermal brines.

Availability of data on thermal discharges-fJi S

The literature reView suggests that the effects of thermal discharges
are fairly~well known.%;Studies dealing'with-thermal.dischargeslare sufficient
to assess}accuratelyithe effectsaon+the:ecosystem'that:mayﬁreSult‘fromwreleases

of geothermalﬁfluidsgwgi;-sca’»aﬁﬁpé; Srgeid

83



Sub51dence
The problem of subs1dence 1s dlscussed spec1f1ca11y elsewhere in thls
report Development of the geothermal resource requ1res that large quant1t1es
of flulds be removed from the subsurface for ut1l1zat1on and d1sposal Flu1d
removal from geopressured formatlons could result 1n format1on compact1on and
subsidence of the land surface. | | |
Sub51dence may occur whlle the elevat1on of thevground-water table re-

mains unchanged and would result in a relatlve rise in the water table. VI£_
the root systems of surface vegetat1on are above the water table, such

hanges 1n ground-water level can also produce changes in plant commun1t1es.
Sub51dence in or near coastal wetlands could result in sign1f1cant env1ron-
mental alteratlons because sl1ght changes in land elevatlon lead to |
exten51ve lateral shifts in both sa11n1ty and wetland vegetatlon zones. Fault
planes, in part at least, may control or 11m1t subs1dence (Gustavson and
Kreltler, 1976) . Result1ng effects on natural or man-made 1evees could alter
the normal pattern of salt-water intrusion 1nto.coasta1 marshes and

estuaries where nurserydareas may become unsuitable for species that are

- dependent  upon fresh-water input.

Recommended Research, Current Research and Monitoring,

.and Plan for Data Acquisition on Ecbsjstem Quality

Environmental studies dealing with the development of geopressured-v
geothermal resources in the Texas Coastal Zone have predicted that the
major impacts to the ecosystem are likely to arise from surface disposal or
accidental release of geothermal fluids, surface subsidence -induced from"
fluid withdrawal, and from habitat loss resulting from the construction of

the power plant and wellﬁfield.
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In view of this, the following site specific and general environmental
‘studies are recomended. Some of these studies are already underwsy in
Tex;;:, phn R iﬂ , :‘ | }E. ;c?a o ; “‘A |
‘1. Site specific baseline inrestigations aﬁodld‘oe conddcted to include
habitat mapping. Down-drainage regional baseline investigatioﬁs'should"be‘
conducted in the general area of the site, - 0
| '‘2."" The ‘status of endangeredISpeciee’at“the'Site should be determined.
‘These studies should iﬁclhde'special‘requireﬁenfs“and’mappiﬁg‘habitats.” |
"3, ‘Studies 1 and 2'§ﬁodld’be repeated at Teasonable intervals and all
. specimens, of plants, animals, etc. collected during these studies should be
documented sorted and catalogued in museums or herbaria for future =
reference. <% ‘ S
~ 4,--In-eddition to:site>specifictStudies,~certaihvgeneric Studies should
be considered. -Most important'amoog‘these*are“determiﬁing“the‘streSsea placed
on an ecosystea'from exposure:to-géopréSsuredAgeothermal*fluids in terms of
both‘responses*torsingle'ions and the syﬁergiStic*effeCtsxw1thiﬁfthe effluent
(including ionic imbalances). : ‘Sublethal stresses are of particular ‘impor-
. tance because*they'may result‘in subtle population or;commﬁnitipchanges as
well as changes in the- individual organism : | ‘

§. For specific toxic trace elements an understanding 6f ‘how the
toxiclelement is transnitted through'the»food~network or chain'is necessary.
iﬁAﬁthorough;uoderstandiag,of;whereVtoxic}elemeatsiare'Storediiﬁ“tﬁeﬂeco;f
system should be~achievedfprior”to'disp6§a1 of geothermal'fluidEf;jf

6. For wetland areas it is necessary to understand the lmpacts of s wan,

‘relatively rapid subsidence potentially induced by withdrawal of geothermal
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fluids. What are the kinds and rates of change that are forced on an
ecosystem that is exposed to permanent increases in water depth, or that

is newly exposed to temporary inundation?

Current research and data availability .

The distribution of biologicaluassemﬁIAges in the Texas Coastal Zone
and_Squth_Iexas is relatively well known (Fisher and others, 1972, 1973;
Br&wn,and others, 1976, 1977; Mchyen/and,oihers, 1976a, b; Weimund and others,
Gustavson and others). Several current or recéntly completed,projgcts at
the Bureau of Econpmicvcéology provide additional information on,the .
&i#tfibutioh:of biological assemblages:

1. The geology of state-owned submerged lands. These landsrinclude‘all
~coastal bays, estuaries, and lagoons_from‘tﬁe’shoreline>sehward for

"~ .10.2 miles. Over 6,000 bottom'samples were collected on a . l<mile

~ grid and stained,aﬁd preserved. Analyses of these éampleSfand of
3,500 miles of high resolution seismic‘reflection,profileSchgve
resulted in a comprehensive series of maps of geologic structures,
sediment type and size distribution, biologic assemblage distribution,
| orgénic carbon, and trace element distribution.

2. An inventory of wetlands.

3. An anaiysis of the historical changes of the Texas Gulf shoreline. -
4. An assessment of the ecological implication of geopressuredegéothermal

energy development on the Texas-Louisiana Gulf Cogst.
Research Plan

Site Specific Studies
Recommended site spécific data acquisition for the assessment of potential

environmental impacts on ecosystem quality is already underway in several areas
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of interest 'in Texas. Baseline eﬁvifonmencéx“éséémbiaééé“Siﬁﬂsﬁiié¥5AQAi}se§7
and mapping have been completed for the 50 ni? areas that contain the Brazoria
County andiKenedY'CountY’geopressnred-geothernalJfairﬁays; “Habitats of rare
or endangéred“sﬁecieszhaVe‘aIso:bern:maoped;"Kﬁditionalianalfses;and“naps
describe'cdrrent”landJﬁse;:subsidence and{faultsj“flood;potential;'lithology
and soils, water resources, “and meteorological characteristics Asytesting‘of
these areas continues and as additional development occurs, analyses of 1mpacts
to ecosystem'quality will be updated. During 1979“tw0'additiona1 test sites
are contemplated for prospect areas ‘in the Wilcok’Forﬁation'geooressurEd4J
geothermal fairways. The environmental stndiesstﬁatfwillibe'ﬁerforned;for
“these areas also include habitat mapping;”witﬁWSPecial'attention paid to the
habitats of rare or endangered species. | o -

"Until additional test sites are identified no new site specific studies
“are contenolatedfand no additionaltfundshareineeded: e

| General Studies |

Tne najoriproblems that remain need to be addressed prior to large-scale

. development of geopressured-geothermal resources : |

I.  Brine effects on wildlifeLA;ncludingﬁshel1- and finfish. Determine the

;‘long-term potential for degradation of fish and wildlife populations if

| geopressured-geothermal fluids are released into the Gulf of Mexico.

; Although onshore disposal of geothermal fluids by injection is con- .
templated the high cost of injection makes disposal 1nto the Gulf of

LsMGXICO attractive, especially fbr near-shore -or, off—shore developments.

4*35 : Surface disposal or- accidental release of geopressured-geothermal fluids

is likely to degrade surface water and is likely to result in displace-

~ment, mortality, or reduced population vitality of certain species due to.

the uptake of heavy metals.
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1.

III,

_Effects gg_Subsidence.(nDetermine‘the long-term effects of subsidence,

especially in sensitive transitional environments that directly affect

the fin- and shellfish indqstry and‘tourism. These are the major

spawning areas for fin-_aqd Shellfish, and salt marshes which prpduce—
or feed much ofvthe biomass along the Gulf Coast. What are, the effects .
Zuqf_increased inundation\qr increased water depth on these habitation#?'
. How do organisms respond to these.changesfin the Gulf and at what rates?

_ A natural laboratory exists in the Gulf to study some of these effects

because both areas of slow natural subsidence andbrapidly man-induced
subsidence have been identified.

Trace Element Effects QB_Aquatics; Fish and Wildlife. Determine the signi-

ficance of trace elements including but not limited to Cu, Fe, Mn, Be,
B, Cd, Pb, Zn, and As in aquatic food nets, fish, and wildlife in terms

of origin, methods of transport, cdncentration factors, transfer rates, :and

" the eventual storage site at each trophic level.

Cost Estimate for General Tasks--1979

Equipment ' B Operéfing fnna
1. Brine effects on wildlife, $ 15,000 § 5,000 $ 110,000 $ 120
shell- and finfish . S
2. Effects of subsidence 10,000 3,000 o 60;600 66
3. Effect of trace elements 15,000 5,000 100,000 120
to aquatics and wildlife " B

$ 40,000 $13,000 $ 280,000 $ 306
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socmeconomc 'AND CULTURAL consmem'mns-
" IMPACTS ON comunmss Co

The_outerlTexas:Coastal:Plain_is_characterired_by diverse geography,
resources,;climate,»industry, and‘culture, llt;iswrichly:endowed;with_er-
tensive»petroleum!reserves, sulfur andkuranium,’deep water‘ports,:en_ D
intracoastallwateruay,rmild_climate, good'waterpsupplies, abundant,wilde'
life, commercialvfishing‘resources, unusual recreationgpotential}'and,large; -
tracts of.uncrowded landn_w?he region within which geothermal orvmethane
resources:areﬁlikely to occur parallels the.coast of Texas, extendinékinland,
from-the coastiapproximatelvrloq miles,jand covers approximately 60,000 miz.,;
Included are approximately 12100 mi?ﬁof}bayspand estuaries and 325 m of beach -
along the Gulf of. Mexico. ‘ p At, | o

More than 25 percent of the State s population and more than 33 percent
of its economic Tesources are concentrated in the _outer Coastal Plain, an
area 1nc1ud1ng only approximately 15 percent of the State's land area.. This .
section describes the population patterns and resources of the outer . Coastal .
Plain and the effects .on communities that are likely to result with the .
development of geopressured-geothermal resources . Bustavson and Kreitler L

(1976) ; Gustavson and others (1978), and White and others (1978) describe

potential impacts on socioeconomic cultural resources that are likely to .

arise from»the,development,ofwgeothermalkresource55L Lopreato,and\Blissetf .
(1977) described citizen reaction to the possibility of geothermal develop-
ment and related industrial development in the Brazoria CountyAarear,-Letlow

and others (1976) discuss the key socioeconomic and. demographic variables

_that may be affected by development of the Tesource. Adams and Holloway (1974),

Barnstone and others (1974), and Blaylock and Jones (1973) describe the economic-

environmentalwimpacts of industrial expansion in South Texas.
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Essentially all of the reaulta of geothermal energy development will be Q;j
similar to those experienced in conjunction with development of oil and gas
resources. Major changes ﬁay arise from site preparatioﬁ ahd'&eVelopoeot;
production, transportatlon, storage, and d1sposa1 of f1u1ds, productlon and
transmission of electrical energy, and product1on, storage, “and transpor-
tation of methane.V By far the most serious environmental 1mpacts w111 be from _
surface subsidenoe and fluid d1sposal. Positive social advantages may in-- 7
clode expansion of'the'iocal skill féﬁels, wages, tax base, and sooial
vinffaétfucture. For detailed descr1pt1ons of the Texas Gulf Coast demograph1c
and soc1oeconom1c variables see Pan American Un1ver51ty (1973) Governor [
Office of Information Services (1974), and Arbingast and others (1973)§

Surface subsidence and faulting may have far-reachiﬁg'effects on land
use, man-made strﬁctores; flood potential, and matine biologioai cooﬁunities.
Differential subsidence may be expressed as surface faults and could
sevefely damage both surface structures and buriéd pipeliﬁos. Low-liing
coaStaliareas.maj be inundated permanently or Subjected'to more frequent
stream and hurricane surge flooding (Brown and others, 1974). Shallow water
marine and salt marsh communities may be severely stressed or eliminated
locally as they become exposed to deeper water. Changes in marine,
estuarine, and salt marsh ecos&stems may teSult iﬁ serious local effects
on major income sources on the Texas Gulf Coast--shell- and fioéfiéﬁing
and recreational fishing.

- Subsurface disposal of geothermal fluids will minimize environmental
damage. However, because of our limited khoWledge of the hydroiogy?and |
geology of disposal aquifers the possibility of two severe impaotalcannot

be eliminated. Disposal of geothefmal fluids into a salt-water aqoifer
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will displace formation waters '(brines) already in.the pores of the rock.
Displaced formation waters mayfthen migrate up abandoned and improperly

plugged wells, or up fault plains to contaminate fresh ground-water

s

+

resources. Acc1denta1 releases of geothermal brines at the surface could

damage surface fresh-water and coastal marine ecosystems and shallow ground-

AN RS

water resources .

.'*,.
§ '

Phy51ca1 and biological alterations listed here are described in detail
elsewhere in this document. However, because they have d1rect effects on the
economy and on the "quality of life," physical and biological considérations

are difficult to separate from the community concerns discussed below.~
Potent1a1 effects on the community ar151ng from*geopressuredrgeothermal
energy development are defined by Lopreato and Letlow (1976) They suggest B
that 1ncreasrng demands will be put on the local work force, housing, schools,
: hospitals, and other services. The nature and pattern of existing land use
could also change. The key to dealing w1th these problems w111 be com-’”ni -
munity adaptability and attitudes.:A"Is the community".:. 1n fact "Willing o
to- commit 1tse1f to expansxon in services, to adJustment to aoning laws, to w
some short-term crowding of facilities, and to potent1a1 growth in general"?‘_j
(Lopreato and Letlow, 1976) Although Lopreato's and Letlow s (1976) studies
are not’ definitive, they do suggest that geothermal development in the early
stages of exploration and testing w111 produce few p051tive 2 negative
effects on the Gulf Coast communities where development occurs._ They also
caution that if large-scale industrial growth occurs later as 8 result of L

geothermal development, changes in the community would be large, especially

¥
L ANIERE I LBCR I

------

in ‘less developed areas. - fEE
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. Baseline Information Sources -~ - -

Land usé:"";‘

Land use in the Coastal Pla1n of Texas has been pr1mar11y agr1cultural.
Agr1culture is hlghly d1ver51f1ed w1th vegetables, cotton, peanuts, flax, .
c1trus, graln sorghum, timber, cattle, and poultry being the most importantv
products Production of some of these commod1t1es is controlled by clrmate
and soil development. R1ce,,wh1ch requ1res large quant1t1es of water, is
produced only in the eastern half of the State where prec1p1tat1on is
relat1vely heavy Tlmber products are also produced 1n the eastern quarter
of the area where 50115 are relat1vely ac1d and where prec1p1tat1on 1s suf-
f1c1ent to support heavy t1mber growth C1trus products, on the other hand,
are produced only in the valley of the RlO Grande where water is ava1lab1e ,
for 1rr1gat1on and where the grOW1ng season is 365 days a year. Industr1al
development along the Gulf Coast has expanded rapidly s1nce the d1scovery
of,petroleum early in this century. The TeaaS'Gulf Coast contains the
largest concentration of petroleum and petrochem1ca1 production and ref1n1ng
facilities in the country. People have caused major alteratlons in the

natural environments of the Coastal Plain by bu11d1ng communities, industries,

and transportation systems, hy clearing and plowing land, by damming»the,najor”

rivers for flood control and water storage, and by dredging natural inlets,

bays, and estuaries.

Recognlzlng that natural resources in the Texas Coastal Pla1n were finite

and that certain current and planned land uses w1thin the Coastal Plaln m1ght ,

be 1nappropr1ate, several Texas state agenc1es began to 1nventory the natural
resources of the Coastal Plain. The Bureau of Economic Geology (Brown and

others, 1976, 1978, in press; Pisher and others, 1972, 1973; McGowen and
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others, 1976a and b; Kier and others, 1977; and St. Clair and others, 1975)

in part supported by, the General Land Office of Texas, the Department - of
WaterlResources, andchexhoustonTCalveston‘Area Council has .provided detailed .
C?F?léZ“?Sppf\the;Land;and,ﬁater‘Resources:of»the Texas..Coastal Plain. - .The
CoastalVZone:Managenent;Rrogramideveloped by the General .Land Office of Texas
f~F¥915);41$° provides»a regional catalogue of physical and cultural resources -
of the Texas coastal region. The Texas Parks and WildlifeJCommission;has
(Hdeyelopedian‘Qutdoor;Enuironmental,Plan‘for apmajor_portion,of~the.Texas
CQ&Stt;SThQ §ure§u‘ofiﬁconomic Geology, under contract.to the United States
NFish and Wildlife’Service; has provided an inventory of the biological resources
of the Texas and Louisiana Gulf Coast (Gustavson and. others, 1978) - The. -
Bureau of Business Research Atlas of. Texas provides an inventory:of.industrial,
agricultural, economic, and population data for,the;State,;;Because of

these _programs the regional distribution of. physical and cultural resources on

the Texas Gulf Coast is well understood

Populat‘ioh

Approximately 3, 860 000 peOple or 32 percent of the State s population
live in’ the area of interest (U S Bureau of the Census, 1970 1972) This’
portion of the Gulf Coastal Plain covers 44 238 mi2 or approximately 16
percent of the State's area. The population origin groups in this area are '
basically Spanish surnamed south of Corpus Christi and old stock Anglo- o
American northeast of Corpus Christi.' In a number of areas northeast of
Corpus Christi population origin groups of Swedish Wendish Polish Irish
' Danish, and Afro-Americans'are important.A Population densitieSarange from -

over 1500:persons,per;sguare;nile;in Harristpunty,to,lessathan‘S'persons
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per square mile in Kenedy, Jim Hogg, Zépéta,'M¢Muiiéﬂ}iéhd?iéSéifétéoﬁntiés‘“ {:;
(Arbingast and othefs;’1973). Other‘importaht;SOCibeEOn6miéftrénd§‘ﬁféfdis-}lv
tinguished along the coast; per capital incoﬁe'incféaéesjfiohjiés§'théf€$20007
near theuRiO~Grande’tb from $2500 to over $4000 in some counties in the '
Houston-Beaumont area. Median age increases from 20 to ZS'ieaféiih’thé southern
part of ‘the area to 25 to 30 in' the northeastern part of the area. Major )
_growth areas along' this portion of T¢Xas‘aré jdentified és’Sféndéfd'Métrbpolifan
Statistical Areas: Browﬁsville-Hgfling¢n4San Eenito,‘McAiIéhfPhafiAEdinbdfé;(

- Laredo, CorpuS'Christi;‘Galveston-Texag City, Houston, and ﬁéauhbhf;Pbrt‘Arfhui-
Crange. In the ‘counties outside these SMSA'S'pOpUlatiOn'hasféhangea 6ﬁly”'
slowly since the turn of the century,’loééiiy inéreasihg’bridééréQSiﬁg
 (Arbingast and others, 1973). "

In the area of interest,petroleun exploration, production, and refining
are major sectors of employment. The production of’plastics;'fértiiizérsg
insecticides, and other organic chemicals from hydrocarbons'producedbalong
the Gulf Coast also employs substantial numbers of workers. Thgs_ajéub~(
stantial iabor force with expertise&in the production of hydrgca:pons and
its byfproductglexists aiong the.GulfVCoast, .Sinée nearly a11to£ the:_
activities associated‘wifh productionrof‘geothermal resources are the same as
or similar totaétivities associated.ﬁitﬁvproductibn of oi;{agd,gaéﬁlavlabo:
pool with ample expertise exist# to ﬁroducé geq?ressuredfgeothe§mai ,l_,».

resources in the Coastal Plain area.

Industrial activity
Areas of major industrial activity on the Texas Coastal Plain are
closely associated with major metropolitan areas; Beaumont, Port Arthur,

Orange, Houston, Texas City, Galveston, Ffeeport, Victoria, Corpus Ch:isti, _ (ﬁf
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Brownsville, Harlingen, and McAllen. Other areas along the coast support
moderate but diverse industrial development. This is probably due to locally
available agrieulturalpproducts, livestoek,vpoultry, fish, and energy and chemical
. feedstocks., The diver51ty of 1ndustr1a1 development in, the area of potential
geopressured geothermal resource development is shown in table 15 Many of
' these 1ndustr1es can utilize directly either the heat energy or the methane
produced_from geothermal resources, and all utilize electrical energy,
The\contribution of some of these’industries, especially smelters, re-
fineries, and‘ehemical plants, to air pollution in the outer Coastal'Zonesis'
51gn1f1cant and has resulted in most of the outer Coastal Plain being |

classified as regions of air quality non-attainment (see Air Quality Section)

Agriculture ‘ ’

Agriculture is a major economic activity in all but 7 of the counties in
the study area (Arbingast and others, 1973), the maJor agricultural regions of
the Texas Coastal'Plain. Vegetables, livestock, cotton, andpflaanre,important
commodities in the South Texas Plain.‘ Cotton, vegetables; grain sorghum, and
livestock are the major products in the Coastal Bend area. Cotton and live-
stock are important in the‘Blackland Prairie and in the Post Oak regionl In
the East TeXas;timber region-timber products, poultry, and livestoch are‘tho
-~ major commodities. Along the Coastal Prairie rice,- cotton, and cattle are the

major agricultural products. '

Recreation

Gustavson . and others (1978) ‘Teport that the large coastal tourist industry
depends not only on the diversity of fish and w1ldlife, but ‘also on scenic o
views, open ‘beaches, wetlands, and clean air and water.' It has been estimated

that some 750,000 Texans currently engage in recreational fishing in Texas

1



Table 15

Industrial plants in the outer Gulf Coastal Plain

employing more than 50 workers (Arbingast and others, 1973). -

Product

" Food and related products

" Beverage plants

'Breweriesv

Dairy products

Textile plants

Flour and grain mills

Apparel plants

Lumber and wood products

Furniture and fixtures

Chemicals

Petroleum refineries

Cement plants

Gypsum plants

Glass plénts

Smelters and refineries

Metal can plants

Bottle plant

Non-electrical machinery _
0il field machinery and equipment

Electrical equipment

Mobile home plants 5

Boat- and ship- building yards

Aircraft and parts

Number 6f'p1¢hts

98
‘15
3

12

7

18

38
46

25
162

20

T K- V-

166
59
51

~ 16 -

96



coastal waters. Texans catch over 18 million kg (40 million. pounds) of .

:speckled trout (gynoscion nebulosus), redfish (Sciaenops;ocellata), drun

(gggonias cromis), and shrimp (Penaeus spp ). estimated to produce Ynet -

economic benefits" to Texas of over $19 mill1on annually. Gunter (1967)

has estimated the annual sport fishing catch of estuarine fishes of the. .

Gulf Coast to be at least 45 million kg (100 million pounds) .and perhaps

. greater._ In addition to the sports fishery,‘the Texas coastal region. is
located in the heart of the Central and Mi551551pp1 Flyways used by a large
variety of m1gratory birds. Frsh waterfowl, and other game. animals attract
thousands of hunters and sports fishers to the Gulf Coast every year. Re-
’creation and tourism are estimated to generate $585 million annually in.
4HTexas alone.lhw | N | -
| The rivers, lagoons, bayous,‘estuaries, and bays of the Coastal Zone -
are used for surfing, sail1ng, sw1mming, sunbathing,_scuba divrng, water .
skiing"sport fishing, and motor boating. Marine recreationwand”tourisml
had an estimated 19707market;va1ue of §14.5 hillion‘and by far exceeded
_fishery and mafieu1tdfé>{$3:i‘siii{Sﬁ),’ail“ana gasi(ﬁs.O’hillion), and
the chemical and mineral 1ndustries ($0 4 billion) Bconomists anticipate
an increase of at least $100 million a year in national expenditures for. .

marine recreation over the next two decades (Committee on Oceanography,

: 1964)

Renewable resources

The chief renewable resources in the Texas Gulf Coast are finfish
*shellfish, ‘game, fowl and wetlands, all of wh1ch are described in the o

..-73.«_1»’a'

© section that’ deals with® ecosystem quality.
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bNoh}énewable‘résou;éas_

" The chief nonrenewable resource of tha'Taias'Gulf Coast is its mineral
“wealth. These minerals include oil and gas, uranium;'lignifé;laahd"and'i'
gravel, sulfur, salt, gypsum, and shell (St. Clair and;oihe};;‘i§7§)'A'Gao-
pressured-geothermal energy in its several components--heat, pressure, and
methane--may be a 51gn1f1cant addition to the State s nonrenewable
resources. Asfa’héw’aiternative energy resource it is of pafticular';
%importance'in'the Gulf Coaat’bécaﬁse'thé 0il and gaa"fesarves there A£e"
“”rapidiy declining. | | B

In summary, information dealing w1th land use, populat1on; emﬁloyment
industry, agriculture, recreat1on, and natural resources along the Texas
Gulf Coast are sufficient to provide a regional baseline. Letlow and others
(1976) have also completed a description of the area to Be afféated Sy geo-
thermal development and have included an analysis Qf‘baaeline social and

demographic data.
Recent Socioeconomic and Demographic Research .

‘Letlow and others (1976) have provided an analysis of baseliné{aacial
and demographic data for the Texas Gulf Coast. They describe the pbtentiai
local commmity impacts of exploration, development, and'prodﬁcfibh‘of geo-
thermal resources. They also survey the institutions and political gfaupa‘
that would be interested in or have jurisdictioﬁ over some phase of-geo-
pressg:edegeothermal energy development. In 1977, Lopreato and¢§;issétt
develpped;the methodology for and completed an attitudinal su;yay‘gflcitizens
in the Brazoria Couhty area where the first geopressured-geothermal test well

was eventually spudded. The major results of this survey were that area
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residents were in favor of the development of geothermal energy. In addition,
the need to prov1de an efficient channel to disseminate relevant 1nfbrmation

on geothermal energy development to area residents was identified

‘l",ii‘tu.re R@&&éhg |

Our recommendations for research and service fbllow theyrecommendations
and conclu51ons of Letlow and others (1976) and Lopreato and Blissett (1977).

Letlow and others (1976) have concluded that initial exploration and
testing phases of geothermal development are . likely to produce few positive
or negative\effects;on,GulfACoast;communities; -Lopreato and Blissett (1977)
confirmed the need for attitudinal surveys at potential sites and for addi-
tional communication to area residents. For these reasons and because large-
scale industrial utilization of geothermal energy is not likely to occur until
geothermal energy becomes a proven economical resource at some future time,
only two social research tasks are recommended at- this time. o N
l. Attitudinal Survey at Site Be

Before the test-bed site is f1na11y determined a random survey
of citizens in the potential site area should be conducted. This
survey would identify attitudes toward and expectations of the re-
source development, Public expectations of great economic benefits
at little environmental cost could impede continued demonstration
of geopressured-geothermal emergy if the public comes to feel at
some point that it has been misled. The public must understand :
that beneficial and detrimental aspects of the development of this
alternative energy resource, including the range of possible
environmental ‘hazards. The only. credible means of knowing public
perception is through survey analysis.ii...The data would allow

~ planners to understand better the needs and orientations of the
community and the constraints and limitations within which develop-
ment will occur. It is absolutely essential that’ an ‘initial survey
be conducted before announcement is made of definite ‘site selection.

Following the initial baseline survey, a series of additional samples
would be drawn to determine changing public perceptions as the re-
source is developed. Estimated time requirement for initial survey
is 6 months (Lopreato and Blissett, 1977).
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2.  Citizen Conference

During the period when an environmental report is being conducted -
- for the test site, a Citizens' Conference on Geothermal Develop- -
- ment should be held in the area. All geothermal research groups
might be involved as informants, with the sociocultural and in-
stitutional groups working most closely on conference organization
with the citizens. A variety of interest groups should be repre-
sented, and the conference should be open to the area public.
The conference would provide a mechanism for disseminating
information to the public body likely-to be most affected by
- early resource development and would offer an opportunity for -
input from the populace. Professional input should be energetic
"+ and yet simple enough for the layman to grasp basic technical,
legal and institutional issues surrounding the potential
development, An educated and involved public will be less
likely to respond negatively to an innovative energy resource
- than would be an uninformed group (Lopreato and Blissett, 1977).

Experience with public interest at the Brazoria County Test Well

Site supports this observation.

Budget

.I.> Attitudinal survey
Single survey . - $30,000
"~ Surveys at Kenedy, DeWitt, B
and Colorado County sites . 90,000
TOTAL - $120,000

II. Citizen conferences

Conferences at Kenedy, DeWitt, -$:500 . -

and Colorado County sites o

Costs are not predictable but 500

could be limited to $500 per 500

site . . ——————
‘ $1,500 '
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Geothermal Fluid Disposal

Sqléct?pn,of‘diqusal §ite§,aﬁqvméth94$;9f qiqusal:fbr;ghg énq:mous -
volumes of hp;f;glinezwg;grPyhatIwilllresult,ftpm geothermgl_prqductiop are
two of{;hegmo$; perp1e§iﬁg problemsvfhat havg,arisen in;the.plgnn;ng-fbxvgeo-
*‘;hermgl rqugrge,developmentt ,Commgrgiai}yrviablequnerating‘facilities will
have to be supplied by 5 to 10 weils, each capable of_ﬁrodu;ing 3.8 ms_pet
mingpg;(},OOQ»ggllons)_pr_;bqu;USQSOOVmS (34,000 barrels [bbls]) per day (ap-
proximatgly_;7d,goo to §4°g09°fb§15 periday for a singlevgene:ating:fhcility).:
Althoughﬂgep;hermal.wa;ersimayfbe‘qsed‘by othg: industgie; fbr[other purposes
affe:Ap§s§ing_throgghVthehgengrating,fé;ility, thg»p;oblem 9f,dispo§a1>is not
lesseppd, The respppsipi;étyﬁfor_disppsalvis simplyltransfer:ed~tovothers.

~...To qqggxmine_pbepenyirpgmgntal,impact of geqyﬁg:ma;_fluid:disposal, the
fbllowingigugs;ions'ngg¢,;6\bevgddresséd;hi(l)vaat‘a?e ;he_phfsiochemicgl
characteristics of geqprgsshred‘f;qi@s?v (2) What are thevcharactgristics of
thg‘gnyirqnmqué fﬁat(ﬁillbg»dggrgded by contact,with geotherya;lfiuid; |
th;qqg@‘sgp;agg,_tggpqurtation,;qr ultimate ;toraggt_A(3),Wh§t(are,the :
characteristics of spbsu;fgce'di§po§a1 sites?yqﬁﬁ)2Whgt are_the;envitonmentaQ
probleﬁs gn§‘;¢;hnjca1 p;oblgm#_wigh_hightvolume injection of spent geo- .
| thermal.fluids? and (5) Whatris the regulatory frameWOrk_in which disposal .
must be considered? The resolution of these questions will help identify

~areas for future research..

" Physiochemical Characteristics of Geothermal Fluids =

ﬁ;per chgmis;;y,;}U§ing interpre;gtiqps,og glect;ical 1pg§, pprfman 3@4;”

Keh;¢ﬂ(;9741;5uggestf;hat_galiniqiqs 6f;geothe;m;1 re;e:yoi:s,grgﬁcqmparatively
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fresh (total dissolved solids [TDS] <5,000 paris per million [ppm]) and could

be used for irrigation and generalyuse:with'minor'deSalinétion treatmeﬁt.

Dorfman and Kehle (1974) reasoned that diagénetic'changes of mbﬁtmOrillonité o
to illite in deep Gulf Coast sediments allow as much as 15 percent of the water
contained in the muds to be ‘expelled as fresh water, thus decreasing the:salinity
of adjacent sandy aquifers. |

More recently, analyses.of water éamplésifrbm'below the tdﬁ of the géo->1
pressured zone have beéome évailable for 13 wells‘throughout AfénEas,»Nuéées;
Refﬁgio,fSan Patricio, and'Brazbria Counties, and for 15 wells in Kenedy
County.5 For the samples from Aransas, Nueces, Refugio, and the San Patricio
Counties, TDS ranges from a minimum of 8,000 ppm to a maximum of 72;000 ppm
(fig. 13). Chloride cqncentration ranges from 3,SOQ to 46,000 ppm and sodium-
plus-potassium concentration ranges from 2,000 to 20,000 ppm. For the -
samples from Kenedy County, TDS ranges from 18,000 to 40;000 ppn (fig. 14).

For these same waters, the pH varies from 4.9 to 10 (Taylor, 1975). If these
water samples, all taken within 1 km (3,500 ft)véf the top of‘the'géopregsured
zone, are representative of geothermal fluids salinities within the‘geo-
pressured zone, then produced geothermal waters will vary from moderately
saline waters to brines.

Water samples from two wells in the geopressured Chapman Ranch field, south
of Corpus Christi, Texas, were analyzed for major and minor ¢hemica1>con§tituehts.
Formation waters were sampled at a depth of 3,350 m (11,000 ft); pore pressures
were 668 kg/cm2 (9,500‘psi); The samples were classified a# NaCl waters with
TDS of approximately 40,000 milligrams per liter (mg/l)k(tablé*16).' Semi-

quantitative spectrographic analyses of these geopressured'waters show boron
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Figure 13. Analyses of waters from within the geopressured zone,
(A) Aransas, (N) Nueces, (R) Refugio, and (S) San
W/ Patricio Counties (Data from Taylor, 1975).
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Figure .14. Analyses of water from within the geopressured zones, Kenedy
County (data from Taylor, 1975).
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concentrations ranging from l§ to142‘mg/1; These - concentrations are 51milar
to those found by Kharaka and others (1977) in other geopressured fields in
Texas and Collins (1975) for Tertiary Formation waters from Louisiana. If
high boron concentrations are characteristic of geopressured waters throughout
the Texas coast then th15 constituent alone w111 prevent their use- 1n irri-
gation and may prevent their disposal 1nto marine waters. Even the most boron-
tolerant plants need irrigation waters with less than 3,8 mg/1 boron .
-(Richards, 1954) Trace quantities of aluminum, beryllium, Copper, and iron
were found in- the Chapman Ranch geopressured waters. Tables 16 and 17 show -
the. elements analyzed and their individual detection limits.g;r; f 5 .

Kharaka and others (1977) observed high concentrationspofihorond(42-6?
mg/1) and ammonia (9 8 to 26 mg/l], and moderate TDS values (179800 to 68, Sbo
mg/1) from geopressured horizons in the Chocolate Bayou, and E. White Point
and Portland fields | v

In Louisiana, geopressured waters of the Manchester field”are moderately
saline (16,000 to 26,000 mg/1 TbS), but less saline than overlying normally
pressured waters (60,000 to 180,000 mg/1 TDS) (Schmidt, 1973). In Hidalgo County
in South Texas, the average salinity for a geopressured reservoir is'about
25,000 mg/1 TDS (Papadopulos, 1975) | ‘ ‘

Geothermal Fluid Temperatures.--The temperature distribution of fluids
within the geopressured zone is imprecisely known. Data arejusually 11m1ted
to a single bottom-hole temperature for each well. Isothermal maps of the : |
middle and southern Gulf Coast (Bebout and others, 197Sa, 1975b) are generally
conservative because of the common practice of well-bore cooling, or even

icing, prior to logging to protect temperature-sensitive electronic components
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Table 17.

Element | Concentrat1on Range®

- (mg/1)

Lower Lével,pf_betection

Semiquantitative spectrophotometric analyses of evaporation residual.

b

Beryll1um ;;. |

Cobalt: | . mD
- Copper o
Gallim . |~  'ND

W.F. Lehman R
No. 16~ - - No, 1°

Lehman Gas Un1t

‘ 0-{13 tO 0,326 g
Bismeh - f o wmd - - wm

Boron H,-“?‘il, o 25to42 . 19to 38"

Cadmiwm’ ~ | . §D
Chromiwn | WD
0,17 to 0.38 0.11
Iron . . | B8.4to16.8: = 2.7
Manganese SR . ND
Molybdenum: 1 B
Nickel N WD
S11ver 4 . ND oo o
Strontium ol - 126to2s2 0 ¢ .38
Tine -] & w SR
Titanim = | . W -
Vanadinn"ft 1o _ ND
Zirconium F B ; ND b

féﬁééaééﬁéésiaééi

Concentrat1on range calculated from we1ght
.percent of ROE, -

bLower level of detection: calculated from percent
sensitivity in sodium potass1um matrix,
(Harvey, 1964, table 2, p. 58) in ROE.

0.11 to 0.22

930"

3.8

f72 o

W.F. Lehman

- Lehman Gas Unit
__ No. 1 = .

0.013
.34
1.3
21.0
.021
13
.034
.084

®sample from pcftable separator
~Samples acidized with concentrated HNO

dNot detectable.

20,011
. .30
1.1
19.0 -
.09
Ll
©.030
©.076

at wellbhead.
3- ,



of electrical logging sondes. Reported fluid temperatures in geothermal fair-
_ways nevertheless, are locally in excess of 194° C (300°;F) Maximum recorded

| bottom-hole temperatures of the Texas Gulf Coast exceed 288°C (520°F)

Geothermal fluids w111 probably lose only a moderate amount of heat energy'

»while passing through the generating facility. The temperature of the disposal
iwater will be dependent on the re51dence time of the fluid in storage. The
longer the storage, the closer the fluid temperature will approach ambient air
temperature. This temperature w111 be particularly 1mportant 1f waste waters

are disposed in. surface water bodies.
Water Quality Concerns

In the process of developing geothermal ‘resources contam1nat1on of sur-

face-water and fresh ground-water resources must be prevented

Surface water hydrologv | |

| Surface water bodies constitute both fresh and saline water bodies. Con-
g taminants are both the waste heat of the geothermal fluids and their chemical
composition. Water quality in most fresh-water bodies (rivers or streams, ‘
lakes or ponds) in the Texas Coastal Zone is suitable for irrigation or human :
consumption after treatment. For the Nueces River total dissolved solids

.~ generally are less than~500 ppm and for the Colorado River, the lDSbis
generally less than 300. - _

v lbhistoriCally‘the storage and disposal (in’evap0rative‘pits)'of‘saline '
‘waters:from oil production has polluted surface waters in several areas of the
-Texas Coasta17Zoﬁe. Chiltipin Creek which drains a small basxn into Copano

Bay, exemplifies 011 field brine contamination of a freshwater body. The
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creek waters contain high-concentrations ofICaloium, mapnesium, sodium, and
chloride ions, with TDS as high as 39, 000 ppm (f1g 15) Salinities of the
creek waters vary 1nverse1y with discharge and thus are high during periods of
low discharge and low during per1ods of high discharge, rainwater dilutes the
salt concentration of waters that are apparently percolating into the strean.
The pollutants in Chiltipin Creek are attr1buted to salt-water disposal asso-
ciated w1th petroleum production. Chloride content fluctuates 1nversely with
‘ discharge, suggesting that the chloride 1s coming from low-flow ground-water
discharge. Thegonly recognizable source of chloride ion is abandoned salt-
water evaporation pits that lie in the Chiltipin~Creek drainage basin. Al-
though the use of evaporation pits to dispose of salt water has been disallowed

by the Texas Water Quality Board 51nce January 1, 1969 ‘water- pollution has
‘cont1nued for 6 years since the pits were abandoned ’ ‘

~Other incidences of pollution of shallow ground water and streams from salt-
water evaporation pits have been observed in Matagorda County (Hammond 1969)
: ‘and 1n the Hamlin Texas area (William A. Trippet II, personal communication,
1975) The material lin1ng these pits d1d not prevent percolation of large
- volumes of salt water into the substrate. A ’

The disposal of geothermal fluids 1nto coastal bays estuaries or the
Gulf of Mexico has been a proposed alternative to deep well inJection., The

salinity of produced geothermal waters does not preclude their disposal into

marine waters of the Gulf of Mexico or 1nto certain coastal waters. Coastal

 waters are characterized by highly variable salinrties ranging from fresh

water to hypersaline (Parker, 1960 Brown and others, 1976 Brown and others,
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in press; McGowen ‘and others, 1976) If sa11ne flu1ds were adequately m1xed
in coastal water, they could have little effect on the overall sal1n1ty of the
bays, lagoons, or estuaries because of the vastly greater volume of bay, lagoon,
or estuarlne water. Furthermore, per10d1c freshen1ng of bays and estuar1es ﬁ
by flood waters wouldrnot be’ s1gnif1cant1y d1m1n1shed by geothermal flu1d o
disPOSaI;‘ i | - SRR S e

Though the salinities:of the'geopressure&ffluids nayynot'he significantly
different £rom that ostea'water; the geopressuredifluiCS‘nayuhe;detrinentalvto
aquatic ecosystems because of (1) 1ncreased concentratlon of spec1f1c common
ions, (2) increased concentrat1ons of trace elements, and (3) d1ffer1ng ion
ratios from sea water: . For geopressured f1u1ds Na , Cl | Ca ; HCOS’; é++*
ions have been recorded in concentrations of up to lnorder offmagnitude greater
}than seajwater:withtcaf+tion concentrations=sometimes*an~ordervofamagnitude-less
~ than sea water. K’ and Br~ ion concentrations bracket their concentrations in
sea,nater and-occur in concentrations as much -as -orie half order of magnitude‘
more or less than their-normal'sea7water?concentrationsﬁ‘*Thé normal ‘concen-

tration of SO, -- ionsfin:seafnater?is~near1ys24501ppm; ~In*geopre55ured

4
‘fluids concentrations may be two orders of magnitudegless;~several analyses
indicatevthat/804-;~ionsfare-missing:altogether’(Gustavson and‘Kreitler,'fj
1976) . e e ' | |

Data on’ trace elements in geopressured fluids are very lim1ted although
~Gustavson and Kreitler (1976) report beryllzum, copper, iron, and strontium =
in fbrmation fluxds from the Chapman Ranch f1e1d south of Corpus Christi
'Kharaka and others (1977) report traces of. sulfate 1on, hydrogen sulflde,'

rubidium, and: ammon1a from the Chocolate Bayou field in Texas.'
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Geopressured fluids are not concentrated sea water with a regular and
systematic increase in all dissolved 1ons but are complex solutions that
are in part the result of fluid and ion migration and chemical reactions that
accompany the burial of sediment and its subsequent diagene51s (Kharaka and
others,1978). Therefore, in the event that geopressured f1u1ds are released
into bafs, lagoons, or the Gulf of Mexico, the fluid released cannot be simply
equated to an input of concentrated'sea water, for the balance of ions in
geopressured flulds differs markedly from the 1on1c balance of normal sea
water (Gustavson and others 1978) ‘May (1978) foundvthat theipoor survival
of the Gulf Croaker (Bairdiella icistia)’from_the Salton Sea is related to
the unusual ionic composition of that water body. _The,impact,of_effluent

waters on different ionic composition and ion ratios on the Gulf's aquatic

life is not known. Gustavson and others (1978)‘diSCuss these potential biologic

impaetsbin,detail.

The temperature in geothermal waters will probably be greater than
95°C (200°F) when discharged from the generating facility. These waters will
require extensive cooling if they are to be disposed -of into coastal waters
or the Gulf of Mexico (Texas Water Quality Board, 1975). If geothermal waters
are cooled to temperatures such that the maximum temperatures and temperature
differentials attributable to the heated effluent remain within the regula-
tory guidelines, then environmental impact will be minimized. South Texas
river, bay, estuarine, and Gulf waters are characteristically warn during the
summer months., Surface-water temperatures can_reach~43°CA(lll°F),in Laguna
Madre and 35°C (95°F) in bays, lagoons, and estuaries (Parker, 1960). Natural

temperatures of these waters equal or exceed the maximum ambient temperature,

112



32°C (90°F), suggested by ‘the- Natlonal Techn1cal Adv1sory Commlttee for b
water-quality standards. Natural’ temperatures ‘also’ equal or exceed the
maxlmum ambient: temperature, “35°C (95°F), suggested by the Texas Water S
Qua11ty Board: for t1da1 r1ver reaches and bay and Gulf waters. H1gh ambxent
air temperatures such as those occurrlng in ‘the Corpus Chr15t1 fairway, o
whlchvhas a-mean=max1mum'Ju1y air temperature of 34, 5°C (94 F) (Dallas
Morning News, 1974), w111 1ncrease the d1ff1cu1ty of cooling sa11ne geo-i(
thermal waters during the’ summer months. H1gh amb1ent temperatures, sug;vqi
gested by regulatory agenc1es, ‘will make d1sposa1 of hot sa11ne fluids |
into coastal*waters diff1cult”umle53“they have been cooled to'35°C (95°F51u.ﬂv;u
or‘1ess; L T . B e e L _

| +The bay-and estuarles of the’ Gulf of Mexlco are" the breedlng grounds '
and nurserles for much of the flsh and she11f1sh populat1on of the Gulf of

Mexico. The malntenance of these renewable resources is' a cr1t1ca1 environ-

mental concern.

Potable ground waterw

Aqulfers conta1n1ng(potah1e ground water.1n the Texas Coastal Zone .
are found in fbrmations of Eocene to Plelstocene age and at depths shallower .
;than 3, 000 ft and ‘more commonly less than 1 000 ft.’ The depth to: the base -
: of fresh water is greatest in the northeastern sectlon of the Texas Coastal
ZOne and becomes progress1vely shallower toward South Texas (Wood and others,
' 1963) The waters commonly are sod1um-b1carbonate waters.{ Wood‘and~others
’k(1963) and Baker (1978) have summarized the water resources of the Texas

Gulf Coast. Individual county studies have been conducted by Wesselman (1971) for
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Chambers and Jefferson Counties, Gabrysch (1972)¥fbr:HarrisAand‘Galveston~
Count1es, Sandeen and Wesselman (1973) fbr Brazoria County, Hammond : (1969)
for Matagorda County, Baker (1965) for Jackson County, Marvin-and others
(1962) fbr V1ctor1a and Calhoun Counties. Woodman and‘others\(1978) for
Nueces, San Patriclo, and Refuglo Countles, Shafer and Baker (1973) for -
Kleberg, Kenedy, and southern Jim Wells Count1es, and Baker and Dale (1964)
,fbr W111acy, Cameron, and H1da1go Countles.v

Thls ground water is used extens1ve1y fbr municipal,. industrial, agri-
cultural, and domest1c use. Ground-waterrusage in the coastal p1a1nwls
expected to-1ncrease. About a quarter of the populatlon and a- thlrd of the -
economy of Texas is located in the Coastal P1a1n. The maintenance of a high-
level ofnwater quality in the Gulf Coast aquifer, one of ‘the largest in the

country, is of paramount concern.
'Disposai Sites

Two environments have been considered suitable for disposal of saline
fluids: marine waters (Gulf of Mexico or bay and estuaries) or saline
aquifers; | b

Saline Surface Water: The disposal of geothermal fluids in saline
surface waters. is discussed moré’thbrohghly in the previous section‘and in
the Ecosystem section. | |

‘Saline Aquifers: TheﬁRailrbadlCommissioniof Texas}permits weilloperators
to d1spose ‘of saline water by inject1on into format1ons that conta1n m1ner-
alized water unfit for agr1cu1tura1 or general use and that do not conta1n |
oil, gas, or geothermal resources. InJect1on of spent geothermal fluids into

saline aquifers is, in tneory, the ideal method of salt-water disposal. This
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method“limits:surficial enyironmental'haiards'to”théfiﬁﬁediate areas of ‘the geo-
therma1~we11s;'injection wells, andygenérating“facllity:””hs”long’as:the
 geothernal -fluids -are adequately contained and insulated, hazards to plant and
animal ‘life shouldVbe*minimali“

~Althoﬁgh'oecurrenceioffsand hodiesuin the’relatiVely°shallowFSUbsﬁrface'
yofpthe~Texas coast  is welldknown;”their‘Suitability“as disposalfsiteslfor'
~large volumes of spent keothermal'fluids'is'notfcompIEtelylhnderstoodL The
shallowest, thick*and~laterally“eXtenSive sands that might be suitable to
paceept largefvolumes=of15pent7geothermal‘fldids; are the basal Miocene sands-
that‘lie ab0ve“the‘AnahuaefShaie.‘~In7the Frio geothermal fairways the depth"h
_to this un1t exceeds 5,000 ft. In'the¢Coastal Zone, ‘the;depth’to'the‘basew
of fresh (<1000 ppm TDS) to slightly saline (<3000 ppm TDS) ground water is’
; relat1ve1y shallow. The interbedded sands and shales between the basal
Miocene Sand the base of the fresh ‘to sl1ght1y sa11ne ground-water zone are o
probably suff1c1ent1y thick to prevent contam1nat1on of shallow ground water
by geothermal fluids. 'There has~been only llmited'mapp1ng of sand thickness '
and geometry ofidispOSal reserinrs.'”The only'completed:stﬁdy'has’been?of the
: depositional patterns of-the M1ocene fac1es of the M1dd1e Texas Coastal Pla1n
1’ (Doyle, in press) Noth1ng has been done onfsand d1str1bution‘1n“either the R
Upper or Lower Texas Coastal Pla1n, nor on the: hydrologlc propert1es of these
sedlments in any of the Coastal Zone. SO R

Knutson and Boardman (1978) summar1zed deep well inJect1on of brines from ;
;g:petroleum operations. Disposal depths are’ generally less than 6000 ft. dﬂ'h
‘Brazoria County d1sposa1 generally”occurs~between 4, 000 to 6, ooo.ft whereasgddd
in Matagorda Gounty dlsposal depths range from 2 000 to 3 000. The thickness
of the_d1sposa1‘;nterval~shows cons1derab1e;var1ation. ‘In Brazor1a County

66 percent of the disposal intervals are greater than 2000 ft thick, whereas in

15



Matagorda County about 68 percent are less than 500 ft. [The disposal rate was
34,000 bbl/day. The maximumvéveragg rate, however, is only 8,000 bbl/day.vf
,2In71961, 93 percent or.approximately\é,ssl,OQO m3a(15,oop,ooo bbls) of

saline oil field waters produced in Matagorda County wadeiqused'ofzby‘deepj
subsﬁ:face;injection~wells (Hammond, 1969) . This. is -approximately the. pro-
jected_monthly production?for a single. geothermal eleétri;al génerating.site."
'Injectipn zones for 43 wells in the qounty_range'from 451.2 m to 2,165.3 m
(1,480 to 7,102 ft) below land surfacé with injection pressures ranging from .

0 (gravity flow) to 70.4 kg[cmz (1,000 péi). 0f these wells, only two have
higﬁ'rates'of.disposglz -one at. a rate of 952.4 m3 (6,000 bbls) per day under
a surface pressure of 56.3 kg/cm2 (800 péi)nand another at.1, 587.3 ms»(10;000,~
" bbls) per day under a surface pre;surekof 21.1,kg/cm2 (300 psi). Many of the
injection wells require high surface presSures>to dispose of relatively small
volumes of water. For example, the no. i J. B. Beld injection well (Hammond,
1969) requires surface pressufes of 56.3 kg/m3 (800 psi) to dispose of only
23.8 m3'(150 bbls)‘fer day. The limited datajthat aré available regarding
rates of injection and the surface pressures required for injection suggest
that the capacity of formations to take up.dispdsed fluids is highly variable.
Most disposal rates are usually less than 158.7 ms,(l,OOO bbls) per. day even
though surface pumping pressures range upward to.70.4 kg/cm2 (1,000 psi). At
disposai rates of 1,587.3 m3 (10,000 bbls)\per day, the highest reported
di§posa1 rafe, 20 to 40 disposal wells per,generating site‘will‘bgfﬁeéded.’
Deep-well injection into saline aquifers is an establishéd technique;. The previous
injection rates'o: quaﬂtities are not as great as the expected volume of .
fluid (300,000 - 400,000 bbl/day) from a 25 MGW plant. Herein lies a
critical‘environmentalvproblemrfor.fluidkdigposal fbr‘geqthermél-geopressured"

- energy production. -

116



VThe’inJect1on of large volumes of fluids 1ntowsubsurface reservoirs has
Vthe potential for 1nducing seismicity The Texas Gulf éoast Geosyncline 1s
a'1nterlaced w1th thousands of miles of active growth faults which are presently
bgmov1ng from natural and man-induced causes. This movement has not generated
"measurable se1sm1c1ty because the sed1ments are continuously deforming plas-
t1ca11y Increased pore pressures along the fault surface from f1u1d 1nJection
)may decrease the frictional strength of the fault and subsequently permlt in-
creased fault movement and the generation of seismic energy. “

Induced seism1c1ty has already occurred 1n Texas.‘ On August 14 1966 an
,earthquake (1nten51ty 4 5) occurred near Kermit Texas (West Texas) At least
v}eleven aftershocks occurred in the area.‘ Subsequent earthquakes occurred 1n
7”1971 Shurbet (1969) attributed this earthquake and 1ts aftershocks to water-
flooding of a 011 and gas field in the area.r
= Induced seismicity from deep well 1n3ection has been carefully documented
in Denver, Colorado (Healy and others, 1968), and Rangely, Colorado (Raleigh
nand others 1976) Earthquakes w1th Richter magnitudes of 3 to 4 were recorded
é1n the Denver area from 1962 through 1967 Flu1d 1njection of chemical ‘wastes
at Rocky Mountain Arsenal decreased shear strength on a weak pre-existing 7
fault surface and 1ed to the seismic events (Healy and others, 1968) To wi
_validate the concept that 1ncreased pore pressures were decrea51ng effective
_;stress and permitting faults to move, a fluid 1nJection/seism1c monitoring
iexperiment was conducted in the Rangely 011 field The result of that -
1nvestigation shoued conc1u51ve1y that 1nduced seismicity by deep well in- 3
Jection was occurring (Raleigh and others, 1972) | |
| Fluid inJection along fault surfaces may cause(avdecreasekin the frice‘

'tlonal strength of a fault. Increased pore pressures drop the effective

stresses that prevent a fault from moving. Therconcept was originally
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proposed by Hubbert and Rubey (Hubbert and Rubey, 1959 and Rubey and Hubbert,
1959) Whether se1sm1c1ty could occur in the Gulf Coast because of deep -fluid &__
1nJect1on is dependent on whether there is a stra1n accumulat1on in the ‘fault
zones. If the faults lock at depth, then 1ncreased pore pressure on the faults
would:permlt movement.: If-fault novement‘is by continual creep; then induced
se1sm1c1ty is probably not a problem. To date there'has'been'no recorded
| 1nduced se15m1c1ty in the Gulf Coast from flu1d 1nJect1on. lt is also erpected
that pressures of f1u1d 1n3ection will be 51gn1f1cantly lower than in the |
Rangely experiment. The potent1al for se15m1c1ty should 11kew1se be reduced
InJect1on programs should fbllow a four- step operatlon' (1) evaluate the -
;‘geology and hydrology of the potent1a1 1nJect1on reservo1rs, (2) des1gn and
construct su1tab1e wells for h1gh pressure, high volumes hlgh flow rates, and
chemlcal compos1t1ons of injected f1u1ds, (3) develop surface fac111t1es (a)
for injecting a clean fluid to prevent ‘well clogg1ng and (b) to repl1cate
1cr1t1ca1 operations such that breakdowns do not create productlon or storage
problems, and (4) operate and monitor (Knutson and Boardman, 1978) |
Geolog1c and gydrologic evaluatlon of 1nJect1on sites character1st1cally

enta1ls a study of the immediate vicinity of the 1n3ect10n well or 1n3ect1on
field. Because of the extremely large volumes of fluids (400,000 bbl/day)

that could be injected into the subsurface, studies of a larger scope should
be considered;' Regional sand geometry of the sallne'aquifers needs to he '
known. vThis should include studies of thickness; orientation, andrcontinuity
of sand packages and the occurrence of faults acting'as barriersdtolfluid '
migration. The continued long-term injection of fluids nay‘change the
potentiometr1c distribution between sa11ne ground water and fresh shallow

ground water. The elevat1on of 1nterface between these two water bod1es is
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controlled by the balance of head potentials in both ‘aquiférs:’ Increase the
pressure in the underlying»Saline'aqUifer; then the interface between the two
‘bodies of water will rise. Growth faults or abandoned leaky oil wells may be
preferentialvpathﬁays_for;salinefwater‘esCape; & | :

’éwell*designrandlconstruction*nave to be'éuitablefto1eafr§ilargedvolﬁmeé*
of disposal water, not'have“leaRSGinto‘fresh”groﬁn&; not have formation plug-
vgingéproblemé*norVca&seffractUring of the aquifer. Wéll!design~and construction
“‘are primarily technical problems. =They are of environmental concern because well
failure could lead to leakage in fresh water aquifers or result in surface
‘storage ﬁroblems'which'may~not beienVironmentallyAacceptable.”‘“;‘" -

g Necessaryisurface*facilitiestare?needed for storage of Brineélprior‘to

- “injection and for treatment of the injected fluids so that they will not clog
the;formation‘with*§u§§ended'material'or be'chénieally”incomnatioleKWithuthev
formation'fluids;4»Storage*facilitiésimust‘be conétrocted and monitored such’
that leakage into shallow ground water cannot occur.l |

Monitoring inJection operations is ‘extremely difficult, because it re--
quires the drilling of additional wells to monitor the migration of preSSure
 and fdis"p0$a1‘flui‘d§ Sr3phle L iy '
; évwrh“Regulations>Governing<the Production and Disposal-‘w

ey of Saline and/or Ceothermal Fluids =

gSeveral'State.and Federal'ageneies;‘ineloding'thesRailroad”Comniééion of
~-Texas, the‘Texas Water Quality Board the Texas A1r Control’ Board, the Texas
Water Development Board ‘and the Environmental Protection Agency, have
regulatory respon51b111t1es that w111 directly>or 1nd1rectly 1nfluence develop-

: ment~of:bothfa;geothermalftest well and, subsequently, a geothermal‘energy'~ :

il
T
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production/generation facility. Only those regulations that. affect the pro-

.duction and dispbsalldf saline water will»be considered;hérg, -The Texas Air

Control Board is charged under the amended Texas Clean Air:Act of 1967 with

safegarding the "air resources of the_State_fromkpollution:by;controlling or

abating aig;poliution andfemissidns of contamiﬁants...ﬂ;(Texas‘Legislature,

1967). At this time;rit is not;knowh if geothermal fluids will contain

_,potenpial air poi@utants. The two mast likely;air pollutants will be volatile

éa;bonAcompoundS'gnd hydrogenrsulfide rgsulfing from the prbduction~ofggas that

is expected to occur with geothermal fluids.

The primary environmental concern of the Railroad Commission and the Texas
Water Quality Board with. respect to geothermal development.iS~the impact of
the disposal of hot saline geothermal fluids. The Railroad Commission of Texas
(1975) will regulate the drilling and qperation-éf geothermal resource wells
and the disposal of fluids from geothermal resource wéllsvunder rule 8 as
follows.

(A) vfresh waier, whether above or below the surface, shallybe protected from
pollution...

(B) ...[The operation of] gebthermal well or wells drilled for exploratory
purposes...shall be carried on so that no pollution of any streaﬁ or
watercourse of this State, or any spbsurféce waters,AWili bécur as the
result of the eséépe 6r release or injectidn of‘geothermal resource or

N other mineralized waters from any well.

(C1)...[A11 operators conducting] geothermal résource,development7hnd pro- .

duction areﬁprohibited_from using salt-water dispﬁsal pits for stbrage;
. and evaporation of...geothermal resource waters... . -
(C1b) ;Impervious co1lecting pits may he approved for use in conjﬁnction,with

approved salt-water disposal operatioms...
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&=) (Clc) wDiseharge of,;;geothermal resouree waters -into a .surface drainage
> < :;watercourse, whether it be a dry creek, a flowing:ereek,.or.a river,
| . except when permitted by the,Commission,is.not an‘aceeptable:disposal
operation and.is.prohibited.v

(D1) . The [well],operatOr“shall,not'pollute the‘waters ofxthe Texas offshore:
,:andyadjacent estuarine zones,(saltewaterébearing bays, inlets, and
,estuariesj_oradamage the aquatic life therein. .

(DZ).,;Geothermal~resource;well,drilling_and producing operations shall be .
i,conducted,intsuch a manner to preclude the pollution of the waters of

JthefTexas,offshore-and‘adiacentpestuarine zones. .

(D2a) The disposal of liquid waste material into the Texas offshore or
'wadjacent estuarine'zones .shall be limited to salt water and other
-_materials which have been treated, when necessary, fbr the removal

of constituents which may be harmful to aquatic 1ife or 1n3ur10us to
~1,11fe or property. : l
The Railroad Comm1ssion of Texas (1975) also regulates the injection of saline
water under rule 9 as follows:
5 (A) ~Sa1t water:u;unfit~for-domestic;vstockb irrigation, or other.general
_use. may be disposed of...by 1n3ect10n in the fbllowing formations:
-bfg[rules listed] ;«;f« . . |
'_7(A1) All nonproducing zones of 011, gas, or geothermal resources
-t;bearing fbrmations that contain water mineralized by process of
hvnature to such a. degree that the water is unfit for domestic, stock,
'_iirrigation, or other general use.
Water-quality standards developed by the Texas Water Quality Board were -

approved by the Environmentathroteetion.Agency:in October 1973 and were -

o/
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amen&ed in 1975 (Texas Water Quality Board, 1975). Theée standards are in i;;
compliance with the Federal Water Pollution Control Act Amendments of 1972
(U.S. Congress, 1973). Under thesé‘étandards; "it is the policy of the State...
to maintain the quality of water in the State consistent with the public
health and enjoyment, the propagation -and protection of aqﬁaticblife;:the ‘
operation of existing industries, and the economic development of ‘the State..."
Furthermore, "...nobwasfe discharges may be made which will result in the
lowering of the quality of these waters unless and until it has been demon-
strated to the Texas Water Quality Board that the>change is'justifiable as a
result of desirable social or ecdnomic‘deVelopment" (Texas Water Quality
Board, 1975, p. 1). |

The following suggested limitations to thermal- pollution as?outlined in
the Texas Water Quality Standards (Texas Water Quality Board, 1975)*2re of
interest: |

1. 2.75°C (5°F) rise over ambient temperature for frésh-water~streams.

2. 1.65°C (3°F) rise over ambient temperature for fresh-water im-
poundment.

3. 2.2°C (4°F) rise or a maximum temperature of 52.5°C (95°F) in fall,
spring, and winter, and 0.85°C (1.5°F) rise or a maximum temperature
of 52.5°C (95°F) in éummer for tidal reaches of rivers and bay and
Gulf waters.

The Texas Water Quality Board recognizes the sdlinities of estuaries are highly
'variabie and that the dominant factorvaffecting salinity Variations.is the
weather. Salinity standards are now incompletely defined but are under study.

The preceding review of the regulations and policies of ‘the Téxa§ agencies

that apply to the disposal of salt water indicates that: SR L .
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1. Temporary salt-water collecting or storing is permitted
2. Salt water treated (1nc1ud1ng cool1ng) to remove harmful con-
:stltuents may be released 1nto bays estuarles and the Gulf |
" of Mex1co. - v | ‘ AR ”
3.‘;Under certain circumstances, the dlscharge of salt water into c
natural watercourses is perm1tted | o |
4. The re1nject10n of salt water into saline aqu1fers 1s permitted

5. The lower1ng of standards for certain water bod1es is perm1tted

Cif suff1c1ent need for econom1c development can be demonstrated.

‘MGeothermal fluids therefore:can:be legally.disposedfo£>inbtwoasjtes,,
saline water bodies or by deeo-well injection. Injection into surface saline
waters}mnst_guaranteerthat,there will be no geologic degradation. . Disposal .
intoneepusaline aquifers is acceptable if it:doeS'not im?act-fresh,groundi
water:nor_lnterfere WithtOil~§nd,8?5-extr?CtiV¢;QpﬁrﬁtiQHSJ9?~P?CV10P51Y:'

pe?ﬂiﬁt?dgini¢6tion;we115},,;;: i .,;, :
Summary of Environmental Problems from Fluid biéposal‘

Geothermal fluids can-beﬁdisbosed’ofﬁin"two ways: disposal into saline
water;hodies_orldeepawell'injection.: Surface'dlsposal has to address two
_areas:of:concern. thermal 1mpact on ecosystems and chemical impact on
ecoSystems. When the volume of flulds be1ng d1sposed of is small dis-,;_;~
persion in a large body of water m1t1gates thermal and chem1cal contam1nants.
With d1sposa1 of large volumes of water, dlsper51on may be ineffective..t..'

The critical problem then becomes ‘can the ecosystems survive changes in
‘ env1ronments? » o e ' ; »
\3A‘second}prohlemxarises with,surface’water:disposal7-the;storage:and

transportation of fluids to}the;deslgnated water;body.%'Overland.tran5port,



through caﬁa}s or ﬁipelines increases thé_poténtial fqr:{eﬁyagg’in §h¢ shallow .
ground water and provides a ﬁa;rier,fo; seasonallylmig{g@pﬁyﬁquadrupeds. De-
sign ériteria_fbi the pipéline construction might incorporqte,bridge or tunnels
in the same fhshipn»as has been done along thé_A;aska Pipeline to guarantee the
migratory pathways of the caribou. |

: Even though deep-well 1n3ection appears to be the most env1ronmentally
sound method of waste f1u1d dlsposal certaln env1ronmenta1 problems could
arise. The development of wells and well f1e1ds capable of 1n3ect10n of large
volﬁmes of fluids is needed. There are few if any d1sposa1 operations in the
Texas Gulf Coast that inject 300,000 to 400,000 bbl/day on a continuous daily
'basis. V

Injected fluids from the oil and chemical industry mirﬁéuldusly dis-

appeared into the subsurface saline aquifers. The disposal of large volumes
of spent geothermal fluids may overpressufize‘these-équiférs,'causingwleék-
age back into fresh ground water systems through abandoned ledky casings or

up permeable fault zones or induce seismicity.
Ongoing Programs

On-going programs addressing the problems of geothermal fluid disposal
are limited to'one program. Dr. Ben Caudle, Department’of Petroleum
Engineering, is delineating diSposal sites for the Pleasant Bayou Prospect
site in'Brazoria County. He iérdeveldping“a simulation model to determine

injection requirements for the test well at Pleasant Bayou.
- Recommended Programs

" The critical problems of geothermal fluid disposal are (1) if large

volumes of fluid are disposed into surface saline waters what will be the “
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impact on the ecosystems and:(2)4i£”large volumesmof,fluid;areédisposed into
the subsurface, are the reservoirs hydrologically suitable to accept large
volumes of fluid w1ll these fluids leak 1nto fresh ground-water systems, and
is there a potential for 1nduced seismicity? - | ,

The research needs for critical areas are detailed in the Ecosystem section
where this problem is, addressed from the p01nt of view of ecosystem studies.

Critical area (2), impact of deep well injection on the env1ronment, studies
in three areas~need to be conducted: . (1) reservoir suitability, (2) potential
leakage, and (3) potential induced seismicity

‘{,(1) geometry,,volume, orientation,,por051ty, permeability,,and-chemical'

interactions of the“disposalﬁreservoirs will determine reservoir;Suitebility.
The only,regional1study1on,di5posal reservoirs that has been completed is a
study of sand geometry of Miocene sands in.the Middle:Texas Coastal‘Zone‘(Doyle,
in press). Sand geometry of Upper and Lower Teras_CoastalgPlaineneeds,to be . .
;constructed,‘tStudies‘on:permeability,\porosity,:aquiferjcompressioility,.water
chemistry, . clay mineralogy--all.criticalyparameters for determining reservoir
suitability--need to be_ initiated : 7 |

(2) Leakage of saline fluids 1nto fresh ground-water aquifers may result
from- large—volume disposal of geothermal fluids. The-interface between fresh
ground water and saline ground water is- not well understood A genetic study
is needed to explain the 1nteract10n between these two bodies of water and
~ whether geothermal fluid disposal could cause significant contamination of
fresh ground water.'f’fﬁ‘ o A‘” s S ' | o

(3) Induced seismicity may result from high volume, high pressure fluid
‘ injection. High resolution, low amplitude seismic. monitoring is. needed at the
1njection well fbr the test site or at a high volume inJection well presently
in operation to determineﬁifvfullfscale injection operations,may,induce
seismicity. | 7
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Cost Estimates for General Tasks-Water Quality-1979

Task

‘ _Operating Funds
1. Reservoir suitability ~§ 50,000
2. Leakage . : - 50,000

3. Induced seismicity 125,000

$ 225,000

‘Subsidence and Faulting from Geothermal-Geopressured
Energy Production ,

The Texas Coastal Zoﬂe is an area of multiple land uses. It supports
inténsive agricultural, industrial, and fishing industries. It is populatedv
by both rural #nd metropolitan people, As a Coastal Plain its'elevation’
in many localities is not significantly above sea lével. Large scale subsi-
dence and faulting could seriously impéct this region. ‘It is therefore
necessary to address the problem of subsidence and faulting from geothermal-
geopressured.enérgy production. This chapter describes the geologic frame-
work of the Cenozoic sedimentary wedge, the source of geopressuring, and the
structural framework, the occurrences and causes of subsidénce and fault
actifation, the potential for geothermal-geopressured energy production
causing these phenomena, and the monitoring and research programs necessary

to mitigate their potential occurrence.
Geologic Framework of the Texas Gulf Coast

Source of Geopressuring
The Texas Coastal Plain overlies a thick wedge of Cenozoic terrigenous
sediments within the Gulf Coast Basin. Over 50,000 feet (15,000 meters)'of

sediment has accumulated in some areas. Tertiary deltaic sediments, the
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primary Gulf Coast geopressured-geothernal reserroirs, inciude the Eocene
Wilcox Formation, the Oligocene Vicksburg Formation, and the hiocene Frio
Formation (Bebout and others, 1975, 1976, 1978). |
Each depositional episode built further into the basin. Rapid sedimen-
tation at the delta-front and prodelta section and concomitant growth fault
movement rapidly buried thick sections of sand and mud. Rapid burial slowed
dewatering of these sediments and the contained pore fluids became over-
'pressnred or geopressured. _With each new period oflsedimentation, a new geo-
pressured section was developed and the geopressured section of the older
units were buried nore'deeply (Fig. 16).
‘The geopressnred zone has pore-water pressures whichéare'abnormally
high in comparison to pore-water pressures in other sediments that occur
at equal depths. Under normal conditions, muds or mudstones undergo a decrease
.'in porosity from greater than 50 percent at dep051tion to as little as 4
’vpercent follow1ng burial dewatering, and compaction 1n the normally—pressured
:; sections.. Porosity decreases logarithmically w1th depth under normal hydro-
static conditions (fig 17) Geopressured sediments however, do not follow
the smooth iogarithmic compaction curves. Undervhydrostatic conditions the
_pressure gradient is .465 PSI per foot. Inrthe'geopressured‘zone the pressure
' gradient can rise as high as 1.0 PSI per foot--over 2 times the norna1~pore |
pressure gradient (fig 18). At higher'pore pressnre'gradients (than hydro-
‘static), the porosrty loss with depth is offset (see f1g 19) This occurs in
the top of the geOpressured zone, where porosities in both the shales and sands
_ are higher than in the respective overlying normally pressured sediments. |
| Deeper in the geopressured zone por051t1es continue to decrease with depth
" The source or cause of the high porosity and high pore pressures in
geopressured sediments follows several schools of thought: . rapid burial
mineralogic phase changes, shale d1apirism, tectonic compression, osmotic and
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A COASTAL PLAIN | _ conTiNENTAL SHELF Isuwz A
I

LOW DENSITY
HIGH PRESSURED SHALE

ADAPTED FROM BRUCE,ST2 PRE-TERTIARY SECTION ) 41

Fig. 16. Schematic representation of geopressured
section (modified from Bruce, 1972).
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diffusive gradients, and thermal expansion of fluids (Rieke and Chilingarian,—
l974). The two mechanisms most commonly considered in the Gulf Coast are rapid
burial or-clay dehydration. Either geoptessuring is related to rapid burial
of sediments which have maintained the porositf and pore pressures from
shallower depths or geopressuring has resulted from the water of clay dehydra-
tion during diagenesis.

Several researchers (Dickinson, 1953; Rubey and Hubbert,.1959; Bredehoeft
and Hanshaﬁ; 1968; Dickey and otﬁers, 1968; Schmidt, 1973: Chapman, 1972;
Rieke and Chilingarian, 1974; Magara;71§75) suggest that geopressuring is the
result of rapid buriql;’COﬁmodly'oﬂ'the‘coestward slde:of‘growth faults, and
slow leakage of the pore fluids. With rapid buriel, pore pressures, which
were in equilibfium at:Shallow depths, become overﬁressurediat greater deptﬁ

Jones (1968; 1975) suggests that a sign1f1cant part of the geopressuring
results from the thermal dlagenesxs of clays. Montmorlllonite is altered to
illite and mixed-layer clays in the range of46,000 to 12,000 feet (2,000-
4,000 meters) with thefrelease of free pore Qater (Powers,i1967; Burst, 1969).

This release of water by clay diagenesis causes the'overpfessuring.

Structural Framework

Most of the geopressured-geothermal prospect areas are bounded by faults.
‘The Kenedy and the Corpus Chr1sti geothermal fairways and the Aust1n Prospect
(Brazorla Fairway) are a11 structurally controlled In the Brazor1a Fairway
(fxg.zog a relatively thin section of the Frio Formation expands to several
thousand feet on the downthrown side of a growth fault (Bebout and‘others,
1978). |

Growth faolts are commonly associatedeith Gulf Coast sediments. The
‘boundary between delta-front sends‘and thick, rapidly deposited prodelta

mud facies is the principal zone of growth faulting. Rapid sedimentation of
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the thick, highly compressible mud is a significant factor in fault develop-

ment. Stratigraphic thickness often increases across growth faults, indicating

that sedimeﬂtation is centemporaneous with faulting (Carver, 1968). Grbwth

faults may be reactiVated'with’each new period of deposition where delta fecies

are super1mposed

Growth fault development in the Gulf Coast ‘basin is enhanced by gulfward
creep (1andsl1de type of activation) of the entire sediment mass (Bornhauser, ‘
1956' Eruce, 1972)tFig 16) Cloos (1968) showed experlmentally that the growth
faults of Tertiary sectlon could develop by ba51nward _mass movement of sediments.

When the Gulf Coast sedimentary mass is modeled as a large landslide, 1t has a

factor of safety less than one and should theoretically be moving basinward
" (Reid, 1973). Faulting in the Gulf Coest'basin may also be affected by
regional basement tectonics (Bornhauser, 1956;‘Murray, 1961} Shelton, 1968).

Growth faults in the Gulf basin are characterized by seven common
features (Carver, 1968):

(1) Fault traces on datum Sdrfaces are arcuate and_nbfmally concave
toward the coast. |

(2) The average dip of the fault is approximately 45 degrees. The
faults dip steeply near the sdrface and diminish to become bedding plane
faults at depth (Hardin and Hard1n, 1961; Murray, 1961; Ocamb, 1961; and
Bruce, 1972). '

(3) Faults are normal and are generelly downthrown toward the coast
(down to the coast). Cloos (1968)'$hewed experimentally and Bruce (1972)
documented'with seismic profiles tﬁat the mdjor growth faults should have
assoeiated gntithetic faults (up-to-the-coast faults). The growth fault-
ahtithetic fault pair will tend to form graben»strpctures_(Murray, 1961).

(4) Fault displacement tends to increase with depth te‘a maximum and
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may then decrease at greater depths.

(5) Growth faulting produces rollover or reverse drag on the downthrown »
side. |

(6) Progressively younger faults occur nearer the coast. As the major
deltaic denocenters moved coastward, the growth faultinglaiso"moved”in'that
direction. o o |

(N Growth faults are commOnly-associated'uith rapid increases'in overall
sediment ‘thickness and a change from predominantly sand to mud fac1es on the
downthrown 51de (Carver, 1968) | k o

" Faults are also associated with salt tectonism in the Gulf Coast

sedimentary basin. Murray (19615 records seven distinctly different types of
faults controlled by salt'structuresf normal fauiting with single’offset;
normal faulting with multiple offset; grabens; horsts; radiai faultingguand‘
peripheral'or tangential fauitiﬁg;iand reverse_or thrust fauiting;: Quarles
(1953)’attributes'the'regional down;to-the-coast?faults’as'ueil as'a salt-
'dome faulting‘to saltltectonismvrather than‘towdepositional.loading or landslide—
type mass movements. The combination of faults caused by‘salt'tectonism '
and faults generated by’deitaic75edimentation and landslide mass movement
dominates ‘the structural framework of the Tertiary section of the Gulf Coast
ba51n. Fault movement continued at ‘least until the end of the Oligocene.
Some faulting beneath the Coastal Plain, however, ‘has continued through the
late Tertiary (Miocene ‘and Pliocene) and Quaternary (Kreitler, 1976) i

Subsurface faults do ot d1e out in the upper Cenozoic sediments but in
many cases extend to the land surface. Their natural rate of movement,
-however, ‘is so slow that their surficial expression is evident only through
‘subtle geomorphic features such as lineations and rectzlinear stream-drainage
networks (Kreitler, 1976) Structural control of stream drainage is
particularly ‘evident in the Houston-Galveston area. Surface faults appear to
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control sections of Buffalo Bayou, Clear Creek, Highland Bayou, and Cypress
Creek. K 7 . ST T &i;

Subsidence in the Texas Coastal Zone

Subsidence is occurring in mést of the Texas Coastal Zone (Swanson and
Thurlow, 1973; Brown and otﬁers, 1974) either as natural subsidénce,
subsidence from groundewgter production, or subsidence fromroil‘and gas.
operation#. The.separation of the thfee phenomena, particularly-in the
greafer Houston area where-there has been prolific hydrocarbon prpduction as
well as extensive ground*wéter withdrawals; is ext:emely difficult. Concom-
itant wifh-sub#idence is active fault movement. (The causes(for faﬁ;t
activation are the same for-subsidence--natural activatipn, hydrqcarbon
production, and ground-water withdrawgls.)

_ Nétural subsidence and associated natural fault movement is occurring
at an extremely slow rate. Swanson and Thurlow (1973) measured a natural
_subsidence of 0.5 to 1.2 cm/year and attributed much of the ;ubsidence to
increésed sediment loading. These rates are high for natural subsidence.
Holdahl and Morrison (1974) show subsidence rates~approximately one half of
those of Swanson and Thuflow (1974). These rates seem more reasonable.
Measurable natural subsidence in the Coastal Zoﬁe has occurred primarily ,
from the Lavacg_Rivér (Jackson County) north to Lbuisiana. _Theré isvlittle
evidence for subsidence in South Texas (Brown and_othgrs,i1974). Holdahl and
Morrison (1974) alsq indicate very low rates of subsidenggzin Sputh Tbxés.

vThough there is a component'pf natural subsidence in the Texaleoastal_ -

Zone, land-surface subsidence is primarily a consequence_pf-ground-water
pumping. Withdrawal beggn in the Texas CoaStal'Zone in the early part of this
century and affects to vér&ing degrees a substantial part_of the*Texas

Coastal Plain. Most serious subsidence is in the greater Houston area, where -
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some localities show recorded subsidence up to 8.5 ft (2.7 m). Significantly, both
the rate of land subsidence, in terms of lost land elevation, and the area

of impact are progressively increasing and have increased dramatically in the

past three decades. |

In 1943, when releveling recorded the first measurable subsidence, a little
more than 140 mi’ of land in the Houston region had subsided 1 ft (.3 m) or
more, with maximum subsidence of about 1.5 ft (.45 m). By 1954, about 1,000 miz
(2600 kmz) of land had experienced subsidence in excess of 1 ft (.3 m) with
maximum subsidence up to 4 ft'(l.z,m). in 1964, more than 1,800 mi2 of land
had subsided more than_l ft (.3 m) with maximum subsidence up to 6 ft (1.8 m).
By 1974, more than‘3;000 miz,(s,OOO‘kmz) of lond on the lower Texas coastal
plain had undergone'moréithan“a foot of eubsidence, and maximum subsidence
had reached 8.5 ft (2.6 m). Therarea of lands impacted by subsidence of 1 ft
(.3 m) or more has doubled approximateiy'each'decede for the past 30 years. At
the present time, about 230-m1 (600 km ) of land, centering on Pasadena, Texas,
had subsided more than 5 ft (1.5 m).

Measurable subsidence, defined herein as 0 2 ft (6 cm) and greater. now
impacts three areas of the lower Texas Coastal Plain. (1) an extensive area of the
upper Texas Coastal Plain ertending from Bay Cityknorthward into Louisiana and
inland as much as 60 m1 (100 km), this - zone 1nc1udes the critically impacted
greater Houston area, (2) a large part of Jackson County, and (3) an area in
Nueces and San Patricio Counties centered near the community of Odem (fig. 21).

Likewise,-the cause of subsidence is well documented, primarily through
the'extensive monitoring ofuuater-well levele; which uasyStarted in 1929 by
the Water Resources Division of the U.S. Geological Survey. Comparison of
: areas of water level and piezometric decline with areas of land-surface
subsidence clearly shows that they are coexistent. Results of monitoring

by the U.S. Geological Survey have been reported. in several papers; refer
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especially;to those_reports hy Gahrysch'(l$69,j1972),\Gabrvsch?and McAdoo
(l972), and Gabrysch and Bonnet f1974) as well as to reportsihytyarshall>
(1973) and Turner, Coll1e, and Braden, Inc. (1966) |

| Most of the ground-water productlon in the Texas Coastal P1a1n is from.
aquiferskoccurr1ng:fronmnear the'surfacerto;depthsAas‘greatkas 5,000 ft

- (1,000 nl, bThehgeologic,formations involved‘arekcomposed of_varying_amountS;
;of,alternatinéxsands'(theaquifers)yand interstratified clays,,lceologists and
:engineersof the u;s..seological Survey,kwho startedVmonitoring\yaterolevels
Vln Coastal_Plaln wells in‘l929 have charted the long-term decline in the .
pressure levels In 1943, maxlmum dec11ne of the water level was about

150 ft (45 m) ; by 1954 the p1ezometr1c level had dropped to about 300 ft
v(90 m) by 1964 1t had declined to about 350 ft (106 m), and by 1974 it
4lloca11y had dec11ned to 400 ft (120 m) | ‘ '

The amount of subs1dence that w111 occur 1s d1rect1y related to the de-
c11ne 1n piezometr1c level whxch 1s a funct1on of the volume of water with-
drawn from the;agurfer,_ The amount of subs1dence, however, will vary further
depending upon the amount of clay w1th1n the aqulfer section, the vert1ca1 _
distribution of the clay, the compress1b111ty of the clay, and finally, the
degree of undercompact1on of the clay 4in its natural state. The'amount of
clay in the squifer and the mumber of clay beds within the aquifer sands,
‘kasﬁwell‘as the'compressihility’of the beds _vary areally;~Certain areas may ..
ibe more prone to subsidence than others, even with the same amount of
;iground-water withdrawal and comparable levels of pe1zometric decllne.n,,

- Subs1dence from hydrocarbon product1on also. 1s an aerially-extens1ve L

._ Vproblen in the,Texas Coastal Zoneﬂ,_Frokaeaumontﬂto Brownsvllle;there are

approkimately 3, Oooroilfand gasifields that have produced over 10 billion bbl
of crude oil and over 19 000 X 10 mcf of natural gas. . Production from these

f1elds probably caused some subs1dence over all of these fields. Land
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subsidence data over oil and gas fields in the Texas Coastal Zone is
relatively limited. Subsidence has been measured over the Goose Creek field,
Baytown, Texas (Pratt and Johnson, 1925), the Saxet oiizaﬁd gé§ fiéid; Cérpus- Q—j
Christi area, the Chocolate Baydu.field,'BraZOria Codnt?w(Kréifléf,L19765, énd
five fields in the greatef Houston area (table 1) (Kréifler,'I97;). '
Amounts of subsidence vary from 1 ft to over 3 ft (;Sim'td 1 ﬁ).

Subsidence over the Saxet field may be on the’drder‘of‘fwo meters or more based
‘on the height of the Saxet fault scarp (kreitler;'1977)l(Fig. 22);' Even thoﬁgh
there are numerous fields in the Texas Coastél Zone, subsidenée iﬁ most of ihé
fields has not caused serious problems because subsidence has been minimal and
its lateral extent has beén limited to the field area. The subéideﬁce'iﬁpact
from ground-water production appears more widespread. l’ |

. Depths'bf hYdrocarbon prbduction and subsequent réSérvoir;compaétion that
lead to land subsidence vary from felatively shallow in some fiélds (Godﬁe‘
Creek, less than 5000 £t [1500 m] or shallower, Saxet, 1000-8000 £t [300-2440 m]) to
deep in fields such as Chocolate Bayou (oil productionAfrom 8006‘to 12,000 ft
(2400 m to 4000 m) and gas production from depths greatef thén 12,600 ft (3600 m)

(Gustavson and Kreitler, 1976).
Active Faulting in the Texas Coastal Zone

Many of the Tertiary faults in the Texas Coastal Zone extéhd uéward fo land
surface, but few show evidence of recent movement.. it is in the areas of exten-
sive fluid withdrawal (water, oil, or gas) that these passive structural features
become active faults. At least 150 mi (400‘km)‘of active faults with fop&graphic
escarpmenis occur in Harris and Galveston Counties wheré.ﬁore thah:$06;000,000
gallons (1,900,000 1) of water are pumped per day (Kreitler, 1976). ’Active féults
in Baytown, Texas were recognized as eaily as 1926 6y’Prattwénd'Johnsbn (1926).

“McClelland Engineers (1966) and Reid (1973)Ame35ured'sﬁrfACe displacemént —

&
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Fig. 22. j:l.océi:ioﬁ of ‘active fault ovér Saxet 0il and gas field and co:inci‘denc‘ke to
surface trace of extrapolated subsurface fault. Pattern area indicated Corpus -Christi-
geothermal fairway. L ~ . CooE .o -



of active faults from topographic profiles along highways. McClelland Engineers

r -

(1966) and Van Siclen (1967) suggested that faulting and subsidence were o
unrelated because the faults crossed the subsidence contours; and‘the strikes
of thp(faults were not tangential to the regional subsidence bowl. Castle
and Ybud (1972) challenged Van Siclen's conclusions (1967) and suggested that
radiai-briented strain from aquifer compaction was the mecﬁanismffbr faﬁi;;
activation. Reid (1973) correlated hdfiiqntalrfault displécement from t&o_
active faults in thé ﬁé$t¢rn>paft of Houston with decline of theapiezometric
surfaég; Faults in the Hqustoh;CalvestonAa:egtméy act asrhyd:olégic batriers.
Fluid;production on onevéidéfof a féult éau#es;piezopétfic surfaéé‘decline§ and
aquifer bompaciion bn_this éidé of the~fau1f7é;d no;mgn‘thg o;hér. iThis;dif-
férenéial sediment compaction is translated fo thetgurfaéé'aé differéﬁtiil land
subsidence or fault movement (Kreitler, 1977a, b). o

Fault activationiis also'attiibutable.to 0il and gas production. The
Saxet oii and gas field (figs. 22, 23) best Qemonstrates‘the interielafionship
of oil and gas production with faultingvin the:Tean'Coasfal Zone. ;Ih tﬁe
Saxet fiéld, a6 ft (2 m) scarp has appeared along a seément of the §ﬁrfa§¢
extrapolation of a regional growth fault. The active segment of this fault
lies almpst exclusively within the Saxet oil and gas'field (fig. 22). .The topo-
graphic escarpment dies out along strike away from the field; natural, geologic
activation,. therefore, is not cohsidered significant. ,Bécause thér§ is,no ground-
watei production in the area; groundfwateréwithdfawals;cannot be\respbnsible for
the moﬁement. Fault movement has occurredisince-thé Qnset‘df oil and gas pro-
duction (W.A. Price, personal communication, 1975). Leveling profiles across the
Saxet field show sharp increases in subsidence at the fault (fig. 23). Subsidencé
rates from 1950 to 1959, 0.22 ft (7 cm) per year, are approximately twice the

rates from 1942-1950, 0.14 ft per year (4 cm per year). A rapid increase
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‘Fig.l 23 Lah{l sub51denceover Sa)_clétbafll-,ax‘xjd' gas o
- field, Corpus Christi, Texas. ' Note fault control of :
subsidgnée between benchmarks WS85 and Z176.
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in gas production from shallow sands occurred from 1950 to'19$9. 0il pro-
duction, however, decreased during this period (Gustavson and Kreitler, 1976).
Production'of’shallow high-pressured gas may have led to the compaction of
the shallow gas sands on the downthrown side of tﬁe Saxet fault and subse-
Quent differential land subsidence and fault activation.

In the HouSton-Galvesfon‘area there is evidence of active faulting
associated with at least six producing fields-(Table 18) . Detailed mapping
of water woll locations and approximate pumpage shows minimal shollow ground
~ water production within the oreas of theso‘fieldsf Hydrocarbon production
‘rather than shallow gfound-ﬁéter withdrawal theréfore is considered‘the'
primary mechanism for fault activation (Kreitler, 1977b).

Even though extensive activevfaulting is occurring ioithe Texas Coastal
Zone, there has been very limited occurrence of seismic activity. Seismic -

monitoring in Brazoria County has indicated no discernible seismic noise

from fault movement (Teledyne Geotech, 1978z, b). Fault movement is considered

to be slow but continuous, a creep-type movement, rather. than discontinuous
and rapid. This continuous movement prevents a strain build. up along fault
planes.

There are, however, two documented cases of seismicity associated with

active faults in the Texas-Coastal Zone. The first was associated with an active

fault peripheral to the Goose Creek 011 F1eld Baytown, Texas.( Teacups

on shelves rattled once 1n the 1920'5 (Pratt and Johnson, 1976), - Yerkes and
Castle (1976) attr1bute th1s minor earthquake to elastic rebound along the
edge of the subsidence bowl. Some seismic activity may have been associated
with fault movément peripherol to the Saxet .0il and gas field. A man was
supposedly knocked out of the barber's chair while getting a haircut (W.A.
Price, personal communication, 1975). In both cases (Goose Creek and Saxet)
fluids were being produced at highluncontrolled rates. At Goose Creek in the

early days of production they produced more sand than o11 Rapid pressure
: 144 '
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 Table 18.
‘ - with oil and gas fields, Harris Co., Texas..

Land sﬁbéideﬁée}aﬁd Shrféce;fauit1n§';$$ociated
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SR ST . Total . , ,
‘ o : I’Producing v Production »::‘JSubsidence . Faulting
Field No.  Field Name  Horizon (m) (10 bbl) - (m) (m)
1  South Houston 1,460 39.3 (1974)2 0.3 (1942-1958)* 0. 45'(1972)5
2 Clinton 915-2,13¢2 2.7 (1974)2 9 0.7 (1972)°
3 MyKawa 1,483-2,6452 . 4;1:(1974)_2 0.5'(1942—1973)4 0.5 (1942-1973)%
4  Blue Ridge. 1,420-2, 3812 21.0 (1974) 0.2 (1942-1973) 4 0.15 (1966- 1972)°
5 Webster 1,481-2 5642_ 41.3 (1974) 9 045 (1942-1975)7
6 Goose Creek ' 1,490-1,3108 60. 3 (1926)% 1.0 (1917-1926)3 0.43 (1917-1926)3
Tsee. Figure 9 for: fie]d locations 6l(ir-e‘ﬂ:ler (1976)
: rZTexas Railroad Commission 7C1anton~an‘d Amsbury (1975)
;3Pratt.and*dohnson§(1926) s Byinor (1926)
-' ;4Nationa'l,Geokdet1c Survey '-gnot' avaﬂable REEDVES
SRetd (1973). '



reductions and mining of the reservoir may have caused the reservoir to

collapse. ; : v

Pressure declines in geopressured.reservoirs may be large and rapid
enough to generate seismic energy releases. Teledyne Geotech staff
(1978a, b) predicted maximum shearing strain in a producing geopressured
reservoir to be on the order of 10'4,,which is within the range of
non-elastic deformat1on. If the rocks at the depth of the reserv01r
-~ are brittle, then seismic. energy could be released durlng fluld produe—
tion.

It appears that as long as the rocks and faults deform contlnuously
‘n{tpere‘w111 be no straln build up Wlth 51gn1f1cant pressure drawdowns and
if the faults or sed}ments arejbrlttle, then seismic energy releases are

_‘possible.

;Eavironmental Impact of Subsidenee ahd‘Fault Activatien

The geographic locat1on of fluid product1on controls the magnltude
of the env1ronmenta1 impact of subs1dence and fau1t1ng. Subs1dence ‘and
fault activation are not critical problems until they adversely affect
' the quality of the present or future land use of a particular area.
In Harris and Galveston Counties, fluid production has caused extensive
land subsidence and has activated several surface-faults, - These: faults
intersect two airports, interstate highways at 11 different locations,
railroad tracks .at 28 locations, and pass through*ll»communitieslin'7
which more than 200 houses evidence fault damage. ALand.subsidence°in
Harris and Galveston Counties has greatly increased the area that may
be affected by future hurricane flooding;

Each incremental loss of elevation subjects more coastal land along

bays and. estuaries to complete inundation from marine waters and intermittent (;;
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1nundation from hurricane surges and unusually high tides [In‘the‘Brown
wood subd1v151on, Baytown, Texas, several houses stand 1n water. The
bUnited States Army Corps of Eng1neers (1975) estimated the minimum cost to |
relocate the re51dents of this communlty to be $16 980 000 Warren and others
'(1974) prov1de an estimate of the total property damage and loss from
marine inundation caused by sub51dence for 300 miz of the Houston-Baytown o
area surrounding Galveston Bay from 1943 to 1973 total estimated | -
mar1ne water damages from sub51dence were $ll$ million. A szx-ft (2 m) storm
surge t1de assoc1ated w1th trop1cal storm Delia 1n 1973 resulted in
sub51dence-re1ated damages est1mated at ‘more than $53 million.' Salter
water flooding 1n the Houston-Galveston area from hurricane storm surges
15 far more devastlng than flooding from a six- ft tide, as discussed ‘
by Warren and others (1974) : In 1961 Hurr1cane Carla w1th a peak flood surge
of 16 4 ft (4 8 m) flooded 123 m1 (320 km ) of Harris and Galveston Count1es
surrounding Galveston Bay. With the subsidence that has occurred between s
| Hurricane Carla (1961 and 1973), an add1t10na1 25 m1 (64 km ) of land can
be expected to be flooded (an increase in the flooding area of about 20
percent) in a hurr1cane of the same magnitude and character1stics of Carla.
The environmental: 1mpact of faulting and subsidence in Harris ‘and Galveston
‘1Counties is high because of their population density,klow elevation, and
‘proximity to the Gulf of Mexico. ‘ e

Two recent legal decisions W1ll probably have . 51gnificance ‘on- the R
socialaand environmental 1mpact5'of subsidence in1the'coastalvzone;: In an;“
uattempt:toicontrol subsidence in~thefgreateerouston-areaf(Harris and'Gal-’*~
veston Counties), the Texas Legislature in 1975 created the Harris-Galvestonr
Coastal Subsidence District w1th the power to control well spacing -and
prevent excessive ground-water pumpage (Sec. 29, Ch. 284, Act 64, Leg. 1975).

The district is presently trying to restrict ground water usage in the area
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but also to augment needed supplies by the importation of surface water.

The Supreme Court of Texas recently ruled (November 29 1978) that N
ground-water producers could be legally l1able for damages resulting from )
subs1dence, 1f the landowner s production was negligent §111fu11y wasteful
or for the purpose of malicious 1nJury (Supreme Court of Texas No. B 6682)
Texas ground-water law had prev1ously followed the doctrine of absolute
ownershlp--landowners had absolute rights to ground water produced from the1r
land regardless of the 1mpact on surrounding owners (w1th the exception of
wasteful use or an intent of malicious 1nJury) Producers are now 11ab1e 1f7
their production can be shown to be neg11gent. | J ”

The ecologicalvimpact of subsidence in the Texas Coastal Zome is not
known. Much of the zone is at an elevation relatively closewtovsea‘leuelk
The shoreline is composed of bays, estuaries and bayous. These water bodies
uare breed1ng grounds for finfish and shellf1sh populations in the Gulf of |
Mex1co. Land subsidence in the greater Houston area “should have 1mpacted
the aerial d1str1bution of wetlands and open-water sections of Galveston Bay.
The inpactkthat subsidence has had on these biologic communities mayibe |
significant, but is not known. | |

Potential Subsidence and Fault Activation from
Geothermal-Geopressured Energy Production

Production of geothermal water from geopressured aonesiin Tertiary .
Gulf Coast sediments has potential for inducing surface subsidence and for
fault activation. Estimates.of potential fault movement -and land subsidence
can be made from simple mathematical models and by drawing analogies with -
subsidence and faulting attributed to production of-0il, gas, and shallow -

. ground water elsewhere in the Gulf Coast.
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The high porosity (relatively speaking) of geopressured mudstones
creates the potential for;surface_subsidence. .Production of large quantities
of water from geopressured sandstones may permit depressuring of inter-
calated or surrounding geopressuredpmudstones and a subsequent decrease in
mudstone porosity.‘ If’pressure reduction oCcurs bthe reservoir will undergo
some compaction. Some of this compaction may be translated to land sub51dence.

Where there are no lateral barriers to a geothermal reservoir, ground-
water production may lead to reservoir compaction and subsequent land sub51-
dence over an extensive area. Most geothermal reserv01rs however, w111
probably’be‘located“betweenjnajor growth faults that may act as lateral per-
meability barriers,'VGeopressured;geothernalbfluid production‘and subsequent
pressure deClines;mav'he‘confined to reservoirs:within’fault blocks. Differ-
ential compaction of‘sediments within a fault block-may then cause fault
movement and differential subsidence at land surface. |

- In considering the potential,impact;of land subsidence and fault activa-
tion frOm'geothermal;production,;three.questions needpto be'addressed: (1) How
. much compaction of the reservoir will occur? (2) How much.oi the reservoir
'compaction,will be translated_to&theplandisurface indthe;form/ofcland sub-

sidence?andj(S)TWhat:isrthe;potential,forafault;activation?

Potential fbr Reservoir Compaction |

The potential for reservoir compaction can be evaluated using three dif-
ferent approaches (Gustavson and Kreitler, 1976) The first method estimates
.fthe probable compaction of reservoir mudstones (Am) using equation 1 (mod- |
yified from Domenico, 1972 p' 234) For a potential geothermal reservoir,
probable mudstone compactions are calculated as the products of the estimated
specific storage (S' ) the known mudstone thickness (m), and various a351gned

pressure declines QAh) (Equation 1)
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Am=S8"_hm
, s
- where "~ . m = clay thickness
A m = change in clay thickness

S'_= specific stordge, 3.3 x 10 “4p-1

_ (Papadopulos and others, 1975)
o A h = pressure dec11ne ,
7 Us1ng‘equat10n (1) Gustavson and Kreltler (1976) calculated 5 ft
to 100 ft (1.6 to 31 m) of potent1a1 compact1on in the Armstrong f1eld a
deep geopressured gas f1e1d
The second approach in est1mat1ng potent1a1 compactlon of geopressured
mudstone is to mu1t1p1y the th1ckness of mudstone in a reservoir by the

long-term decrease in poros1ty caused by a dec11ne of pore pressures (equation 2).

Am = Adm
where © . m = clay thickness
Am = change in clay thickness

Ad = change in porosity

Using these porosity decreases, the mudstone thickness for the Armstrong
wells, and equation 2, the calculated vertical compaction'fOr the mudstone
in the Armstrong Reservoir varieS'from 2.2 to 22 ft. (0.7 to 7 m); For
details of these calculations see Gustavson and Kreitler (1976).

Geothermal ground-water product1on will probably cause mudstone com-
pactron w1th1n geopressured reservoirs. The f1rst and second approaches _pre-
d1ct 51gn1f1cant1y different upper limits of compact1on because of drfferences
in the 1n1t1a1 assumpt1ons used in the calculations. Papadopulos (1975) est1-
mated the compact1on of a geopressured reservoir to be approximately 1 m by
determ1n1ng sandstone compress1b111ty and mudstone compactlon. His mudstone
vcompact1on was based on Hantush's (1960) leaky-aquifer theory Th1s theory

provides a third, different estimate of reservoir compactlon. A more accurate

150

s

-



estimate:fOr,reservoirvcompactionvwill,be;known:onlyfwhen-mudStone compressi-
bilities can be determined experimentallquithractual'core material from a
geopressured-geothermal,reservoir. The~different*approaches}=however; suggest
that some mudstone compaction shouldvbevexpected;when pore preSSuresTare
lowered significantly within: the reservoir.

| ’;Whitegand;others (1978), in an:environmental assessment-of the Brazoria
CountyzgeOthermal;fairway;estimated;surfacetsubsidence;todbe~7>inches’(17’cm)’
in the first'2;years.anda12 inches: (30 cm) after S:years.fvThese'estimates are
based only on sand compressibility and also: represent ‘the re51dua1 strain that
’hasureached;the_land,surface.: Total compaction would therefore be expected .
. tQ b‘e ,greater.- SR P R R N
poteﬁiia1’fo}‘suffa¢é73hb§£déﬁéé”

The methods for estimating potential reservoir compaction are not directly
"applicable for estimating land subsidence because the translation of compac-
tional strain at depth to land sub51dence has not been considered The
resultant strain from reservoir compaction may be partially absorbed by over-
lying sediments. Geertsma (1973) and Finol and Farouq Ali (1975) have shown
that’ for equal amounts of reserv01r compaction, land sub51dence w111 diminish
as reservoxr depths increase and as lateral dimensions of the reserv01r ;4
decrease. Although they are deep, geothermal reservorrs are expected to have
" extensive lateral dimensions.r The potential for land subsidence, therefore, ,l'
needs to be con51dered | | »77 Allk - ‘d S »; s )_

o Geertsma (1966 1973) quantified the 1nteraction of an isloated shrinking
1nclusion, the reservoir, and the overlying sediments. With Geertsma s (1966)
theory of poroelasticity and Geertsma's (1973) tables approximate values for _
land subsidence as a result of reserv01r compaction can be calculated rFor‘ |

the Armstrong field assumed to be a disk-shaped reservoir with a radius of
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30 miles (4.8 km), approximateiy.37 percent of the compaction at' the center of
the reservoir could be translated into subsidence. The potential land sub-
sidence can be evaluated by’multipiying the reservoir compaction (first and
second,approachesj by this translation percentage. Land subsidence could
vary from 1 foot (0.3 m) to more than 30 ft (10 m). ’

. The percentage of compaction translated to the surface as land subsi-
dence will probably be greater than predicted by Geertsma's (1973) equations
because of structural control in the Gulf Coast. Geertsma's (1973) equations
assume that the strain will be translated upward as an inverted cone. Because
of the fault control of the reservoir and overlying sediments the translation
of compaction strain upward may be restricted by the faults rather than spreading
laterally in the inverted cone. A greater percentage of‘the compaction may
therefore reach land surface. -

One location where surface subsidence is’associated with hydrocarbon

production from deeply-buried sediments is the Chocolate Bayou field on the

- Gulf Coast (Gustavson and Kreitler, 1976). There has been more than 1 foot

(0.3 m) of subsidence in the Chocolate Bayou oil and gas field, where pro-
duction is at depths of 8000 to 15,000 ft (2;438 to 5,000 m). bil produetion”
haahbeen from deep normally pressured horizons (8,000 ft -A12,060 ft) (2,438 to
3,962 m) whereas gas production has been from the deeper geopressured zone.
Periods of maximum rates of annual subsidence do not coincide with perioda of
maximum oil production but rather with periods of maximum_gas proouction from

geopressured hor1zons. If subs1dence results from oil product1on, then there

‘1s a lag perlod durlng wh1ch strazn is transm1tted from the produc1ng hor1zon

8, 000 to 12,000 ft (2 438 to 3 962 m) to the surface. An add1t1onal unknown ‘
at Chocolate Bayou is the br1ne product1on. Water product1on dld increase

durlng the years of dec11n1ng o11 product1on (Gr1msrud and others, 1978) If
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brine production was sufficiently high inhlateriyearS'there may not be an ‘. -
apparent lag betWeen~fluidjproductiOn’andhsubeidence.-'Sediment compaction
from-oi1,~brine,and.gaS-production from'the deep hydropressured or geopressured
horizons appears to be the cause'ofhland;subsidence.)_Land3subSidence70ver.:f
the Chocolate'Bayou_oiiiand-gae<reserroir*further;suggeSt$7thatvthe‘poSsi-*"i
bility of subsidence frouageopreSSured‘geothermalafluidfground-water'producAf
tionfshould'be~given;seriousﬂconsideratiOn;,e;

{fSurface faulting.may*accoupany land.subsidence'from:geothermal-r(u a5
geopressured energy production;1 The:geothermal-geopressuredffairways deséribed
by Bebout and‘othersh(1978) are fau1t~controlled‘ -It is-expected: that
reservoir compactlon will be fault controlled and d1fferent1a1 reserv01r
compaction will be translated upward along'thetfault surface.’ Th15‘pheno; ‘
~ menon is believed.tofbe,thenmechanism;causing:snrface’faultingpover:actively
producing oiliandvgas_fields;1 Whetherffaulting‘willvresult from differential

compaction in the. geopressured reservoir is mot known.: ..
 Subsidence Monitoring Techniques ' |

The potent1a1 of :land. subszdence and surface fault:ng isa major
.concern in large scale geothermal-geopressured fluld production.. Understanding
' _reservoir compactxon and mechanlsms of fault actlvation are important
generic studies. They cannot however, predxct precisely where and how much’

‘subs1dence will occur, Monztorzng techniques for subs1dence are the only

-:japproaches fbr accurately determrning the 1mpact that fluid: production has had

»;and w111 ‘have at land surface.f There are. two basic. approaches to surface
k_monitorrng (1) releveling of benchmarks by prec1se survey1ng techniques and

(Z)Jstrain‘meters. ,;¢ﬁ~'-'7“
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kegionai~and.Local_Leﬁeling Networks -
;A‘precise'leveling network 'is é'series 6f beﬁchmarks.that are’ tied to -
- a datum point of known elevation.. The amount of subsidence: (or rebound) is
‘determined by multipleLdeteimination'(atfdifferent times)ﬁof‘therprecise
elevation of each benchmark. - The difference in‘eleVation'representS'the*
amountwqf ;ubsidénce that has.occurred between measurements. Leveling:
surveys generally are one of two types' (l)Tregidnal’sur§ej5fthat'COVer'large
geographic: ‘areas and are des1gned to ‘measure absolute elevations, and (2)
_local nets which cover smaller areas with a greater density of benchmarks :
but are designed to indicate relative elevations because they are only -
tied'to one benchmark of a regidnal»netwofk whose absolute elevation may-
not be known at the time-of measurement. | : |
Throughout-the-Texgs Coastalizone, the'National Geodetic Survey (NGS) -
has maintained an extensive regional network of first-order and second-order
surveys. The first leveling program was a first-order:'line from Smithville
to Galveston surveyed in 1905 and_1906. In 1918, a first-order line was
established frbm Sinton, Texas, fé New'ofleans, Loui;£a;a. During the period
between 1932 and 1936, several other first- and second-orderllihes were |
established, and the two original lines were releveled. In 1942.and<1943,
a large number of second-order lines were established and most of the older
lines were releveled. Following the leveling program of 1942-1943, subsidence
in the Houston area:wa5<firs;,documented.a‘Subsequently,:releveling surveys -
were completed in_1951,31953-545:1958-59, 1964, -and 1973.. These surveys clearly
establish the- extent and-amount of subsidence in the lower Texas coastal plain.
Additional .surveying has been done by ‘the -U.S. Geologicalishrvey,,variousr
agencies in the Houston area, and théuTexas Highway Commission%inbthelKings-v

ville, Texas area (Lofgren, 1977). The most recent regional leveling program
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\
was conducted by the National Geodet1c Survey (for u. S Department of Energy)

from Houston to Corpus Christi. This benchmark network was to establ1sh .
;absolute elevations over all prospective geothermal-geopressured fairways

1n the Texas Coastal Zone.wé ‘ N » ‘ 7

’ A critical problem with reg10na1 leveling networks is ty1ng the regional
fﬁnetwork to a datum where the absolute elevation 1s known. For the most
recent NGS level1ng 1n the Texas Coastal Zone (1978) the survey was. t1ed to
Austin, Texas for a stable benchmark Lofgren (1977) suggests that leveling
surveys could frequently t1e to tidalvbenchmarks and this mlght allevrate the
problem of tying to stable benchmarks far from the area of interest.t In the
Texas Coastal Zone there are over 100 t1dal stat1ons., Robert Gabrysch (usGs
Water Resource DlViSlon, Houston, Texas) 1s investigating the use of t1da1
:gauges as controlled datum p01nts.f Precision 1s expected to. be w1th1n ’
0. 1 ft [3 cm) : This precision may be sensitive enough for subsidence studies
in the greater Houston area, but may not be sufficient for base level subsr-
dence or subsidence from a geothermal geopressured field where ‘amounts of
subsidence are expected to be less than in the Houston area. . L v

S General locat1ons of t1dal stations and NGS benchmarks are prOV1ded
vby Lofgren (1977) Van T11 (1978) describes 1n deta11 techniques for estab-
‘ ,.lishing releveling networks for subsxdence resulting from geothermal operat1ons.

~ Other Surface Monitoring5TechniQuesifa?"4;

Benchmark relevel1ng netuorks’arehvery worthwhile but do have thelr .
| ,limitations. They are expensive, prov1de a limited amount of data, and can
only be resurveyed every couple of years.: If 51gn1ficant detr1menta1 sub51-l
4’dence results from f1u1d production, a releveling program measures what has 5-

already occurred and in some cases after the env1ronmental damage has resulted.

~In env1ronmentally sensrtrve areas more rap1d response monitoring techniques
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?are'needed. Tiltmeters and strain gauges may be the most suitable alternative B
to benchmark releveling techniques. . '7 v | | o/
Straln gauges (tiltmeters and horizontal strain gauges) measure rota-

tions or tilts of the land surface. Sub51dence generally 1s not un1fbrm over
'ta fluid-producing, compacting reserv01r. Sensitive tiltmeters are capable of
measuring very slight variations of subsidence as land t11t. Tiltmeters can
measure rotations as sensitive as approximately 1 second of arc (Van Tll
,1978) Dav1s and others (1969) have shown excellent correlations between
“head decline from shallow pumping wells and surface strain gauges measuring
land tilt. Small tiltmeters and strain gauges, Wthh measure t11t in a
relat1ve1y small area (a few meters) have 1ntr1n51c problems that may be
unacceptable to” monitoring subsidence from deep geothermal-geopressured fluid
product1on. Most electronic surface strain gauges have a problem of electronic
drift (i.e. the meter over t1me 1nd1cates movement although there is nome).

The translation of strain from a deep compact1ng geopressured reservoir to

the surface probably w111 not be 1nstantaneous.‘ The use of surface strain
meters devices‘that’havé'electronic drift would undulykcomplicate monitoring.
Also, compaction‘at'depth otigeopressured reservoir may'not translate to

the land surface as differential sub51dence in the small area be1ng mon1tored
by the meter. The d1fferent1al sub51dence will probably occur over a large
area and not be detected by the meter.

Multiliquid tube t1ltmeters may resolve the prev1ously stated problems.

L1qu1d tube tiltmeters are non-electrlc and therefbre do not have the elec-
tronic drift problem. The multiliquld approach prov1des a correction for
ambient temperature gradients along the tubes (Huggett and others, 1976)

The length of the tubes can be up to 1 km long.z D1fferential subsidence should
be measurable in that distance; A multiliquid tiltmeter has been 1nstalled at

-

the Pleasant Bayou ‘test s1te and is discussed in more detail under Ong01ng

Programs. o 186 7



" Ongoing Programs Related to Geothermal-Geopressured =
Fluid Production o :

Three current research programs at The Univer51ty of Texas address .
env1ronmenta1 problems associated with the development of geopressured-
geothermal energy. The Bureau of Economic Geology_is mon1toring_subsxdence,‘
air and water quality, noise,;ecosystem quality, and microseismicity at the
PleasanthBayou;No,»l,geopressured:geothermaltest‘well in Brazoria County.
BEG“is'also‘preparing to undertake environmental analyses offtwo potential
test well 51tes in DeW1tt and Harris Counties.yé

(1) Sub51dence Monitoring Program -

The National Geodetic Survey in 1978 completed a levelinginetwork of
benchmarks from Houston to Corpus Chiristi. This benchmarhinetwork crosses .
several geothermal fairways, Pleasant Bayou fairway; Matagorda fairway,

Corpus Christi fairway, and the Chocolate Bayou field. The‘level”lines
across the geothermal fairways are located along lines where there had been
| prev10us’surveys; Estimates of levels of non-geothermal induced subsidence
are being determined A

(2) Pleasant Bayou Env1ronmenta1 Monitoring

- The Pleasant Bayou monitoring study is de51gned to address all major
environmental impacts that may arise from production ‘tests at the drill site.
The study is developing base line data banks for air’ and water quality (both
surface and ground water), noise, subsidence ‘and microseismicity. -

The National Geodetic Survey has recently completed a releveling of
: vertical control benchmarks in the Pleasant Bayou area and has ‘tied their lines
to benchmarks at the test well site. Teledyne Geotech has completed a Lo
~."re_gionalnloop (18fmiies):and a closely;spaced net of level“lines-around the
well site. Additional releveling surveys will follow after fluid praductioﬁ"5

- begins.
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Dr. James Dorman, Geophysical Laboratory, The Un1versxty of Texas at.
Galveston, will install a 1 km long mu1t111qu1d tube tlltmeter on a rad1us ' iﬁ;
outward from the test ‘well, Sen51t1V1ty of ‘the 1nstrument is expected to
be in the ordér'of'l'mm; Differential subsidence or t11t of the land surface
w111 be recorded, if it occurs. h ' "V

Teledyne Gedtech is conductiug microseiémic'surveyé’of:thctteStNucli
area. Using a network of five geophoﬁeé,‘évcnts'of méghitudexoliS.to‘O are
curréntiy recoghiied;’;To avoid surface noise from traffic éndubipeliﬁes; the
next generation survey will have geophoncsrct the bottoms of 30 m‘decp;holes.
In this configuration the monitoring network uilijdctéct.ereutc offmagni-
tude -0.25 to -0.5. | | e

(3) Compaction'Measurements on Texas Gulf Coagt
Sandstones and Shales

The purpose of this study is to evaluate the effect of pore pressure
declines from geopressured-geothermal water production on porosity and permea-
bility of the shales and sandstones associated uithua oroducing&reservoir..
Potential probléms generated with a loss of porosity and permcability are
(1) decreased reservoir efficiency, (2) nonruniform deformation of the over-
burden that will induce shear stresses and may reactivate growth faults, and
(3) land surface subsidence. |

Deformation of geopressured shales and sandstones will be cccomplished
through a'seriés ofjtriaxial and hydrostatic tests at varying temperatures
and pore pressures in an attempt. to simulate'geopressured-geothermaI‘conditions.
Core from the Pleasant Bayou test well will be used to evaluate rock compressi-
bility. This work isibeiug conducted by Dr. Ken Gray and Dr. William Thomp-
son of the Center for Barth>ScienceS-and Eugineering~of,1he,Universjty of -

Texas at Austin.
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4) Compaction and subsidence modelling on Texas Gulf L
Coast geopressured sediment ‘

l"Compressibility data obtained in the compaction pfogram’pfeViously
kdiscussed w1ll be input into a' modelling effort to predict compaction and
sub51dence at the Brazoria Fairway test well site. This work is being con-
ducted by‘Dr.-Ken Gray~and Dr. William Thompson of'the'Centef’for Earth
Sciences and Engineering. | | » ‘

Ptoject élan
' Programs to more definitively evaluate potent1a1 env1ronmental problems

of subsxdence and faulting resulting from geothermal-geopressured energy
production are categorized 1nto the fbllow1ng 51x groups' (l) Sub51dence
monitoring, (2) seism1c1ty monitoring, (3) mechanisms of sub51dence and
' faulting, (4) 1mpacts of subsidence on biologic systems, (S) impacts of

sub51dence on economic and soc1a1 systems, and (6) methods of measurement

of crustal elevation change and reserv01r compaction. -

(l).subsidencé'MOnitoringh |

-YBenchmarkimOnitoring'to?determine baCkgrOund,7non-ge6therma1; subsi-
= den‘ce,.and "henchmark monitoring over producing’ geo'thehnal'-‘geopressured 1feset4
:uoirs‘ate;the most critical aspectrof.subsidence/faulting aspects”offthe
enVimonmentalfplan.¥ﬁ0n§oing'pf0gmams-are'presently identifyinémthe_regional
,'componentﬁofnsubsidence}"A high density'networkfof benchmarks at the'Pleasant
Bayou prospect have been 1nstalled and leveled - After fluidfproduction at
the test well has been operational for approximately 1 year the bench-~
. marks ‘over the field should be relevelled 1f other*fairways ‘are considered;

the’testing~or fullﬁscalevproduction~benchmark networks need to be éstablished.
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(2) SeiSmicity Monitoring

~ Continued monitoring of microseismicity at test well sites and other
localities. is needed.l Additional infbrmation is needed to determiﬁe»whe;her
there‘isrpresentlybany natgral seismic activity in the Gulf Coast. Deep
oil and gas field and large fluid injection programsnshould be ﬁonitored
to determine if microseismicity is associated wftﬁ these'operations. Micro-

seismicity needs to be monitored at all test well operations.

(3) Mechanisms for Subsidence and Faulting

The potential of landAsubsidéncé'from geoprééguiedﬁgeothermél energy
production is cohjeétufe at this time. ‘Thefe is préséntly no iarge?sééle”
watér‘prbduétionifrom fhé;gebpreésured‘zones; Subsidence meésurements:ovetx
geopressured gas'fieldé are complicated by oil and formatioﬁ;wafér production
from tﬂe Hydtopreséﬁred zone (e;g;; Cﬁqcbléte Bayou field); There is no |
definitive case of known subsidence from the fluid prbduéfiéh‘from the
geopressured zone. Three approaches canbbé.taken to evaluéte the pfoblem:
09) cdnstruct-a ﬁigh-yield well in the geopfessured zone, produce it to see
if subsidence resu;ts, (2) conduct compressibility studies Qf,sediments from
geopressured zone, and (3) draw analogies to subsiding areas resulting from
fluid production. . | |

All three of these approaches have been or are being uséd,in‘evaluating
subsidence potential in the Texas Gulf Coast. (1) A well has-beén drilled |
at the Pléasant Bayou site and land surface is being monitored for crustal
elevation changes. (2),The,Center fq:,Earth Sciences and.Engineering,is
conducting cqmpressiﬁilitydtests on core from the Pleasant Bayou site and
predicting subsidence,lﬁnd (3) studies of analogous subsidence from .ground
water, and oil and gas production have been made (e.g., Gustavson and Kreitler,

1976) . These studies hopefully will resolve the major questions.
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(4) Impact of Subsidence»on Surface'Ecosystems
The geothermal-geopressured fairways in the Frio underlie bays, es-
tuaries, and bayous of the Texas Gulf Coast The bays and estuaries are the
‘breeding grounds ‘and nursery for the fish and shellfish populations in the |
,Gulf of MGXICO.. Much of the subareal land has an elevation below lS ft (5 no;
" Broad, regional land subsrdence from geothermal-geopressured water production
fcould srgnificantly alter the ecosystems in these lousland areas.i Biologic
assemblages may have adapted ‘to certain depth ranges. Optimum circulation 77
of nutrients in bays and lagoons may be controlled by bay depth Regional
changes of elevation could 51gnif1cant1y alter the ecosystems in these low-
lying areas particularly for the short term and possibly for the long-term.
Two ‘research’ programs are recommended The 1mpact of the subsidence f

 on coastal ecosystems can be determined by (1) ecosystems studies of coastal
water bodies in areas of severe subsidence and . (2) by determining the geo-
graphic area affected The.land aroundtClear:Lakevon«the-countyxline'between
,Harris and Galveston Counties, Texas and Galveston Bay in. ‘the Baytown, Texas,
area have both subsided ‘over . four feet 1n the last thirty years.. These areas
would be optimum field areas to study ecosystem changes resulting from subsi-
dence.g Critical questions to be addressed are : (l) how-have biological
kwcommunities responded to. depth of water changes? and (2) what are the short-term
bdversus long-term effects? The geographic area of. low-land ecosystems also -
: needs~to be determined If the amount of wet lands to be impacted ‘is rela-
v;tively small the, regional impact is small If the area is large, the regional
‘impact may be 51gnif1cant. A quantitative study ofvthe amount of land that o
would change ecosystems from given amounts of subsidence is needed.: How much:

raland with a given amount of subsidence would convert -from ‘coastal prairie

to’uet-land”orﬁhow,much_weteland.to,bay andgestuary.:;These’are critical
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problems that could affect the gross'productiVity of these low lands.

(5) Econemlc lmpacts From Suhsjdence 7

o 'Few studles hare been maderthat document the'soclal_and,ecenomic'effects
of suhsidence lntthe'Gulf Ceast. The work ovaarren.and others (1974) docu-
'mented the costs of one small area from one small storm 1n the Galveston Bay
. area. Kre1tler (1977) calculated the area that would be 1nundated by a
hurr1cane flood surge. Kre1t1er and McKallps (1978) counted the number of
houses damaged by active surface faultlng No attempt has been made to
calculate the f1nanc1al 1mpact of sub51dence 1n the greater Houston area.
Calculatlons of thls type need to 1nclude loss of land values due to complete
1nundat1on and 1ntermed1ate damage, loss of structures (houses, bu1ld1ngs,

br1dges, etc.) and the cost to local, state, and federal governments.

(6) ‘Indirect Measurements of Reservoir Compaction

Reservoir compaction is the prime unknown which will determine if
subsidence will be a critical problem. Potential compaction can be estimated
by compressibility testing of core samples. Actual‘COmpaction will be
measured at the borehole through radioactive bullet studies. Indirect geo-
physical measurements'provide a third approach at measuring compaction/subsi-
dence. Releveling networks and ‘tiltmeters (as described'in'"Ongelng Research")
measure the end product of compaction, subsidence. :

Gravity surveys'may-be‘an'additionallappreach to’Stuinng:compaction
in geothermal-geopressured reservoirs. In areas of fluid withdrawals, changes
in gravity measurements may result from either fluid withdraWalﬂand compac-
tion or land subsidence, Gravity measurements will decrease’with compaction’
and increase with subsidence. Gravity is capable*of’measuring‘subsidence on the

order of a few centimeters. Gravity meastrements at Wairakei geothermal field, —

e
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New Zealand, have shown signifieant negarive grayity;changes.beneath the
esubsidence bowl (Hunt,.i970); o ‘7 |

. It is recommended thee‘a gravity study be initiated for the Pleasant
Bayou geothermal-geopressure&frest site. ~A%two¥phase program should be
instituted: (1) Review oldﬁgravityfsurveys through the Pleasant BayouAarea
and possibly other oil production areas where tbere have beenAmultiple sur-
~.wveys. (2) Conduct gravity‘Surveys before -and after test prOduction at the
Pleasant Baydu site. Before'phase 2 is conducted, the applicability
‘of this technique for evaluating mass changes from deep geopressured product1on
should be evaluated. A gravity measurement is ‘an averaged value of grav1ty
‘ for,the'sedimentary column beneath the meter. -The~grav1ty‘change from one
meter of‘compacfion at 15,000’fr (5006 m) may be below‘the'sensitivity of the

gravity meter.
Cost Estimates for General Tasks

1. 'Subs1dence Monitoring - Lo T8 75,000
| '(deta11ed network over one field with survey befbre
~and after produetion) |
2. Seismic Monitoring'- : *»H“e S ~f‘~; I ST 125,000
(detalled m1croseism1c monltoring one f1e1d for
" one year) | :
3. Gravity Measurements P e- e :' 'v'-ka"‘ 50,000 e
:f(deta11ed network over one field with survey befbre and
safter productlon) \ '
'A4. fSub51dence Impact-onkEcosystemsj'l'vvf i 'f'*“n7;;‘755000“"

5. Economic Impacts L i o 100,000
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Ecosystem and Air Quality Workshop

The purpose of the Ecosystem and Air Quality Workshop was to discuss
the potential environmental impact from geothermal-geopressured fluid
production and disposal and the monitoring programs necessary to insure
environmental quality,

. Potential air quality problems are releases of HZS~ana its subsequent
and NH, releases. It was felt that fluid reinjection would

2 3
reduce potential for releases. Because of the variability of water quality

oxidation to SO

from geopressured reservoirs, it is impossible to predict what air quality
problem will result from a specific operation. Also the establishment of
,.additional‘air quality networks in the Texas Coastal Zone for monitoring:
ambienf conditions is not needed because of a satisfactory network. already
in operation. At each test facility an air quality monitoring station
should be established. |

The panel agreed that major ecosystem problems could result from land
subsidence and‘the surface release of dispo;al fluids. Subsidence could
alter shorelines, cause changes in wetland areas, cﬁanges in circulation
patterns in the bays, and convert prairie land to marsh land.

Surface disposal of geothermal fluids could significantly impact the
ecosystems into which the fluid is disposed. Altering the temperature and
salinity regime of a lagoon or estuary would impact the ecosystem. The
input of}trace toxic elements might be fatal to specifiC-species;_‘Long-
term inputs of sublethal concentratibns might impact the overall ecosystem
by affecting reproductivity, growth rates, and general vigor of different
species.

It was cbncluded that reinjection of spent fluids was environmentally
far more acceptable than surface disposal. The following list includes
the participants in the Ecosystem and Air Quality qukshop.
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Mr. S. Marshall Adams

Env. Sci. Div.

Oak Ridge National Lab '
Oak:Ridge, Tennessee 37830 "«

Mr. John L. Anderson- -~ -
Texas Air Control Board
8520 Shoal Creek Blvd.:
Austin, Texas 78758

Mr. Charles Boardman
CK GeoEnergy Corp. - e
5030 Paradise Rd., Suite A103
Las Vegas, Nevada 89119

Mr. Steve Frishman

‘Texas Environmental Coa11t10n
-P.0. Box 1116

Port Aransas, Texas 78373 .

Dr. Thomas,Gustavson '
Bureau of Economic Geology

The University of Texas at Aust1n .

Box X :
Austin, Texas 78712

Mr. Steve Hanson

Sierra Club

14734 Hornsby Hill
Austin, Texas :78734 .

Mr. H.W. (Bill) Hoffman

=: Mr. Craig A. McMahan

Texas Department of Water Resources ,

1700 North Congress
.Austin, Texas 78711

Mr. Allan Jelacic

Division Geothermal Energy
U.S. Department of Energy
Washington, D.C..

Mr. B.D. King, III :
‘Resource Protection Branch

Texas Parks ‘§ Wildlife Departmenty"

- 4200 Smith School Road
Austin, Texas 78744

Dr. Charles Kreitler
Bureau 'of Economic Geology :

Box X« il
vAustin, Texas 78712

Ms. Maryann McGraw

Bureau of Economic Geology ,
The Univers1ty of Texas at Austin
Box X ,

Austin, Texas 78712

Texas Parks and Wildlife Dept.

4200 Smith School Road
Austin, Texas 78744

" Mr. Jim Morrow -

Railroad Commission ofkTexas

P,0. Drawer 12967

Austin, Texas 78711j

‘Mr, Scott Murray
"'Central Power § Light Co.

Bos 2121

" "Corpus Christi, Texas

Mr. Faust R. Parker, Jr.
The University of Texas

“Marine Science Institute

Port Aransas Marine Laboratory

Port Aransas, Texas 78373

Mr. John W. Parsons

National Coastal Ecosystem Team/USFWS

‘Bay St Louis, ‘Mississippi

‘Mr. James H. Ratterree

U.S. Fish and Wildlife Service
U.S. Post Office Bldg.
Courthouse, Room 229

' Galveston, Texas 77550

Mr. M.C. (Clay)'Rushing
General Crude 011 Co.

"~ P,O. Box 2252
‘:fHouston, Texas 77001

Mr. Mills Tandy

- Coastal Management: Program
- RPC, "Inc, ,
71705 Guadalupe
j Austln, Texas

V_Mr. Mel Waxler

- Railroad Commission of Texas

"~ 611 South Congress

o Austin, Texas 78704 -

The University of Texas at Austinfr ZL,;L

Mr. W1lliam White

" Bureau ‘of Economic Geology
* The Un1versity of Texas at Anst1n
v Box X

Austin, Texas 78712
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Subsidence, Faulting, and Seismicity Workshop

The pdfpose of the Subsidence, Faulting, and Seismieityvﬁorkshep was-

to discuss the potent1a1 of these phenomena resulting from large-scale geo-
thermal-geopressured energy productlon. The following outllne summarxzes~
the areas of d;scu551on. | 7
A. Nature end‘éxtenf4of.petentia1 geothefmal-geopreesufed eneigy'.
development in Texas Gulf Coast - . T
B. Environmental Impacts
1. Subsidence.. |
2. Faulting |
3. Seismicity
C.e-Mecﬁanisﬁs of Sﬁbsideﬁce, Faulting; Seismieityﬂr
1. Subsidence
e. eompectien
b. translation of compactional strain to 1and'eurface
2. Faulting
a. geologic mechanisms of moveﬁeht-
b. man-induced mechanisms of movement
3. Seismicity
a.A natural seismicity
b. man-induced seismicity
c. menitoring techniques

D. Legal and regulatoiy considerations

Several general conc1u51ons were reached The pOtential for subsi—,
dence from large-scale geothermal-geopressured f1u1d product1on is very real

The location of geothermal geopressured fairways in env1ronmenta11y sen51t1ve

coastal areas makes the environmental problems more critical. .. .
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J;lhehbehauiorboffshales‘and‘sands:composing the’reservoirs are not
understood. The problenm o£~whether'sha1e~compaction will occur is dependent
on their porosity and whether there will be adequate drainage of the shales
once there are 51gn1f1cant pressure declines in the reservoir sands. It was
suggested that microfracturing of the shales (by hydrofracting) would permit
drainage of the shales. Several participants commented that we. don't
understand the rheological character of sediments at these temperatures and
pressures Rock samples at the surface may be rigid and. brittle but in
places (at several thousand feet below land surface) they may defbrm plas-
tically, Because of this difference in the rheological character of deeply
buried sediments the comparison of subsidence potential of geopressured
‘reservoirs to shallow ground water aquifers or deeper-oil;and-gas fields may
not be analogous. S -

| Seismicity from either large-scale production or reinJection of geo-
thermal fluids was con51dered as a definite possibility. Depressuring of the
reservoir may alter the rheological ‘nature from being able to‘deform plas-
tically to rigid sediments which would deform by brittle failure. It was.
felt that reinjection might 1ncrease pore pressures on: fault zones and sub-
: sequently cause fault movement. |

It was agreed that the best safeguards from environment‘damages resulting

from subsidence, faulting,and seismicity were surface monitoring programs.
It 1s critical that adequate subsidence monitoring and seismic monitoring
programs be maintained 1n the geothermal production areas. The fbllowxng

list includes participants in the Subsidence, Faulting,and Seismicity Workshop.

167



PARTICIPANTS IN SUBSIDENCE, FAULTING, SEISMICITY WORKSHOP

February 21,

Dr. Don Bebout
Bureau of Economic Geology

The University of Texas at Austin
Austin, Texas 78712 -

Charles Boardman

C.K. GeoEnergy Corporat1on
/5030 Paradise Rd. g
Suite Al103

Las Vegas, Nevada 89119

Leon Byrd v
Texas Department of Water Resources
- Stephen F. Austin Bldg. -

Austin, Texas 78711

Dr. H.C. Clark
. Department of Geology
Rice University
Houston, Texas 77001

Dr. Andre P. Delflache
Department of Civil Eng1neer1ng
Lamar University

Beaumont, Texas

Dr. James Dorman
.Institute of Marine Science

The University of Texas at Austin
~The Strand, Galveston, Texas 77550

Graham Fogg

Bureau of Economic Geology

.-The University. of Texas at Austin
Austin, Texas 78712

Robert K. Gabrysch

U.S. Geological Survey -
2320 LaBranch Street
Suite 1112

Houston, Texas 77004

Dr. Thomas Goforth
Department of Geological Sciences
Southern Methodist University
Dallas, Texas 75275
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- Dr. Ken Gray '

‘Department of Petroleum Eng1neer1ng
The University of Texas at Austin
Austin, Texas 78712

Ray Gregory
Bureau of Economic Geology

The University of Texas at Austln-'i

Austln, Texas 78712

Dr. Thomas Gustavson

Bureau of Economic Geology

‘The University of Texas at Austin
Austin, Texas 78712

Ms. Peggy Harwood
General Land Office
1700 N. Congress
Austin, Texas 78701

Dr. Eugene Herrin

Department of Geological Sciences
Southern Methodist University
Dallas, Texas 75275

Dr. Claude Hocott

Department of Petroleum Eng1neer1ng
The University of Texas at Austin
Austin, Texas 78712

Allan Jelacic

Division of Geothermal Energy
U.S. Department of Energy
Washington, D.C. .

Dr. Charles Kreitler

‘Bureau of Economic Geology

The University of Texas at Austin
Austin, Texas 78712

Dr. Gary. Latham
Institute of Marine Science
The University of Texas at Austin

The Strand, Galveston!‘Texas 77550

Ben Lofgren
'Sacramento, California

Dr. Robert Loucks

Bureau of Economic Geology

The University of Texas at Austin
Austin, Texas 78712 -
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- Jim Morrow

.Railroad Commission of Texas
P.0. Drawer 12967

Austin, Texas 78711

Ron Neighbors

Harris-Galveston Coastal Subsidence District
P.0. Box 58849

Houston, Texas 77058

Terrance L. Simkin

Laurence Berkeley Laboratory
University of California
Berkeley, California 94720

Charles G. Smith
Baton Rouge, Louisiana

Dr. G.G. Sorrells
Teledyne Geotech
3401 Shiloh Road
Garland, Texas 75040

Mills Tandy

Coastal Management Program
RPC, Inc. '

1705 Guadalupe

Austin, Texas

Howard Taylor

Texas Department of Water Resources
Stephen F. Austin Bldg.

Austin, Texas 78711

Dr. William Thompson

Department of Petroleum Engineering
‘The University of Texas at Austin
Austin, Texas 78712

Ms. Barbara Turner

Earth Science Associates
701 Welch Rd.

Palo Alto, California 94303

Mel Waxler

Railroad Commission of Texas
P.0. Box Drawer 12967
Austin, Texas 78711

Bill White

Bureau of Economic Geology

The University of Texas at Austin
Austin, Texas 78712
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