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o FOREWORD (U)

L

) This report documents studies funded by the Naval Civil

h{" Engineering Laboratory, Port Hueneme, Calif., on potential

o geothermal energy use at three East Coast naval

}:\ji installations: the Naval Air Rework Facilities, Norfolk,

s Va., and Jacksonville, Fla.; and the Naval Shipyard,
: Charleston, S.C. The work reported, which was conducted in

:::.} 1983, includes geological and geophysical studies of the

a9 Norfolk, Jacksonville, and Charleston areas and engineering

N and economic evaluations for the siting of geothermal

=3 systems. Of the installations considered, the Norfolk and

= Jacksonville facilities are identified as potentially

{ feasible for geothermal use.
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é INTRODUCTION

:ﬁ . The Department of the Navy's energy program has three major

;% objectives: (1) to ensure that adequate energy supplies are available

to sustain peacetime and combat operations, (2) to improve the energy
efficiency of the shore establishment and operating forces, and (3) to
substitute more plentiful energy for natural petroleum where cost
effective.

o

~ R e

The Facilities Energy Research and Development Program is a major
part of the Navy's efforts to find solutions to energy problems. This
. program focuses on energy technologies being developed outside the
R Navy (e.g., by the Department of Energy and by industry) for the
B X purposes of adapting those technologies to Navy use and of making the

' Navy an informed customer of energy conservation and energy source-
" substitution technologies. It is important that facility engineers be
¥ able to evaluate the costs, benefits, and risks of implementing

{‘ existing and future technologies in the naval shore establishment. Y
'l'},

N Integral to the Navy effort is the geothermal energy R&D program

¥, that was established to verify geothermal resources on Navy lands and

byl to evaluate risks and benefits associated with their development. The

Naval Weapons Center, China Lake, acting for the Naval Civil Engineer-
ing Laboratory, has been designated the lead laboratory for the Navy
& geothermal program. This report documents geothermal R&D investiga-

o tions of three East Coast naval facilities.

>4 In an earlier survey of Navy and Marine Corps installations on the
B Atlantic Coastal Plain, the Applied Physics Laboratory (APL) of Johns
Hopkins University, Laurel, Md., identified facilities in Norfolk,
Va., north-central Florida, and Charleston, S.C., as potentially
feasible for development of geothermal systems (Naval Weapons Center,
1983; Johns Hopkins University, 1982).

The present report contains studies prepared by Virginia Poly-
technic Institute and State University, Blacksburg, Va., on the
geophysical and geologic aspects of geothermal energy potential for
e the Norfolk, Jacksonville, Fla., and Charleston areas.

¥ The report also contains summaries prepared by APL of the engi-
rﬁ neering and economic factors affecting possible use of geothermal
t. energy at the Norfolk Naval Air Rework Facility (NARF); the Jackson-
ville NARF; Cecil Field Naval Air Station; Naval Training Center,
Y Orlando; the Charleston Naval Shipyard; and the Polaris Missile
. Facility Atlantic, Charleston. The Norfolk and Jacksonville NARFs were
? identified as the two installations best suited for geothermal energy

use. The report contains economic analyses developed by APL for
possible geothermal systems at these facilities.
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GEOPHYSICAL AND CEOLOGICAL ASPECTS OF GEOTHERMAL
ENERGY POTENTIAL AT NORFOLK

a) Geologic framework.

The crystalline basement rocks cf eastern Virginia are over-
lain by an eastward-thickening wedge of relatively unconsolidated
sediments beneath the Atlantic Coastal Plain. The line of onlap,
or fall line, extends in an arc from Alexandria through Richmond,
Petersburg, and Emporia. Directly west of the fall line, the
exposed Piedmont comprises the Richmond Triassic basin, the Pre-
cambrian Goochland Terrane, and the Paleozoic eastern Carolina
slate belt. East of the fall line, some of these lithologies
continue beneath the Coastal Plain sediments; in addition, rock
types not exposed in the Piedmont also occur, as described below.
In a few localities, drill holes that penetrate the basement sur-
face provide definitive evidence of the lithologies present.
Over broader areas, lithologies car be inferred from geophysical
data.

It is the relatively unconsolidated sediments beneath the
Atlantic Coastal Plain and above the relatively impermeable pre-
Cretaceous basement rocks that are of interest for the evaluation
of geothermal energy potential. Although data about permeability
are scarce, the pre-Cretaceous rocks (including Triassic basins)
are believed to be too impermeable for geothermal applications.
Brown (1972) divides the unconsolidated sediments into two seg-
ments: a northern segment that extends from Long Island, New
York, through North Carolina, and a southern one that includes
South Carolina and Georgia. For descriptive purposes, the seg-
ments can be further divided into Mesozoic and Cenozoic sedimen-
tary rocks. In the northern segment the sediments have been
divided into 17 regional chronostratigraphic sequences, 9 of
Mesozoic age and 8 of Cenozoic age. Brown and others (1972) com-
piled a series of structure maps and a series of isopach-lithofa-
cies-permeability-distribution maps.

There are three general depositional systems that can be
recognized in the basal Atlantic Coastal Plain sediments: non-ma-
rine, marginal marine and shallow marine. Non-marine deposits
are characterized by relatively high sand/clay ratios and compa-
ratively small sand bodies which tend to be physically adjacent
so that they often form large, composite aquifer systems. Margi-

nal marine deposits have relatively less sand, but tend to form-

large sand bodies that are more isolated from each other by clay
deposits than are non-marine sand bocdies. Shallow marine depo-
sits have even lower sand/clay ratios but larger and more iso-
lated sand bodies than marginal mar:ne deposits. Generally, the
basal Coastal Plain units tend to be more non-marine at the north
and west, and more shallow marine at the east and south. Also,
depositional systems often change -ertically in the sedimentary

section. There are few drill ho.es that penetrate the basal
units. Electric logs from these holes indicate that there are
several potential aquifers 1in these units. We have used

VIBROSEIS reflection seismic data <o evaluate the use of such
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data for the determination of the areal extent of potential agqui-
fers, and to explore for potential aquifers in areas where there
are no drill hole data.

b) Thickness of Coastal Plain sediments.

In the northern segment of Brown (1972) the maximum depth to .
the top of basement is about 3 km (10,000 ft) below mean sea :
level at Cape Hatteras, N. C. (Brown and others, 1972, Plate 5).
In the southern cne, the maximum depth to the top of the pre-Cre-
taceous surface is about 2100 m (7,000 ft) below mean sea level .
in Seminole County, Georgia (Brown and others, 1979b, Plate 3A). X

In the Portsmouth - Norfolk area, the thickness of the Coas- -
tal Plain sediments increases from approximately 600 m (2000 ft) '
near Portsmouth to about 900 m (3000 ft) at Virginia Beach (Glea-
son, 1982). One Norfolk well-log, VA-T-12, is reported to bottom
in impermeable rocks at 2567' in Cretaceous/Jurassic(?) clay

(Brown, 1972). Another older well-log from Ft. Monroe, Va.,
reports penetrating crystalline rock at 2,243' (Cederstrom,

1945).

A structure contour map of the basement surface is shown in
Figure 1. The nrearest hole (C25A west of Portsmouth) to base-
ment, drilled 13 km northwest of Portsmouth encountered basement
at 555 m (1820 £t).

c) Intrinsic permeability and other hydrologic properties.

Intrinsic permeability, k, is independent of fluid proper-
ties, and depends only on the medium. It is a fluid-free cconduc-
tance parameter that depends on mean grain diameter, distribution
of grain sizes, grain sphericity and roundness, and the nature of
packing.

Relative intrinsic permeabilities of the Mesozoic and Ceno-
zoic aquifer systems of the Atlantic Coastal Plain from North
Carolina to Long Island, New York are summarized in Tables 1 and
2 from Brown (197%a). The oldest (deepest and therefore hottest)
aquifer system is designated 'H' by Brown and others (1972). The
deepest aquifer systems have low to moderate intrinsic permeabil-
ities, but pump test data are lacking.

Brown and others (1977) have regionally estimated the rela-
tive intrinsic permeability of Coastal Plain sediments by using
sand/shale ratios as interpreted from geological and geophysical
well data. Brown and others (1972) hydraulically tested Brown's
(1972) unit F at Norfolk. These tests measured a hydraulic con-
ductivity of 3 X 10° m/s, a storage coefficient of 1.5 X 10°¢,

, and a transmissivity of 770 m3/d-m for the whole unit. Specific
‘ sections have transmissivites ranging from 1540 to 498 m3/d-m.

@ The hydraulic data serve to calibrate relative intrinsic perme-
3 ability of Brown and others (1972) for Norfolk. Brown's 'moder-
N ate' category compares to the reported ranges of hydraulic

I R P
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STRUCTURE CONTOUR MAP OF BASEMENT
SURFACE BELOW NEW JERSEY - VIRGINIA COASTAL PLAIN

e 0 . 30 0 30 Mites
P e

] 0 L] 80 Kilemeters
P e

Y
N
o
-
- s
CONTOUR INTERVAL: 300', deshed where
inforred
MEAN $EA LEVEL OATUM
® DRILL-WOLE DATA
& SEISMIC DATA
J EOGE OF LOASTLL PLan
i
”._+“ . - +—."’
= S A

Ponsﬁ\outh

Figure 1. Structure contour map on the basement surface in the
Portsmouth, Va. area. (From Gleason, 1982) '
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Liruslogic facies and relative intrinsic permeabilities
for Masozoic aquifer systems, Atlantic Coastal Plain,
North Carolina to Long Island, New York (from Brown,

e 1979. . |
Aquifer  Aquifer —Aquifer “Aquifer Aquifer  Aquifer ~~ Aquifer  Aquifar ~
system system system aystem systen systom systom system
] [ F [ 4 n C B A
Total vulnme1 4,662 3,124 5,321 883 900 1,215 1,099 m
. _TP.t.ﬂ.L_ﬂ_f.e.Ei..__.._z.‘b}}.Q 28,495 55,455 22,835 24.BR3 15,685 11,650 _ 28,533
— Lithologlc facles _ _ ___ va-
Sand: 75-100% )
Volume 20,4 9.4 81 18.1% 19,5 104 3% 69
Area 795 475 1,128 820 1,125 1,37% 980 2,700
Sand: 50-752
-Shale: 25-950%
Volume 643 71.7 974 70.8 176 338 101 181
Area 7.70 2,129 10,97% 2,129 6H, 300 10,250 3,650 6,400
Shale: 50-752%
Samd: 25-507
Volume 4,785 2,552 3,855 126 S48 618 293 324
Area 19,610 22,100 29,200 5,129 14,000 159,400 10,500 11,850
Shale: 75-1002
Volume 40 454 408 539 124 155 656 124
Ares 460 3,550 4,050 12,240 1,430 6,660 16,075 6,635
Limestone: 25-50%
~ Clastics: 50-752
Volume 96.2 46.9 3 103 1.5 - 14 11.8
Area 160 245 108 2,050 190 - 445 815
Limestone: 50-75%
Clascics: 25-50%
Volume 77.4 - 10.9 - - - 1.2
Area 265 475 - - - 155
Limestone: 75-1007
Volume - - - - - - - -
CAtea == e e p e e e - -
N - Relative intrinsic permeabfiticn
Very high
Volume - - - - - -
Area - - - - -
1Hgh .
Volume 14,9 9.4 0.9 1.2 21.5 - -
Area 665 475 187 100 465 - -
Moderately high
Volume 84 0.7 36.9 22.5 4,6 1.1
Area 1,225 48 1,175 1,675 265 190
Moderate
Volume YA 62,7 716 16.4 189 259 58.4 70.9
Arcea 7,725 1,805 1,775 590 6,950 8,425 2,380 2,715
Maderately low
Volume 8.1 2,561 3,85 151 540 181 158 179
Arca 195 22,420 19,220 5,500 12,910 5,500 5,080 6,200
Low
Volume 3,880 46,9 259 178 H.9 576 222 328
Area 19,975 245 3,180 4,25% 700 12,970 7,850 11,850
Very low
Volume 40 ALl 408 $19 124 158 65%6 136
Area 460 3,550 4,055 12,255 _ 3,430 __ 6,630 _ 16,073 2,600
anlnmc - mlJ
2Arcu - miz
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Lithologic facies and relative intrinsic permeabilities
for Mesozoic aquifer systems, Atlantic Coastal Plain, -
North Carolina to Long Island, New York (from Brown,

1979).
’ Aquifer
system

Sand: 75-100%
Volume
Area

Sand: 50-75%
Shale: 25-9507
Volume
Area

Shale: 50-~757%
St 295-50°
Volume
Area

Shale: 75-1007
Volume
Area

Limestone:

Clastics:
Volume
Area

25-507
50-75%

50-75%
25-507

Limestone:

Clastics:
Volume
Area

Limestone: 75-1007

Volume
Very high
Volume
Arca

Hiyh
Volume
Area

Moderately high
Volume
Area

Moderate
Volume
Areca

Moderately low
Volume
Arca

Low
Volume
Area

Very low

Volume
.. Area
anInm(- - mil

ZAruu - ml2

14.9

665

_ 28,495 55,455

Aquifer Aquifer  Aquifer

svstem svstuem
[ F
3,124 5,321

9.4 81
475 1,125
71.7 974

2,552 3.855
2100 29,200
444 408
1,550 4,050
46.9 )
245 105

9.4 -

479 -
- 84

- 1,225
62,7 716
1,805 7,775
2,561 3,854
22,420 19,2200
4h.9 259
245 1, 180
W 408
S3.550 4,055
8

-‘.{
*.,

system
[

8RH

22,835
_ _Lithologic facles

8.3
820

126

5,12)
519

12,240

103
2,050

30.9
475

1h.4
590

153
4,500

178
4,255

519

12,255

LSS

M)

Aauiter Aqd{fox'--Aqhi?c; Aquif&r-
Svster svstem system svstem
n [ i A i
nnn 1,210 1,099 711
240885 35,685 11,650 28,555
8.5 104 35 69
1,327 3,375 980 2,700
1R 338 10l 181
[ 10,250 3,650 f, 00
ShA 618 293 324
I §,n00 13,400 10,500 11,5859
i 155 656 124
1,030 6,660 16,075 6,615
13.5 - 14 11.8
109y - 445 815
- - - 1.2
- - ~ 155
1.2 21.5 - -
100 465 - -
6.9 22.5 4.6 1.1
1,175 1,675 265 190
149 259 8.4 in.9
6,950 8,425 .80 2715
540 181 158 179
11,910 5,500 5,080 6,200
5.9 576 222 324
Tnn 12,970 7,850 11,850
1o 155 656 1136 -
3,450 6,650 16,075 7,600
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i
conductivities for silty sands (Freeze, 1979). This conductivity |
is consistent with pump tests. Because the unit tested was cho- :
sen for its thick continuous sand section, the surrounding sedi- ‘
ments probably have smaller overall hydraulic conductivities
because of vertically thinner sand-rich sections.

e xS T

Locations of wells near Norfolk, Va., screened in the Lower
Cretaceous Aquifer are shown in Figures 2 and 3. Screened inter- y
vals at depths of approximately 300 m (1,000 ft) have yields of ;
approximately 200 gpm (gallons per minute) to 700 gpm (personal :
communication, 1983, John Harsh, U. S. Geoclogical Survey). Two
wells in the City of Norfolk have a combined capacity of 8 mil-
lion gallons per day (Table 4). These wells have been installed
for emergency use, and are not intended for continuous produc-
tion. Screened intervals are listed in Table 3, and extend from
i depths of 133 m (435 £ft) to 322 m (1055 £t). Two of the wells
L (Pl and P2) less than 16 km (10 mi) southeast of the Sewells
'E Point Naval Complex have total dissolved solids concentrations of
L'

oYy,

T L b e
bt P 2.

v several thousand mg/l (milligrams/liter) <o over 17,000 mg/l,
¢ respectively. Quality control over water chemistry may not be
% entirely reliable everywhere. The screened interval for Pl was
. 316-326 m (1038-1070 ft) and for P2 was 3€8-417 m (1207 - 1367

~ £t).

) Non-equilibrium problems in hydrology require knowledge of
the storage coefficient, S, and the transmissivity, T. As equi-

N librium (steady-state) conditions are approached, the storage
) coefficient becomes less important. The transmissivity

! (hydraulic conductivity X aquifer thickness) is always important,
S however, because transmissivity is a measure of the gquantity of
f@ water obtainable from the aquifer. Few values of the storage
coefficient, S, are available for agquifers of the Atlantic Coas-

tal Plain. Although, for many purposes, a knowledge of S is not

N as important as understanding regional and local changes in T,
> some local non-equilibrium hydrologic problems arising from
! geothermal applications might require knowledge of S. Regional
> ground water modeling programs are often forced to use crude
t‘ values of the storage coefficient because of lack of data. Esti-
g mates of transmissivity, T, are more important and are commonly
" obtained by multiplying hydraulii.c conductivity by total sand
Q thickness. Hydraulic conductivity is cften estimated from
lithology. Total sand thickness is obtained by analysis of geo-
physical logs in existing wells. Correlation of geophysical logs
between wells on the Atlantic Coastal Plain is well known to be
difficult, but this is at present the only way to estimate tran-
smissivity between wells. Pump tests are often not useful, espe-

AL,

[}

E, cially if they involve only a few hundred gallons per minute

S (gpm) and do not sufficiently stress the aguifer. A few thousand

j§ gpm would adequately stress the aquifer, rut the test would be

ﬁ site specific and may not be regicnally representative. Large
’ well fields will require more data about numerical values of the

storage coefficient and aguifer transmissivity than are currently
available.
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Table 4. Locations and depths of city wells in the Norfolk-

Portsmouth-Suffolk area.

STATE WATER
CONTROL BOARD
CITY NUMBER

City of Norfolk 201
(Combined
capacity of both
wells = 8 MGD)
200

203
Portsmouth 264
(one well = 2200 gpm)
{(other = 1600 gpm)

265
City of Suffolk 330
(Each = 2100 gpm)

331

NA - Not Available

Source: Information provided by Department of Health,
of Water Programs, Commonwealth of Virginia.
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WELL SCREEN
DEPTH (FT) LOCATION (ET)_
1015 435 to 465, 515 to 535,
571 to 591, 811 to 831
949 435 to 515, 706 to 746,
820 to 870, 438 to 458,
510 to 530, 551 to 580,
1025 to 1055
911 NA
802 590 to 650
691 546 to 576, 600 to 625,
634 to 649, 676 to 686
1007 850 to 875, 895 to 955,
967 to 1007
1010 835 to 860, 897 to 959
960 to 1005
995 858 to 868, 882 to 942,
987 to 990
609 539 to 544, 577 to 602
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Reflection seismology data 1s a promising approach to the
determination of both regional and local values of transmissiv-
ity, and the solution of the problem of correlation of geophysi- )
cal logs between wells. Seismic lines tied to wells from which
geophysical logs have been obtained can be used to identify sand
thickness, and therefore transmissivity, between wells. It has
been our experience that the Coastal Plain 'shoots' as well, if
not better, than offshore areas. Data quality is excellent (Fig.

4).
45
‘;: The relationship between porosity and permeability is, in
;gﬁz detail, not a simple one. However, for geothermal applications
;:@ on the Atlantic Coastal Plain, general relationships are suffi-
s« cient. Chilingar (1963) showed that when sand and sandstones are

grouped according to grain-size categories, there are well-de-
; fined trends of increasing permeability with increasing porosity
(Figure 5). Most importantly, an increase in porosity of just
5-7% can correspond to an order of magnitude increase in perme-

3 ability. It is therefore important to develop a reliable surface
e method of estimating changes in aquifer porosity. We suggest
K that it might be possible to determine porosity, and therefore
Tl permeability, from surface seismic measurements if shear vibra-

f tory sources are used as well as standard compressional vibratory

“,3 sources. This is discussed further below.
+

&.i Thermal lifetime of a hydrothermal resource beneath the
Atlantic Coastal Plain. The geothermal resources of the south-
eastern United States are classified as liquid-dominated 1low-

fﬁﬁ‘ temperature systems (Costain and others, 1980), characterized by
g temperatures less than 90°C (White and Williams, 1975). The
?ﬁ% development of an efficient method of obtaining thermal energy
ﬁh? from low temperature systems requires an in-depth study of each

) unique system (Johns Hopkins University, 1981).

’ﬁj Major problems facing the utilization of geothermal energy in
X the eastern United States are land subsidence, aquifer collapse,
B and the disposal of large quantities of saline waters. One solu-
Qi' tion is to inject the water back intoc the aquifer. This maintains
fi‘ piezometric pressures, and thus prevents subsidence and insures a
o ccntinuous supply of water. Of concern 1is the possibility of
i* adverse chemical and physical reactions caused by the injected-
Ly fluid. Laczniak (1980) modeled a simple two-well system to
§§J investigate numerically the effects of pumping and injection in a
Ay s Coastal Plain environment. Although this topic is somewhat bey-
- ond the scope of this report, the results of Laczniak's study are
- positive with respect to the development of geothermal energy in
%“ the eastern United States. The discussion that follows 1is
§w$ extracted from his study.
e
wga Two basic methods of aquifer reinjection are: (1) the forward
gl and return flow method, and (2) the flow-through method (Ingen- .
e jorsbyran, 1972). The first method utilizes a single pumping-in-
A% jection well. Water is pumped, stored, and later reinjected by
ﬁ~, way of a single well (Lippman and others, 1977; Claesson and
h
L 14
Lo 3
o

'
t\( e T 'n"f ‘f %) ™ y "\ (Y PR
¢ .00, . LA O O RN A T Y f\




N N a4

Paligi

AL S A

avat .‘-.'! u‘v.\

¥,

l‘j' »

e T WY el - - A

NWC TP 6535

eTUTbITA AQ POUTEIGO EBIBP OTWSTIS UOTIDBTFAI PTOITITNW

T B VT VU FETTTT TV TN WYY WGy

@ -da . s 8P 23 SR L AN
80
90
0
20
o0
3
* L3
Ay PABSYES ARRARAR) LIRS

‘eage

‘*eA ‘U3Inowsiliod 9yl Ul yosar

Y

o sttt \gdequatiel

o b gl

- -

"y

AL

Lot ot 2

R RN I A RTS

‘p 2anbry

.

80

S|

FO AR

-l

N R TV LV

SNt

AT RIS )Y

A A

4
v
>
2
L
.




“ R A ad iy Y4 AL A A i e Nt it et et it dud e i v SRCiN i i Cied St Zh L A L ARt
4
& 23
w»
- *
r g NWC TP 6535
-
R )
X
i
}
‘ ' 7]
W]
-,.
: 10000 -~ —
:}; 6000 ".a.—
4000 ‘ -
4 . J‘: - 1":‘?‘ 5
% 2000 P NS Tl
"o - .’
Ad 1000 L7 A s %
% - R ’ ,“ ,“p 0 ;,;., [J
£ 600 S0 N 8da
g 400 . s S o ‘;’;"o
\ o o"l . v 9 A’ o
§ 2 200 AN 3 O o
E . *' 4 4 0~ 0
= 100 A 1 °
% I €0 S ﬁ‘
. ] 40 Q9‘~ R % ;/ 9° o Coarse - and very
* @ So o NPT AL coarse - groined
€ [ g A0 % s
¢ & 20 o N 4 on d * Coarse- nnq
3 e 14 9'“ ey medwm - grained
p. 10 e - : .
; g g t ?,‘, :',,: ,7’" :// s Fine -grained
8 *e / / o Sty
e d $ 1) .
& of ¥ * e
k> ' v # Cloyey
) .1 A i [} (e A.; A% i 1 1 2 i )Y b 1
0] 4 8 12 16 20 24 28 32 36

o

Porosity (Ya)

Figure 5. Empirical relationship between porosity and permeability
for sandstone in various grain-size categories (From
Freeze and Cherry, 1979, after Chilingar, 1963).
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o others, 1978). The flow-through method uses separate pumping and
(' injection wells which comprise a sink-source, or doublet system.

* The energy extracted from either system by a heat exchanger is
directly proportional to the temperature of the water at the pro-
18 duction well.

] The subject of Laczniak's study is an evaluation of the ther-
W mal energy output and longevity of a doublet system. As the well
spacing between the sink and source increases, engineering costs
increase and land acquisition may become more difficult. Because
economic considerations are crucial to the success of any energy
producing system, well spacing should be minimized. The topic of ;
well spacing has been discussed by Gringarten and Sauty (1975) 5
for the Dogger aquifer near Paris, France, where the optimum well .
spacing was found to be 900 m.

| APPSR WA
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A Ry

As additional hydrologic and geothermal data become available
;i for the aquifers of the Atlantic Coastal Plain, it becomes possi-
ble to investigate by means of numerical modeling on the compu-

ke ter, the relationship between the energy extracted and the dis-
g tance between the source and sink well in a doublet system. Such
A modeling can aid in the evaluation of a particular doublet by
W defining such limiting characteristics as the thermal lifetime of
I the system, and the optimum well spacing for the specific appli-
N cation.

. The subject of Laczniak's study (1980) is the relationship
‘o between well spacing and the amount of energy extracted from a
Y "typical" Atlantic Coastal Plain geothermal system. Various well
; spacings, aquifer permeabilities, and pumping-injection rates are
considered in the numerical simulations over a period of 15

The basic concept of the IFDM-'is to discretize a region into

bt years. The numerical method is based upon the method of Lippmann
and others (1977) and uses computer code CCC (compaction-convec-
o) tion-conduction) developed at Lawrence Berkeley Laboratories.
o Program CCC is used to calculate the thermal and fluid-flow
‘2 fi2lds for a three-dimensional rectangular liquid-dominated low-
3y temperature system, CCC is a computer program written in
N FORTRAN IV for execution on the CDC 76CC system at Lawrence
(@ Berkeley Laboratories. It was modified by Laczniak (1980) for
3 execution on the IBM 370 computer at Virginia Tech. Program CCC ]
" uses the "integrated finite difference method" (IFDM) for the 3
) numerical solution of the heat and mass flow equations (MacNeal, «
) 1953; Todd, 1959; Tyson and Weber, 1964; Cooley, 1971; Narasimhan :
P and Witherspoon, 1976). The equations of mass and flow are cou- 2
-8 pled by interlacing them in the time domain. A complete and
LY detailed discussion of the derivations is found in papers by Nar- 3
N asimham and Witherspoon (1976, 1978) and Sorey (1975). p
3 3
3

2 a number of smaller subregions. Each element of the system is
r <hen described by a finite difference approximation to the par-
< tial differential equation governing confined transient groundwa-
}* ter flow (Laczniak, 1980, p. 5-6).
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The sediments beneath the Atlantic Coastal Plain (Brown and
others, 1972) consist of a seaward-thickening wedge of interbed-
ded sands and clays deposited by fluvial, deltaic, and marine
processes. These strata consist of a sequence of moderate to
highly productive aquifers overlying a pre-Cretaceous basement
complex (Brown and others, 1972). The principal water-bearing
units are relatively unconsolidated sands. The less permeable
clays act as confining beds and subdivide the system into numer-
ous semi-independent aquifer systems.

As noted above, the sediments beneath the Atlantic Coastal
Plain are divided into two general subsystems according to geolo-
gic age: (1) the Tertiary system; and (2) the Cretaceocus system.
An uppermost hydrologic unit of Quaternary age overlies the first
major clay layer, and is a water-table, or unconfined aquifer.

The Tertiary and Cretaceous systems underlie the Quaternary
system, and are a series of confined and semi-confined aguifers.
Both are moderate to highly productive and are major sources of
water for domestic and industrial use. Thickness of individual
sands varies from 30 to 120 m.

Regional recharge is by direct precipitation and runoff.
Recharge to the underlying aguifers occurs east of the Appalac-
hian Mountains, the major groundwater divide. Local recharge is
by direct vertical leakage from precipitation. The relative con-
tribution of regional (horizontal) recharge to vertical recharge
is not well known. Vertical recharge by leakage to any particu-
lar aquifer is controlled by the vertical permeability of the
sediments above the aquifer. The low permeability of the clays
of Tertiary and Cretaceous age retard vertical recharge; there-
fore, without reinjection the potential yield of the aquifers may
be limited if very large gquantities of water are withdrawn over a
short period of time.

Water quality depends upon the mineral constituents and the
chemical properties of the host formation. These vary with loca-
tion. One general trend is the presence of high concentrations
of total dissolved solids along the eastern shore; for example,
concentrations of total dissolved sclids were measured at 72,039
ppm in a deep test well near Crisfield, Md. (Hartsock, 1979).

The following characteristics of a "typical" Atlantic Coastal
Plain geothermal system are taken from data and information
obtained from the Crisfield, Md., geothermal test well drilled
during June, 1979 (Dashevsky and McClung, 1979) and supplemented
with information from the literature (Brown and Silvey, 1972;
Cedarstrom, 1945; U.S. Geological Survey, 1967).°

The homogeneous aquifer is bounded on top by an aquitard con-
sisting of semi-permeable sands, clays, and shales. The aquitard
is overlain by another aquifer. The bottom of the principal
aquifer is assumed to be bounded by impermeable material repre-
sented by either well consolidated sediments or crystalline

18
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rocks. In the horizcntal direction, the system is unbounded
(i.e., horizontally infinite). The vertical thickness of the

aquifer is 50 m.

The hydraulic operation of the system is kept simple. Water
is pumped out of the aquifer at the production well where it is
passed through a heat exchanger. Reinjection of the cooler water
takes place through ar injection well located at a distance, d,
from the production well.

Water entering the agquifer at the injection well flows at a
rate, v(d), toward the production well. Heat is transferred by
forced and natural convective and conductive processes. Cooler
water flowing in the direction of the production well gains heat
due to the higher amb:ent temperatures in conjunction with the
heat flow through the system. The surrounding temperatures are
lowered due to the loss of heat to the cooler injected fluid.

The point in time when the injected water lowers the tempera-
ture at the production well by 1°C is called "breakthrough."
Breakthrough depends upon the well spacing and the pumping-injec-
tion rate. At some distance, d, and some pumping-injection rate,
O(p), the temperature c¢I the injected water will recover totally,
and thus inhibit breakthrough. In this special case, the geoth-
ermal resource is classified as a totally renewable resource.

Laczniak's simulated system is located at a depth centered
around 1375 m. The system is artesian with an initial total
hydraulic head producing a slight flow at the surface in a well
tapping the reservoir. The overlying sediments are assumed to
have an average geothermal gradient of 40°C/km, which results in
a temperature of the svstem of 55°C. The heat flow entering the
system depends upon the thermal conductivity and thermal gradient
and is assumed to be 75 mW/m2.

The amount of energy extracted from a geothermal system using
a heat pump depends upon the thermal output and the pumping rate
(Paddison and others, 1978).

A geothermal system which is pumped at 500 gpm, has an ouiput
temperature of 55°C, and an input temperature of 43°C produces
5,443,200 Btu's per hour. The amount of energy extracted from
the gecthermal water could be raised considerably by inputting
enough electrical energy to power a special type of heat pump
called a temperature amplifier (Neiss, 1979).

A general simulaticn model was constructed to simulate the
pressure and temperature fields in a "typical" Atlantic Coastal
Plain geothermal system. The integrated finite difference method
was used to solve the mass and heat flow equations. The model
makes use of the symmetry present in a doublet system by modeling
one-half of the whole system.

Laczniak's model cornsists of a three-dimensional layered mesh

19
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containing 1342 three-dimensional elements each defined by a
nodal point. The nodal elements are interconnected via 4172 ele-
ment interfaces. Temperatures and pressures are obtained at the
nodal points during the simulations.

The mesh design subdivides the geothermal system into three
hydrologic units based upon the geoclogy. The upper and lower
hydrologic units each consist of one grid layer and have a verti-
cal thickness of 25 m. The upper grid layer represents a semi-
peormeable unit and the lower grid layer a confining unit. The
main reservoir 1is represented by the central five grid layers,
each grid layer having a thickness of 10 m.

The design utilizes the natural convection present within the
geothermal system due to water density and viscosity variations
with temperature (Lippman and others, 1977). Thus, the produc-
tion well is located in the upper portion of the reservoir with
the injection well located in the lower portion ¢f the reservoir.

The horizontal dimensions are scaled according to the hori-
zontal distance, d, bketween the production and injection wells.
Well spacings of 100, 250, 500, and 1000 m were tested in the
simulations.

Fluid and material properties used in the simulation model
are chosen to describe a "typical" Atlantic Coastal Plain geoth-
ermal system. Values for these properties are obtained from the
Crisfield, Md., geothermal test well (Dashevsky and McClung,
1979) and from literature pertaining to deeper wells in the
Atlantic Coastal Plain (Brown and Silvey, 1972; Cederstrom, 1945;
U.S. Geological Survey, 1967).

Material properties used in the simulation are given in
Laczniak (1980). The model consists of a caprock, a bedrock, and
an aquifer defining an aquitard, an aquiclude, and a reservoir,
respectively. Permeabilities are varied in the test simulations
from 9.862 X 10°!'% to 9.862 X 10°!3 m?2 (10 to 1000 millidarcys).

The fluid properties are based upon a total disscolved solid
content of 15,000 ppm. Fluid properties of the saline water are
estimated from those of pure water using the equations developed
by Wahl (1977) and are listed in Laczniak (1980). The wvalues for
density, specific heat, and viscosity are functions of tempera-
ture and are calculated by the program. Density was assumed to
vary with temperature. Variations with temperature in specific
heat and viscosity are determined linearly from upper and lower
limits supplied as inputs to program CCC.

The initiai and boundary conditions are determined using
geothermal and hydrologic data obtained from the Crisfield well
site (Dashevsky and McClung, 1979; Hartsock, 1979). The condi-
tions are based upon the system being located at an average depth
of 1.375 km.
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:?' Fluid pressures were chosen to simulate an artesian system.
* Initially, water is assumed to be under sufficient pressure to

(; . cause the piezometric surface to be located at ground level in a

O well tapping the aguifer. Initial pressure gradients describe a

e system where water velocities are zero because the value of

?3 hydraulic head is constant throughout the system. The initial

e temperature at the urper boundary is determined using a geother-

|'§ mal gradient of 40°C,/km for the overlying sediments. The initial

temperature gradients are chosen in conjunction with the thermal
conductivities of each hydrologic unit to produce a heat flow of
75.38 mW/m2 (1.8 X 10°% cal/cm2-sec).

S

£
5

The criterion used to determine the location of the upper and
lower boundary nodes relative to the rest of the system is that
. no more than a 10% change in heat flow should take place through

Y
Ya'ls

=) the lower boundary-system interface. This criterion was satisfied

;ﬁ; in all simulations with the greatest change in heat flow being

.;: +7.2%. The boundaries enclosing all sides of the system are

- placed at a distance two times the distance between the produc-
N tion and injection wa2lls. The boundary conditions used are:

e a) the upper nd lower boundaries are constant pressure

‘:R (11648852 and 12608247 Pa, respectively) and constant

N temperature (53.875 and 56.875°C, respectively) boundar-

u:ﬁ ies;

o)

. b) the vertical boundaries along the caprock and bedrock are

- adiabatic anc impermeable;

o

\ c) the reservoir boundaries along the vertical sides perpen-
.§ dicular to distance, d (well spacing), are constant pres-
sure and temperature boundaries equal to the initial con-

) ditions defined for each respective layer;
¥
qﬂ' d) the reservoir boundary along the vertical sides parallel
% A to distance, d, are impermeable and isothermal with
',ﬁ values defined by the initial conditions.
The upper constant pressure boundary simulates an overlying
;' system of aquifers and serves as the source for recharge by leak-
X age through the semi-confining unit. Leakage is induced only
) when pumping induces a hydraulic gradient across this interface.
Ly The constant pressure boundaries along the vertical sides of the
T reservoir perpendicular tc distance, d, act as a line source or
@ sink depending upon the hydraulic gradients across these inter-
¥ faces. There is no flow through the lower boundary-system inter-
;3 face because of the zero permeability of the material.
LA i
% Well spacings of 100, 250, 500, and 1000 m are compared. Each
’§ individual well spacing is modeled using intrinsic permeabilities
“, . of 9.862 X 10-!'%, 9.862 X 10°'*, and 9.862 X 10°'3 m2 (10,100 and
1000 millidarcys, respectively). Pumping and injection rates of
> 6.31 X 10°2% and 3.15 X 10-? m3/sec (100 and 500 gallons/minute)
ﬁ are considered. The water is injected into the system at a
\
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xkn

§$ﬂ temperature of 43.5°C. 1Individual doublet systems are pumped for
»oh 15 years or until thermal and fluid flow steady-state conditions
-« are reached. .

Cd

A,
:sﬁ. This procedure is used to investigate the relationship bet-
::ﬁj ween the temperature at the production well (energy output) and
$¢ well spacing. The results produced by this procedure are alsc
N used to evaluate, in detail, a "typical" Atlantic Coastal Plairn
) geothermal system by:
A%
Rt . .
:~~. a) analyzing the temperature field to evaluate the therma.
::} lifetime of each individual doublet system;

NN

,“I‘ b) analyzing the pressure field to evaluate the ability of
. each system to supply adequate amounts of water;

£

c) analyzing the response of the system to different perme-
abilities; and

>
T ata

EAE AN

SN
:é} d) analyzing the pressure and temperature fields under rela-
tively low and high pumping-injection stresses.

AN

§.ﬂ A final group of simulations considers the effect of resting

ﬁ on the system. A period of rest is defined as an interval of
s time in which the system is allowed to recover from previously-
W applied pumping-injection stresses. To mimic heating demands

during the winter and summer seasons, six-month periods of pro-
duction-injection are alternated with six-month periods of rest

o« @
- s

‘]

Q@ over a five-year interval. One well spacing of 100 m and perme-
b 3 abilities of 100 and 1000 md are considered. A pumping-injection
o stress of 100 gpm with an injection temperature of 43.5°C is
*? applied.
) ]
X The pressure field was assumed to have reached steady-state
L when the change was "small," i.e., less than 2.5% of the maximum
.eh allowed pressure change over a specified number of consecutive
hﬁ‘ time steps (Laczniak, 1980). As expected, an increase in the
NN pumping-injection rate or a decrease in the permeability produces
® a greater pressure differential within the system.
=N The influence of the injection well on the production well is
" displayed by the pattern of the contour lines of equal hydraulic
N head. The effect is less pronounced in the large separations
v%{J where there is a greater independence between the production and
5”( injection wells.
’J:{ Map views of the steady state thermal distribution through
ﬁﬂ; the center section of the reservoir are given in Laczniak (1980).
‘P
:{: Laczniak shows temperature versus time plots comparing output
" temperatures (temperature at the production well) in four well -
— spacings for a permeability cof 100 md and pumping-injection rates
A 3 of 100 and 500 gpm. The results clearly illustrate the effect of
‘:: well spacing on the temperature distribution. The general trend
2ot

N
Rty 22
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is an increase in the output temperature with an increase in the

v distance bewteen the production and :iniection wells. For all
v - pumping-injection rates and permeabilities, breakthrough in the
hﬂ 100-m spacing occurs rapidly (less than two years), while in the
P2 1000-m separation breakthrough is altogether absent.
Pt
;:j Differences in the pumping-injection rate also affect the
s temperature distribution and the time of breakthrough within the
‘) system. As expected, a greater pumping-injection rate 1lessens
& the time it takes for breakthrough toc occur. The result is a
93 decrease in the temperature differential between the pumping and
3_:; injection wells.
9]
Y The response of the temperature field to different permeabil-
g ities is shown through a comparison o¢f the various temperature
N plots (Laczniak, 1980). A lowering of the permeability by one
%f order of magnitude results in only a small gain in the final out-
ﬂ\ put energy. This independence between the temperature field and
3K the permeability is understood by analyzing heat transfer in con-
L junction with Darcy's law. Heat is transferred by conduction and
|" convection. Conduction depends upon the physical conduction of
%t: the materials which are held constant throughout the simulations.
22N Convection is controlled by the fluid velocity field. Darcy's
Kﬁ law states that the velocity is proportional to both the perme-
oy ability and the hydraulic gradient. For a given pumping stress,
LI increasing the permeability decreases the hydraulic gradient;
therefore the ‘change in the magnitude cf the velocity is small.
A The combined effect of conduction and convection results in a
) similar net heat transfer among systems in which all parameters
:& except permeability are kept constant.
‘ %
in] The placement of the pumping and injection well is reinforced
} by the results of the modeling. Although the pumping well is
$§ located in the coolest portion of the reservoir, warmer tempera-
¢§ tures migrate quickly to the perforated zone of the production
ﬁ. well. This phenomenon is displayed by the initial increase in the
é; temperature at the production well (Laczniak, 1980, Figs. 15-18)

: and is due to recharge of warmer waters from the lower portions
O of the reservoir.

i} Aside from a simple doubling of the life span, subjecting the
3 system to alternating six-month periods of continuous pumping and
q resting produces only negligible changes in the overall tempera-
L tures at the injection and production wells. Laczniak (1980)
Y compared the temperatures at the injection well in a rested sys-
v tem to the temperature at the injection well in a continuously
'~ ~ pumped system over a period of five years. The recovery of heat
N from terrestrial heat flow at the injection well over the six-
' month rest period was minimal. Varying the permeability has lit-
gﬁ tle effect on the system.
S
R Engineering data about fluid transmission, drilling, pumping
a5 equipment, and land acquisition costs are needed for a complete
f» evaluation of the economics of the system. Studies of this type
Ay I
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have been carried out by the Applied Physics Laboratory of the
Johns Hopkins University (1981).

The results of the numerical modeling quantify, without
doubt, the existence of potentially useful geothermal resources
beneath the Atlantic Coastal Plain. Heat from & groundwater
source (the aquifers beneath the Atlantic Coastal Plain) is ade-
quate to run heat pumps at a high coefficient of performance
(Neiss, 1979). A doublet system with direct injectien back into
tne reservoir is shown by the numerical simulations to be a feas-
ible method of extracting heat in the low-temperature liquid-do-
minated geothermal systems of the Atlantic Coastal Plain. The
doublet system with a spacing, d, of 1000 m pumped at 500 gpm
produces approximately 5.5 million Btu's per hour. Assuming a
value of 70,000 Btu's per hour for energy expenditure to heat an
average insulated home, the system would support over 75 house-
holds. If pumped for only six months a year, the thermal life-
time of the system is shown to be at least 30 years (Laczniak,
1980).

The optimum geologic environment for the implementation of a
groundwater geothermal system is one in which the highest temper-
atures are encountered at the shallowest depths. Throughout much
of the Atlantic Coastal Plain there exist areas where isotherms
are warped upward over radicactive heat-producing granites within
the crystalline basement beneath the Coastal Plain sediments
(Costain and others, 1980). In the future, aquifers over these
"radiogenic" sources may be located. At such locations, drilling
costs would be reduced and the use of lower energy output systems
might be economically justified. Systems with close well spac-
ings and/or low pumping-injection rates could then be implemented
depending upon the application.

Modifications of the injection scheme intended to increase
the thermal lifetime of the system; for example, injection into
an independent reservoir or injection into a zone separated by a
low permeability lens should be carefully analyzed before being
implemented. If the deeper reservoirs of the Atlantic Coastal
Plain are of low permeability, the influence of the injection
well is shown by this study to be necessary in order to maintain
adeguate fluid pressures within the system to prevent aquifer
collapse. This influence of the injection well is required, and
must be taken into account in the design of a successful heat
extraction system.

Reinjection of the thermally spent cooler water back into an
independent or semi-independent reservoir may cause adverse chem-
ical or physical reactions within that reservoir. In this case,
extensive modeling of the total system should be performed. Such
modeling should incorporate not only the equations of heat and
mass flow, but must simultaneously solve for hydrodynamic disper-
sion and heat production due to the decomposition of reactants.
The sensitivity of the reservoir water to the injected water and
the resulting chemical reactions should be incorporated into the
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model.

In~-depth studies of each proposed Atlantic Coastal Plain
geothermal system are strongly recommended before any applica-
tion. Such studies should include extensive hydrologic and heat
flow data collection. The data should then be used in numerical .
models to analyze various system designs. Program CCC is appli- 1
cable and appropriate for the evaluaticn of the low-temperature ‘
geothermal systems of the Atlantic Coastal Plain.

d) Probable basement lithology beneath Ncrfolk area.

Basement rocks surrounding the Portsmouth pluton are thought
to consist of low-to-medium grade metavoicanic, metagranitic, and
metapelitic rocks similar to lithologies in the exposed Carolina
slate belt (Fig. 6). Basement lithologies east of the Portsmouth
drill hole are not well-constrained; drill holes to basement to
the north, south, and west are shown in Figure 7 and Table 5.
Cores recovered from these holes suggest a north-south trending
belt of low to medium grade metasedimentary and metavolcanic
rocks cut by granitic plutons and a Triassic basin (Fig. 6).

The basement core obtained by Virgiria Tech from drill site
C25A (Fig. 7) at Portsmouth is a post-metamorphic granitoid that
yields a whole-rock Rb-Sr isochron age of 263 * 24 m.y. (Russell
and Russell, 1980).

A second drill site (C26) at Isle of Wight, Va. (latitude
36%54.5', longitude 76%42.2') was located 20 km from the center
of the Portsmouth gravity anomaly (Fig. 8). The hole was cored
to sample and measure the heat flow of the country rocks sur-
rounding the buried granite body at Portsmouth. Drill site C26
was drilled to 325 m (1065 ft.) by Gruy Federal, Inc. between
September 20 and 26, 1978. From April 1, 1980 to May 6, 1980,
the hole was deepened to 512 m (1680 £ft.) by Virginia Tech.
Core samples were obtained from 406~413 m and from 424-512 m.

The core samples of the interval frcm 406 to 413 m resemble
saprolitized granitoid or heterogenecus arkosic sandstone.
Drilling resistance increased noticeably at 424 m (1390 ft), cor-
relating with a sharp spike in the gamma log (Fig. 9). Crystal-
line basement was cored beginning at this depth. The base of the
Coastal Plain sediments has therefore been picked at 424 m.
Lithologic and gamma logs are shown in Figure 9. The basement
consists primarily of a fine- to medium~-grained (1-4 mm) foliated
biotite granitoid which is cut 13cally by a more leucocratic
facies. There are several fine-grained (<1 mm), weakly foliated
melanocratic sections of the core ranging from 25 cm to 7 m in
length, but contacts with the granitoid generally are fractured,
and any intrusive relation to the granitoid is not readily appa-
- rent.

Figure 9 also shows the zones of alteration in the core which
is weathered from 424-427 m. Below <this zone, alteration is

25
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Figure 6. Generalized basement lithologies in eastern Virginia.
gr=granitoid gneiss; v pattern = granite; fine stipple
= low grade volcanics; dark cross line pattern = dior-
ite or gabbro; gb=gabbro; Tr = Triassic/Jurassic ss.
Interpretation by Glover and Costain from available
basement samples, magnetic, and gravity data.
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_t: Table 5. Summary of drillcore data for holes located in Figure 7. K
*: .
N - 3+ -+ 4 S+ e ettt - :
Q Hole Basement Rock Encountered Reference .
;g' .
:? Virginia
3 1l granite Johnson (1975)
et 2 granite "
R 3 low-grade lithic/crystal tuff "
f 4 metagranite Gleason (1982)
x S granite Johnson (1975)
% 6 Triassic(?) sandstcne "
v'
& North Carolina
‘N 7 syndeformational granite (Dort) Becker (1981)
L2 8 metarhyolite Coffey (1977)
{ 9 quartzite "
Pt 10 basalt/diabase (Triassic?) Richards (1954)
‘ 11 red shale/basalt (Triassic?) Richards (1954)
;J 12 felsic lithic/crys<al metatuff Dennison et al. (1967)
& 13 garnet-biotite-muscovite-schist "
R
. "
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3
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.}2 Figure 7. Locations of drillholes to basement near Portsmouth,
Vs Virginia.
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Figure 8. Drill sites C26 and C25A near Portsmouth gravity
anomaly.
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N DRILL HOLE C26

™ Isle of Wight, VA,
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Figure 9: Lithologic and gamma logs from basement portion of
geothermal test drill-site C26, Isle of Wight, Virgi-
nia (Gleason, 1982). Logged by Virginia Tech.
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2:;: controlled by intricate fine fractures. The core is brecciated

! . along many of these fractures, and quartz or carbonate veinlets

. are associated with the fractured, altered zones.

o,

$1Q The granitoid rocks -of the drill core range modally from

tL - tonalite to monzogranite.

,)' Microscopic textures and mineral assemblages of the granitoid

o rocks were modified during a post-emplacement, lower greenschist

N facies metamorphism. Quartz and carbonate veinlets up to 1 mm in

:‘1 width postdate the greenschist metamorphic assemblage.

W9

g*f Mafic dikes. The intrusive relation of the mafic sections to

‘ the host granitoid rocks is visible microscopically. Locally,
these sections show chill textures near contacts with the grani-

S toid. Rare small (1-2 mm) pods of the granitoid are present as

35¥ xenoliths in the mafic dikes.

j{-' The dikes are pre-metamorphic and were subjected to the same

greenchist facies metamorphism that affected the granitoid. The
original mineralogy was partialliy obscured by this metamorphism,
i but relict mineralegical and textural evidence suggests that the

2, dikes were basaltic, composed of calcic plagioclase, pyroxene,
Sy and hornblende, with pyrite, apatite, ilmenite-magnetite, quartz,
) calcite, and spinel as accessories.

_ The basement at Isle of Wight is lithologically distinct from
o) the Portsmouth granite and has undergone deformation and greensc-
hist metamorphism assumed to have predated the 263 %+ 24 Ma age of
the Portsmouth pluton. The granitoid rocks which form the base-

h; ment beneath the Atlantic Coastal Plain in Isle of Wight, Virgi-
R nia, originated as a deep-seated intrusion of biotite tonalite-
.iw granodiorite. With progressive crystallization of this magma,
gg the last phase was a leucocratic monzogranite-granodiorite which
Ay intruded the earlier phases. The lack of sharp contacts between
ﬂﬁﬁ the earlier and later phases suggests that the granitoid was not
ey fully crystallized until after the intrusion of the late monzog-
hEN ranite.
( .
f~# Following crystallization of the granitoid, the basaltic
ffx dikes were intruded. The presence of spherical, calcite-filled
el features resembling amygdules in one of the dikes (sample from
@%&f 452 m) suggests that the emplacement of the dikes was shallow,
", requiring an uncertain time interval between the granitoid plu-
@ 1 tonism and the dike emplacement, in order for uplift or erosion
LN to expose the formerly deep-seated pluton to near-surface condi-

D tions.
i " The dgreenschist metamorphic overprint evident in both the
R, granitoid and mafic dikes shows that the basement rocks were sub-
v, . jected once again to burial sufficient to produce an epidote-

chlorite~white mica assemblage in  the granitoid rocks and an
actinolite-epidote-chlorite assemblage in the mafic dikes.
Strained quartz and feldspar and a weak foliation of metamorphic
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, chlorite and white mica in the granitoid rocks indicate that the

greenschist metamorphic overprint was a result of a progressive
{ dynamothermal event and not a retrograde deuteric or hydrothermal
] effect following the injection of the basaltic dikes. Following
1 the greenschist facies metamorphism, minor zeolite-facies

hydrothermal alteration formed veinlets of an unidentified zeol-

ite and a low-temperature potassium feldspar in the dikes and

quartz-carbonate veinlets in the granitoid rocks. The macroscop-
' ically visible alteration indicated in Figure 9 was a result of
tuis hydrothermal activity.
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e) Gravity data and age of the Portsmouth granite.

4
aaa

Sy

Gravity data for the Commonwea.th of Virginia have been com-
piled by Johnson (1977) at a scale of 1:500,000. In addition,
new data are available for eastern Virginia as part of the latest
digital data set available from NCAH. These data are accessed
and contoured as needed by CalComp program GPCP using software
developed at Virginia Tech as displayed in Figure 10 from Costain
and Perry (1982).
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A -40 mgal anomaly in the Pocrtsmouth area is indicated by
gravity data. The anomaly is centered at the mouth of the Nanse-
mond River (Figs. 7, 8, and 10). Similar gravity signatures
occur in the exposed Piedmont over postmetamorphic.granitic plu-
tons, and have been found to characterize plutons buried beneath
the Coastal Plain (Speer, 1982b; Becker, 1981; Pratt and others,
., in press). A hole was drilled near the center of the anomaly by
?f Virginia Tech under a contract with the Department of Energy;

N granite was encountered at 555 m (1820 ft). The rock, a monzog-
, ranite, is similar in mineralogy and whole rock chemistry to the
W other coarse-grained granites o¢f <the southern Appalachians
} (Speer, 1982a). 1Isotopic dating using the Rb-Sr system yields a
whole rock age of 263 +/-24 Ma with an initial Sr87/Sr86 =0.7073

f; (Russell and Russell, 1980). The biotite age is identical to the
o whole rock age, indicating that the granite cooled rapidly past
3 the blocking temperature of biotite.

t

L)

( The Portsmouth granite may be the easternmost and youngest of
ey the post-metamorphic, coarse~grained granitoid rocks of the
i*\ southern Appalachians.

My

ﬁj f) Seismic data.

0 _

0. Virginia Tech has acgquired VIBROSEIS seismic reflection data near

Portsmouth, VA, as part of a geothermal program sponsored by the
Department of Energy (Costain and Glover, 1982b). A sample of

3 the reflection seismology data from near Portsmouth is shown in .
s Figure 4. The aquifer/aquitard system of the Coastal Plain sedi-
) ments obviously c¢ontains a number of excellent reflectors, sug-
X gesting that reflection seismology has much to contribute to our
e knowledge of the subsurface geometry and areal extent of deep
0 _ aquifers and aguitards.
My
o)
»
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Figure 10.

Bouguer gravity map and distribution of gravity stations
in Delaware, Maryland, and Virginia. Contour interval 5
mgals. Contoured using GPCP software at Virginia Tech.
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o 5
hIg:
f:} No known proprietary seismic data are available in the
2o Norfolk, Va. area.
' .
G
& : g) Heat flow sites.
iy
;?‘;,\ Locations of heat flow sites in the Norfolk, Va., area are
'q*: shown in Figure 11, with results tabulated in Table 6. These are
,t sites established by Virginia Tech as part of a program to evalu-
i) ate the geothermal energy potential in the eastern United States.
<égﬁ The program was supported by the Department of Energy.
4]
a%ﬁj Heat flow determinations by Virginia Tech are based on equi-
3}4 librium gracients measured in undisturbed fluid-filled drill
o holes. Due to the confined and semi-confined nature of aquifers
beneath the Atlantic Coastal Plain, holes drilled for this pro-
PN gram in Coastal Plain sediments were cased, and the annulus
: 9‘ around the cassing cemented to prevent vertical circulation bet-
: &‘ ween aguifers via the bore hole.
¥
ﬁkﬂ In every case, care was taken to determine heat flow only for
intervals over which the gradient was linear and apparently unaf-
A fected by groundwater flow, and which were adequately sampled for
gy thermal conductivity. The heat flow values are, except where
“fi\ noted, believed to belong to Category 1 as defined by Sass and
?m%_ others (1971). Category I values are accurate to within 5Y%.
By

Heat production from the Portsmouth granite was measured as
4.1 t 0.3 pW/m3, and heat flow through the sedimentary section
overlying the granite was measured as 81.2 % 3.2 mW/m2 (Costain
and others, 1982a). The heat production of the Isle of Wight
basement rocks averages 1.1 #+ 0.5 uW/m3, and the heat flow meas-
ured in the overlying sedimentary section is 54.6 * 6.6 mW/m?
(Costain and others, 1982a). These lower heat production and heat
flow values of the metamorphosed countrv rocks contrast with the
higher values of the post-metamorphic Portsmouth granite, and
provide verification of the radiogenic heat model of Costain and
others (1980).

T
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h) Temperatures, temperature gradients, and gamma logs.

&)
.l

a
-

Aad

oy All geothermal gradients determined by Virginia Tech are now
N based on temperature measurements made at discrete depths in
Ay boreholes while the sensor was moving down the hole. Tempera-
%f: tures in holes in the Piedmont and beneath the Atlantic Coastal
e Plain of Virginia were measured by a thermistor assembly moving
Q&: at a speed cf 30 m/min. Temperatures were sampled at intervals
1v}m of 0.5 m by microcomputer and digitally recorded on magnetic
“\1‘ tape. A rarid-response thermistor with a time constant of
'2" 3

]

approximately 1 sec was used. The thermistors are precise to
better than $.01°C, and are believed to be accurate to aproxi-
mately 0.1°C. Thermal gradients determined by each system in a
300-m hole at thermal equilibrium agree to within 0.33°C/km over
the entire hole and typically to within 0.87°C/km over a 25 meter
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interval.

Geothermal gradients were computed from a least-squares fit
of a straight line to linear intervals of the temperature versus
depth curves. No corrections to the geothermal gradient for the
effects of topography, topographic or geologic evolution, refrac-
tion of isotherms, or climatic change have been applied. These
corrections are not important for the Atlantic Coastal Plain.

Several observation water wells have also been logged by Vir-
ginia Tech in the area of interest. Well locations are indicated
in Figures 12 and 13. Temperature profiles and gradients from
observation wells (OW1l, OW5, OW87, OW90A, 47, 76, 61c3, 42, a4,
and 77-3) are shown in Figures 14 and 15. The average geothermal
gradients in the area of the observation wells is about 30 °C/km.
The gradient decreases somewhat with depth because of the
increase in thermal conductivity of the Coastal Plain sediments.
Based on our experience with the deep test well at Crisfield,
Maryland, it is unlikely that the decrease in gradient would
exceed 20%.

Temperatures at 300 m at OW76 and OW61C3 are about 19 °C and
25 °C, respectively. These variations are due to a combination
of eastwardly-increasing clay content in the Coastal Plain sedi-
ments and/or changes in the nature of the U and Th-bearing crys-
talline basement rocks. The relative importance of these two
effects is not known because of lack of data.

i) Thermal conductivity.

Samples for. determinations of thermal conductivity by Virgi-
nia Tech were selected from core from the holes. For basement
core from crystalline rock, core diameters ranged from AQ (2.7
cm) to NQ (4.76 cm). Each sample was machined to a right circu-
lar cylinder of thickness 0.197 cm. All samples were saturated
with water while in an evacuated container.

Fifty heat flow values were determined at sites located on
the Atlantic Coastal Plain. At nine of these sites, a minimum of
100 m of core was obtained from basement, and the heat flow value
was determined over the cored basement interval. At all other
sites on the Atlantic Coastal Plain, heat flow values were deter-
mined over an interval in the sedimentary section. All thermal
conductivity determinations were made on core samples. Attempts
were made to recover two 1l6-m cores, one sand, one clay, from
each 300-m hole in Coastal Plain sediments. Core recovery was
approximately 50%. Selected results are summarized in Table 6.

Thermal ccnductivity determinations were made at Virginia
Tech using a divided bar apparatus with fused gquartz as a refer-
ence standard. The entire fused quartz-sample stack was insu-
lated with styrofoam. Contact resistance at the gquartz-sample
interface was minimized by using Vaseline petroleum jelly on the
interface and axial pressures of about 1500 psi. A stack
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Figure 12. Observation wells logged for temperature by
Virginia Tech in the Portsmouth, Va,, area.
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correction of 1-2% was determined by calibrating with fused
quartz.

A 10°C temperature gradient was imposed across the gquartz-
sample stack by two constant-temperature baths. The temperature
of the sample was kept within 1 C" of its in situ temperature.
Temperatures within the stack were measured with copper-constan-

tan thermocouples and a Leeds and Northrup Type K-3 potentiome-
ter.

Thermal conductivities are listed in Table 6.

j) Aeromagnetic data.

Aeromagnetic data for Virginia has been published at a scale
of 1:500,000 by Zietz and others (1977).

k) Discussion of Virginia Tech 'radiogenic model'.

The objectives of the geothermal program at Virginia Tech
have been to develop and apply geological and geophysical target-
ing procedures for the discovery of low-temperature geothermal
resources related to heat-producing granite. Optimum sites for
geothermal development in the tectonically stable eastern United
States are associated with areas of high heat flow derived from
crustal igneous rocks containing relatively high concentrations
of uranium (U), thorium (Th), and potassium (K). Exploration
strategy has been directed toward confirmation of the "radiogenic
model" (Costain and others, 1980a). In this model, granite plu-
tons with relatively high concentrations of U, Th, and K relative
to the surrounding country rock occur in the crystalline basement
concealed beneath the wedge of relatively unconsolidated sedi-
ments of the Atlantic Coastal Plain. Such granites are sources
of heat produced by the natural radiocactive decay of isotopes of
U, Th, and K (Birch, 1954). Because the thermal conductivity of
the Coastal Plain sediments is roughly half that of crystalline
rocks (Z2iagos and others, 1976; Perry, 1979), the sediments act
as a thermal insulator, and raise geothermal gradients within the
sediments. In a sedimentary section above a heat-producing gra-
nite, isotherms are warped upward, and anomal.uJusly higher temper-
atures occur at shallower depths.

The storage of commercially exploitable geothermal heat at
accessible depths (1-3 km) also requires favorable reservoir con-
ditions in sedimentary rocks overlying heat-producing granite.
The geothermal resource is primarily a hydrothermal resource.
The yield of water from deep aquifers is therefore an important
consideration because water is the medium by which the heat at
depth is transferred to the surface. The yield must be suffi-
cient to meet energy requirements. This is partly an economic
problem, but it also involves the intrinsic permeability and
transmissivity of the aquifers. There is little data concerning
the temperature and hydrology of deep aquifers in the sediments
beneath the Atlantic Coastal Plain.
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. No economic factors related to the use of eastern geothermal
resources vere considered at Virginia Tech; however, our program
was closely coordinated with the work sponsored by the Department

. of Energy at the Applied Physics Laboratory of Johns Hopkins
University where economic and engineering factors related to the
development of an eastern geothermal resource were being consid-
ered (Johns Hopkins University, 1981).

In order to locate optimum sites systematically, a methodol-
ogy employing geological and geophysical methods of investigation
was developed and applied. Heat-producing granites similar to
those in the basement beneath the Atlantic Coastal Plain are
exposed to the northwest in the Piedmont province. The petrol-
ogy, radioelement distribution, and bulk chemistry of several of
these young (254-~420 Ma.) granites was studied in detail (Speer
and others, 1980, 1982). These late Paleozoic granitoids in the
central and southern Appalachians are the youngest known to date,
and are generally coarse-grained granites with alkali feldspar
megacrysts. Because the source of excess heat flow above the
background flux is primarily from the radioactive decay of iso-
topes of U and Th, an understanding of the horizontal and verti-
cal distribution of these heat-producing elements in granites is
important for efficient targeting of sites of high heat flow.
The distribution of U and Th to crustal depths can only be infer-
red from heat flow-heat generation data.

A linear relation, q = gq* + DA between surface heat flow, q.
and surface heat generation, A, was confirmed for many heat flow
sites in granites exposed in the Piedmont of Virginia, North
Carolina, South Carolina, and Georgia (Figures 16 and 17). This
is a significant result of the program because from this rela-
tionship a crustal temperature profile can be computed (Lachen-
bruch, 1968). The drill sites defining the linear relationship
were located along a region parallel to the major structural
trend of the Appalachians. Although the interpretation of the
physical significance of the parameter D is ambiguous (Birch and
others, 1968; Lachenbruch, 1968), limited seismic data (Clark and
others, 1978; Cook and others, 1978) suggest that D could repre-
sent thickness of pluton (Costain and Glover, 1980b). Values of
(g,A) that do not lie on an established relationship may there-
fore represent granites of different thickness beneath which
different crustal temperature profiles would presumably be diffe-
rent. Important exceptions to this generalization will be found,
however, if U and Th have been mobilized from a relatively uni-
form distribution within a granite body to a "rind" or thin peri-
pheral zone surrounding the granite. A heat flow determination
directly over such a granite may be approximately the same as
that over a similar volume of granite with the same total U and
Th content uniformly distributed (Green's theorem), but the heat
generation value from the same site will not be consistent with
an interpretation of D as thickness of pluton. This appears to
y be true for the Castalia pluton in North Carclina (Costain and
others, 1982)
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Figure 16. Linear relation between heat flow and heat gen-
eration for 'Province I' in the southeast United
States (Costain and others, 1982a).
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1 An understanding of the linear relation between heat flow and '

heat generation remains an important unsolved problem wherever it
has been observed on continents, and has important implications
k f for predicting crustal temperatures in areas of potential hot-
> dry-rock applications (Smith and Ponder, 1982).

i -'}:
&EN Following detailed study of selected heat-producing granites
' J exposed in the Piedmont, emphasis shifted to granitoids concealed
723 beneath the thermally insulating sediments of the Atlantic Coas-
%v tal Plain. Thermal conductivity varies with sediment type.
¥{ Abrupt lateral and vertical facies changes occur within the Coas-
EN] tal Plain sediments (Brown and others, 1972) making prediction of
o lithelogy, thermal conductivity, and temperature at the surface
e of crystalline basement difficult. Generally, the sediments in
§I} the deeper sections of the northern Coastal Plain are non-marine
<0y deposits which are more quartz-sand rich than the upper 300 m;
'xj this tends to increase thermal conductivity in the deeper part of
,:5 the section relative to the upper part and thus lowers the geoth-
t ermal gradient by as much as 15 percent. Thermal conductivity
also increases with compaction. Granites beneath such sediments
~ must be located indirectly by means of geophysical data including

gravity, heat flow, and reflection seismology. Several granite
. bodies targeted by Virginia Tech using geophysical data were
’4 later confirmed by the drill (Chesapeake and Petersburg, Va.;
2} Dort, N.C.; Salley, S.C.). Others remain unconfirmed by the
drill (Smith Point, Va.; Crisfield, Md.; Lumberton, N.C.).

A major program to determine heat flow on the Atlantic Coas-

sl tal Plain was undertaken during 1978 and 1979. About 50 explora-
, tory holes, each approximately 300 m in depth, were drilled in
Ko New Jersey, Delaware, Maryland, Virginia and North Carolina under
2 D.O.E. contract to Gruy Federal, Inc. The heat flow sites were
X selected by Virginia Tech to represent areas with a high poten-
?‘ tial for geothermal development and to test the radiogenic model.
L Analysis of geothermal gradients determined by Virginia Tech in
!13 these exploratory holes in the Atlantic Coastal Plain indicate
. that in many areas temperatures exceed 40°C at the base of the
¢ sediments. Water of such temperature, provided it is available
'¢. in sufficient gquancity, represents a viable geothermal resource.

In the eastern United States, geothermal gradients were found to
be in the range of 10 to 50°/km.

2eo0%

Results of the dgradients on the northern Atlantic Coastal
Plain have been reported by Lambiase and others, (1980) and Cos-
tain and Glover, 1982b).

1) Recommendations for future work.

3 o o
il )

ng 1) Determination of aquifer geometry and transmissivity from

r seismic data. Much of the uncertainty about the nature and mag-

3 nitude of the geothermal resources in the eastern United States
ﬁ is a direct result of lack of information about the geometry and

ﬁﬁ hydrologic properties of the hydrothermal resource. Virginia
‘e
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Tech has found that the sediments of the Atlantic Coastal Plain
from Georgia to Virginia contain a number of excellent reflec-
tors, comparable to those commonly found in offshore reflection
seismology data. Although reflection seismology is widely recog-
nized as the most successful technique for defining subsurface
geometry, the method has not been widely used on the Atlantic
Coastal Plain to define the thickness and lateral extent of aqui-
fers and aquitards primarily because it is relatively expensive
($170,000 to $200,000 per month). However, compared to the costs
and results from drilling, reflection seismology has been underu-
tilized. This is particularly true where a few drill holes have
penetrated the greatest depths of interest, but where strati-
graphic correlations between drill holes are uncertain, even with
a full suite of geophysical logs available. Reflection seismol-
ogy traverses can provide the necessary continuity between drill
holes in areas where stratigraphic and/or structural discontinui-
ties make subsurface interpretation difficult or impossible.

Aquifer transmissivity in the eastern United States is com-
monly determined by multiplying sand thickness obtained from well
logs by a 'reasonable' hydraulic conductivity. Correlation bet-
ween wells is difficult and often ambiguous.

We recommend the acquisition of P-wave reflection seismology
data in the Norfolk and nearby area to determine agquifer geometry
and sand thickness for estimates of hydraulic¢ transmissivity.

2) Determination of porosity from shear and compressional
seismic data. Much of the recent proprietary results from an
experimental shear wave program supported by the petroleum indus-
try are now becoming available (Laing, 1983a, 1983b). Results of
the determination of sandstone and limestone porosity from shear
and compressional wave velocity (Domenico, 1983) have shown that
sandstone S-wave velocity is by far the most sensitive to poros-
ity variation. Least sensitive is limestone P-wave velocity.
Limestone S-wave velocity is less sensitive than is sandstone
P-wave velocity to porosity variation, except at very low pres-
sures. Domenico (1983) reports that sandstone, dolomite, and
limestone are separable by Poisson’'s ratio; or equivalently, by P
to S-wave velncity ratio. The factor separating sandstone from
limestone appears to be the difference in matrix (quartz and cal-
cite, respectively) S-wave velocity and, therefore, difference in
Poisson's ratio. The substantially higher quartz S-wave velocity
results in a Poisson's ratio less than two-tenths that of calcite
(Domenico, 1983). Domenico as well as others (Robertson and
Pritchett, 1983) have concluded, therefore, that S-wave velocity
will be useful in the definition of sandstone porosity. We pro-
pose to use shear as well as compressional vibratory sources to
develop a relationship between sandstone aquifer porosity, perme-
ability, hydraulic conductivity, and transmissivity, T. The
relationship between porosity and hydraulic conductivity will be
an extension of the empirical results of Chilingar (1963).

3) Generation of synthetic seismic data from continuous
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velocity logs. A common approach to the interpretation of
reflection seismology data is through the comparison of synthetic
data generated from continuous velocity logs (CVL's) obtained in -
drill holes with actual multifold reflection seismology data. A
reflectivity function is generated from the CVL by taking the
derivative of the log of the 'velocity function' as a function of
time (Sengbush and others, 1961). The reflectivity function is
then convolved with the seismic source wavelet (a Klauder wavelet
for the case of VIBROSEIS data). The result is a multiple-free
synthetic seismogram which can then be compared with the real
seismic data.

We suggest that all sonic logs (CVL's) available from wells
in the Norfolk area be digitized and reflectivity functions and
synthetic seismograms be constructed for comparison with real
data.

4) Continued investigation of recent faulting in Coastal
Plain sediments in eastern Virginia using reflection seismology
data. A recent summary publication by Prowell (1983) documents
the widespread occurrence of faulting in sediments of the Atlan-
tic Coastal Plain. The data in his report represent the pre-
sently available knowledge of fault characteristics and distribu-
tion of Cretaceous and younger faults in the eastern United
States. Documentation of faulting in Coastal Plain sediments is
poorly known, but will have an important effect on prediction of
well yields and management of hydrologic resources associated
with geothermal applications. The reflection seismology data
proposed above can also be used to detect and document fauiting
in Coastal Plain sediments.

5) Temperature-logging of additional holes. All available
holes in the Norfolk area should be logged for temperature at a
relatively small depth interval (0.5 m). It has been our experi-
ence that differentiation of this temperature profile when sam-
pled at a close depth spacing yields valuable information about
water movement in and across the hole.
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ECONOMIC ANALYSIS FOR GEOTHERMAL ENERGY USE AT
NORFOLK NAVAL AIR REWORK FACILITY

SUMMARY

A study of the Norfolk NARF indicates that geothermal water
at 107°F could be used to preheat make-up water entering the
public works boiler. The energy saved would be 14.4 x 10!0 Btu
per year, which would reduce fuel costs by $918,000 per year.
This would require an average geothermal water flow rate of 690
gal/min. One geothermal well could probably not supply this
quantity of water. However, five wells would probably be ade-
quate. One well producing 150 gal/min could provide 2.8 x 1010
Btu per year, with a net savings of $174,000 per year. On a net
present value basis, this savings is equivalent to $2,600,000.
Since the geothermal system is expected to cost only $929,000,
Norfolk NARF is a good candidate for geothermal energy use, and
should be investigated further.

GEOTHERMAL SYSTEM DESIGN OPTIONS

There are several options for using the heat from a geother-
mal well. They fall into the following categories, in order of
economic viability. The heat can be

1. Used at the well head, directly through a heat exchanger

2, Piped to remote sites, where it is used directly through
heat exchangers

3. Used at the well head and boosted in temperature with a
heat pump

4. Piped to remote sites where it is boosted in temperature
with a heat pump

A geothermal feasibility study for the Naval Air Rework
building at Norfolk (Johns Hopkins University, 1980) indicated
that the use of heat pumps was not as cost effective as direct use
through a heat exchanger. Therefore, heat pumps have not been
included in this study.

NORFOLK NARF PROPOSED GEOTHERMAL SYSTEM
The Norfolk NARF is located in a region of above average

temperature gradient and has a predicted geothermal water tempera-
ture of 107°F at the top of the basement at 2700 ft. (Gruy
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Federal, Inc., 1979). 1Its primary energy source is steam supplied
by four power stations. Most of this steam is supplied by power
station #1, which uses #6 fuel oil at an energy content of 142,968
Btu/lb.* Currently the condensed steam is not returned to the
boiler, although a system has been proposed which would return
between 10 and 20% of the condensate, Steam is supplied to the
facility at an average rate of 690 gal/min. The 1981-82 monthly
steam production rates are presented in Figure 18. These values
have been derived from the fuel usage (V_, gal/mo) (Table 7)
. : . oil
using the following equation

Btu

l42,968g—ar

.83/(1187 - 29) = 112 Vo.

il (lbs/month)

m = .
steam oil

which assumes a combustion efficiency of 83%, a steam output
pressure of 100 psi (i.e., 328°F, hS = 1187 Btu/lb), a water inlet

temperature of 61°F (mio = 29 Btu/lb), and 10% of the water is
2

used to blow out the heat exchanger. The steam production values
indicate a seasonal variation with approximately 325 x 10® lb of
steam used in the winter months and 175 x 10% 1b in the summer
months. The summer use of steam is high since absorption air
conditioners use the steam for cooling and ships require it for
process steam. The relatively high year-round requirement for
steam makes geothermal energy use attractive since the large fixed
costs of the well, heat exchangers, and piping can be paid back
faster with year-round usage.

The proposed geothermal system would use hot water at 107°F
to preheat the make-up water (Figure 19). Under these conditions,
geothermal energy could provide 3.4% of the yearly energy needs,
which is equivalent to $918,000 of fuel o0il per year (Table 7).
After accounting for the electrical energy required for pumping
the geothermal water, the net energy savings 1is equivalent to
$881,763 of fuel (Table 7). Due to the relatively high make-up
water inlet temperature in the summer, over 90% of this energy is
provided during the months from October through May (Figure 20).

PRESENT VALUE ANALYSIS

The net present value method of evaluating the proposed
Norfolk geothermal system has been implemented using the nominal
conditions presented in Table 8. Since some of these values are
not well known prior to actually drilling a geothermal well,
parametric studies have been performed on flow rate, well water
temperature, drawdown depth, and fuel costs.

*Discussion with Don Persinger, Public Works Center, Nerfolk,

Va.

----------

o«

AR AL IS I AT T T TS
YRS A AR A A R A A O A A

A
1*;‘.‘-




e R R o R R A N R N Y P e e T s T T vy oo R A AR A A A A N O A ey
D g i ~

£ A5

NWC TP 6535

f o o
=
»

R I | | 1 | |

&
g 8
=]
75-—
1

w

8
T
]

N
o

o
]
l

o

o

T
]

| -
R S S T Y Y Y N
,.a' Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
N Month

E_
Steam production 106 Ib/month
- X}
8 8
|
]

&

o

(»" Figure 18. Norfolk NARF monthly steam production 1
uty September 1981--August 1982, J
1
J

:;4%":@";;' g

LR

B,

-.,A““, ) rﬁc
v' z
A

“ R
pr ! !

|
-

g

K
X

4. g
Ty

¥
2y

- "
-
N

53

"ge Ly )

.‘h.. v-- n '.juvpy\-\"-'.. "4y “w . T
OO SO O Co i O O e L O B e ta e 0 v



NWC TP 6535

Table 7. Economic Analysis of a Geothermal Well
at the Norfolk Naval Air Rework Facility.

HONTH oIt MAKE UP  MAKE UP  GEOTHER- GEOTHER-  PUNPING NET NET
USED WATER WATER NAL WAL ELECTRICITY SAVING  SAVING
TEMP. FLOw ENERBY ENERGY cosT
J0E6 BAL  DEG. F BAL/MIN 3 $ $ $ 4
JAN 3.219 40 1006,39 3.26 156913.64  4402.46 152511.18 17.30
FEB 2.89% 45 880.30 4.86 126184.50  3850.86 122333.74 13.87
NARCH 3.044 52 942.94 4.28 118565.12  4124.90 114440,23 12.98
APRIL 2.188 hh] 480.20 4.04 B0395.84  2975.51 77420.33 8.78
HAY 1.631 62 310.11 .46 51312.36 223145  49080.91 5.97
JUNE 1.469 74 464.25 2.45  32690.06  2030.88  30459.18 3.48
JuLy 1.569 84 500.23 1.59 22643.37  2188.24  20455.13 .32
ABLST 1.538 82 489.48 1,76 24618.82  2141.23 22477.59 .9
SEPT 1.432 n 453.75 2,19 28527.15  1984.93 26542.22 3.01
oct 1.824 &b 572.45 3.12 51825.01  2504.16  49320.85 3.99
NOV 2,501 62 782.20 3.46  786B3.15  3421.75 75261.40 8.54
DEC 3.242 4 998.42 4.94 145627.88  4367.40 141240.28 16.02
St 26.57 40 8280.71 5.26 917987.00 34223.95 861743.04 100.00
AVERAGE 2.2 61.9 690,06 3.45  76498.92  3018.46 73480.25 8.33
Geothermal well temperature 107°F
Electricity ($/10° Btu) 11.80
Pumping Depth (feet) 400.00
Pumping Eff 0.50

(Operating expenses not included in net savings.)

OO A O G AAD G LAY Dor s

. Feedwater
690 gaymm 690 gaol/min
690 gal/min [ 102°F <« S3F
328°F Heat
. exchanger
4 Geothermal Reinjection
Users well well
690 gal/min 690 ggl/min
107°F 58°F

400 ft drawdown (15% of 2700 ft)

Figure 19. Geothermal system to preheat feedwater at

Norfolk NARF.
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;: Water flow rate (gal/min) 150 .
Y Drawdown depth (ft) 400 (15% of well depth) .
¥ Water temperature (°F) 107 A
¢ Cost of money (%) 10 )
. Inflation rate (%) 5 .
‘& Cost of fuel (M Btu) $6.36 K
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K Annual operating and maintenance | $20,000 .
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FLOW RATE

An average dgeothermal water flow rate of 690 gal/min is
required to preheat all make-up water (Table 7). Flow rates over
1000 gal/min are required in January. Although the flow rate at
Norfolk is unknown, it could be as low as 100 gal/min. With this
flow, the net present value of the geothermal system is only
$1,150,000 (Figure 21). However, since the energy extracted per
gallon of geothermal water is greatest in the winter months, it is
~dvantageous to use more water during these months and less in the
summer, while still maintaining an average flow of 100 gal/min for
the year. With a weighted flow distribution, the net present
value increases to $1,650,000. The advantage of a weighted flow
rate is significant. Consequently only weighted flow rates will
be considered. If the average flow rate were 200 gal/min, the
geothermal system's net present value would be $3,570,000. From
these data, it is apparent that the average geothermal water flow

rate has a strong influence on the effectiveness of a geothermal
system.

GEOTHERMAL WELL WATER TEMPERATURE

Like flow rate, well water temperature is unknown. However,
since 1000-ft geothermal test wells have been drilled in the area
and a deep well has been drilled 150 miles to the north in
Chrisfield, Md., the actual well water temperature should be
relatively close to the predicted 107°F value. The effect of
small changes in temperature are linear and will not unduly
influence the net present value as the temperature is within a few
degrees of 107°F (Figure 21).

DRAWDOWN DEPTH

Another factor that influences flow rate is drawdown depth.
Wwith a drawdown of 15% (400 ft), the geothermal water flow rate
will be less than for a drawdown of 1000 ft but pumping costs per
gallon will also be less. The effect of drawdown depth on pumping
costs is shown in Figure 22. Increasing drawdown depth from 400
ft to 1000 ft reduces the net present value from $2,600,000 to
$2,470,000. Although a drawdown depth to the bottom of the well
(2700 ft) is not anticipated, its results have been included in
Figure 22 to show that even a very large drawdown depth has only a
modest effect on present value. We have found that, although the
energy required for pumping increases with drawdown depth, the
added costs do not appear to be prohibitive. After the well is
drilled and its flow characteristics are known, a trade-off study

between pumping costs and well flow rate should be made as a
function of drawdown depth.
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Average flow rate

"E: 3500} —
N = 200 gpm
0
o 3000 (weighted) ]
o
§ 2500} —
2 150 gpm (weighted)
<
® 1500} _
% 100 gpm (weighted)
~ 1000 |- -
§ 100 gpm (constant)
[ — —
& 500
0 ] 1 l | L1
60 70 80 90 100 4 110
107°F
Well water temperature (°F)

Figure 21. Net present value of Norfolk geothermal
system as a function of water flow rate
and temperature.
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R Figure 22, Present value of Norfolk geothermal energy

system as a function of drawdown depth and
the cost of fuel oil.
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FUEL OIL COSTS

Future fuel o0il costs are an important consideration in

3‘» obtaining a net present value of the geothermal system. 1In the
,,Q analysis, current fuel costs are increased by the inflation rate.
o The large fluctuations in the price of o0il experienced in the past
N make it difficult to predict future o0il prices. Therefore an
a7 analysis was done assuming a lower initial o0il price but still

) increasing with inflation. The results show that even at a cost
N «f only $3.50 per 10% Btu the net present value would be over
{\g $1,200,000 (Figure 22). On the other hand, if fuel oil prices
Q increase faster than the inflation rate, then the net present
Ty value will be even greater than $2,600,000.

.

;gy NORFOLK SYSTEM COSTS

B

ﬂ”: The geothermal system proposed for the Norfolk NARF is
Y similar to that proposed for the Jacksonville NARF described in

N the following section. A major difference is that at Norfolk
‘ there is not condensate return and all the geothermal heat would
be used directly at the power plant since 690 gal/min can be used

. to preheat make-up water at Norfolk while only 88 gal/min could be
sz used in this manner at Jacksonville.
S
gﬁt " The depth-independent drilling costs at Norfolk are nearly
’ the same as at Jacksonville. They range from $345,000 for a peak
flow rate of 100 gal/min to $360,000 for a flow rate of 600
gal/min.
\)g The depth-dependent drilling costs are substantially less at
o) Norfolk, since the well depth is only 2700 ft compared with 5000
oy ft at Jacksonville. For Norfolk, they are
paén Mobilization/demobilization $ 15,000
S
5 Rig time 45,000
\"‘
A A Bits, mud, chemicals, fuel, and water 17,000 |
: \
ﬁ‘a Miscellaneous rentals 12,000 |
» Y
A
o Logging 29,000
Ll
“ Cementing 30,000
4
N Tubulars 137,000
0 $285,000
L]
200 Since these costs are estimates for drilling along the
(55! Atlantic Coastal Plain between Georgia and New Jersey, they should
,{ be good estimates of the actual costs at Norfolk. .
557
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The local fresh water in Norfolk comes from near the surface;
therefore, a reinjection well 2000 ft deep should be adequate to
keep salt water out of the fresh water supply. The depth-depen-
dent reinjection well costs are

Rig time $ 32,000
Bits, mud, chemicals, fuel, and watex 15,000
: Rentals 10,000
t% Logging 25,000
: Cementing 25,000

Tubulars 100,000
$207,000

The total cost of both wells is $847,000.

HEAT EXCHANGER COSTS

The water to water heat exchanger cost in 1980 dollars is

0.057 (g)0%-84

For the weighted 150 gal/min well water flow rate presented in
Table 9 the peak flow rate is 450 gal/min. This corresponds to a
heat flow Q of 14 x 10% Btu/hr; therefore, the water to water heat
exchanger in Figure 19 costs $57,000.

The cost of piping required to carry the water to the public
works building and back to the reinjection well is an additional
$25,000.

The total cost for the system shown in Figure 19, producing
at a weighted average flow of 150 gal/min, is $929,000 (Table 10).
The projected net present value of this system is $2,600,000. For
a system producing 100 gal/min the total cost is $902,000 and the
3 net present value is §1,650,000. In fact, extrapolating the
. results (Figure 23) shows that even at flow rates as low as
! 60 gal/min the geothermal system 1is still economical. In
) addition, geothermal water temperature could be as low as 80°F and
the system would still be practical at flow rates over 110 gal/min
(Pigure 23). From a net present value criterion a geothermal
energy system at Norfolk NARF looks promising.
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0
&0
R Table 9. Economic Analysis of Geothermal Well
l at Norfolk NARF. -
2
oy NONTH olL WAKE UP  MAXE UP  GEOTHER- GEOTHER-  PUNPING NET NET
‘3 USED WATER WATER MAL MAL ELECTRICITY SAVING  SAVING
' TENP. FLOW ENERGY ENERGY CosT
\‘j 10E6 GAL DEG. F GAL/MIN 1 $ $ $ 1
i
?'i JAN 3.219 40 450.00 2,35 70162.49  1948.52 4B194.16 .73
,}ﬁ3 FEB 2.856 H 300.00 1,65  43002.94  1312.35 41690.59 18.17
2 ! MARCH 3.041 32 150.00 0.68 18860.94 636.17 18204.76 7.94
tx APRIL 2.188 55 150.00 0.89 17729.28 836.17  17073.11 1.4
KoY MAY 1.4631 62 150.00 1,02 15088.75 656,17  14432.58 6,29
JUNE 1,469 n 0,00 0.00 0.00 0.00 0.00 0.00
JULY 1.569 84 0.00 0.00 0.00 0.00 0.00 0.00
AUBUST 1.538 82 0.00 0.00 0.00 0.00 0.00 0.00
SEPT 1.432 n 0.00 0.00 0.00 0.00 0.00 0.00
ocr 1.824 b6 150.00 0.82 13579.88 436,17  12923.70 3.6
NOV 2,501 82 150.00 0.66 15088.73 656.17 14432.58 6.29
' DEC 3.2 M 300.00 1,48 43757.38 1312.35 42M45.03 18.50
H
::‘h Stn 26.57 40 1800.00 5.26 237270.59  7874.09 229394.50 100.00
3f€§ AVERAGE 2.214 61.9 150.00 0.80 19772.55 636.17  19114.38
AN
4 Geothermal well temperature 107°F
. Electricity ($/10° Btu) 11.80
Py Pumping Depth (feet) 400.00
EN Pumping Eff 0.50
¥
R
a
e
”‘;’ Table 10. Geothermal Systems Costs and Net
" Present Value, Norfolk NARF.
f‘, l'
AN 100 gal/min 150 gal/min 200 gal/min
T 1Y
i%"a’.
‘&ﬁf Production well $350,000 $355,000 $360.000
, depth independent
%
%ﬁ\ Production well 285,000 285,000 285,000
;ﬁ\ depth dependent
W Reinjection well (3000 ft) 207,000 207,000 207,000
-t 11,400
:fk‘ Heat exchangers 60,000 82,000 120,000 )
" J and piping
R Total Cost $902,000 §929,000  $972,000
a -
}43
§§‘ Net Present Value $1,650,000 $2,600,000  $3,560,000
g
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Present value of a
107°F well -
Present value of a
102°F well "‘
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Figure 23.
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Average weighted well flow rate (gal/min)

System cost and net present value as
functions of average weighted well
flow rate (Norfolk).
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23 ENERGY SAVINGS PER DOLLAR
[ Another criterion for evaluating future energy investments is
N to look at the ratio of energy saved per dollar spent. For the
¥ Lo . . X ,
Wiy nominal conditions presented in Table 8, this ratio is 38.8
oy KBtu/$. This is a good energy return per dollar and indicates
,f.}; that a geothermal system at Norfolk NARF is worth investigating
A further.

1)

., CONCLUSIONS
f‘.} A geothermal system at the Norfolk NARF looks even more
<3 promising than a system at the Jacksonville NARF, the economic
o analysis for which is included in a later section of this report.
' The Norfolk NARF has higher fuel costs, higher energy use, and
" less condensate return; and the risk of unexpected drilling costs
1 is much 1less than at Jacksonville. A geothermal system con-
-3 structed at Norfolk would cost $929,000, would have a net present
4': value of $2,600,000, and would save $229,000 in energy costs per
N year.
4
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GEOPHYSICAL AND GEOLOGICAL ASPECTS OF GEOTHERMAL
ENERGY POTENTIAL AT JACKSONVILLE

a) Geologic framework.

Jacksonville is located on the Atlantic Coastal Plain, an
eastern-thickening wedge of Cretaceous to Recent sediments (Arden
and others, 1979). 1In southern Georgia and Florida, the Coastal
Plain sediments are predominantly marine carbonates with minor
amounts of clay, sand, chert, and shale.

The basement underlying the Coastal Plain sediments is a
sequence of flat-lying Paleozoic sedimentary rocks. The top of
the basement in northern Florida ranges in depth from about 900 m
(3000 ft) to about 1550 m (5000 ft). In north-central Florida,
the basement is domed upward in a structure called the Peninsular
Arch (Figure 24),.

The lithology of the units beneath the Paleozoic sequence is
not definitely known, but is thought to consist of felsic
volcanics.

b) Thickness of Coastal Plain sediments.

Extrapolation from wells in the surrounding area suggests
that the thickness of Coastal Plain sediments at Jacksonville is
approximately 1395 m (4500 ft) (King, 1959). The thickness of
sediments with relatively high transmissivities, however, is
apparently considerably less than 1395 m.,

c) Intrinsic permeability and other hydrologic properties.

The groundwater of Florida is derived from (1) artesian water
from the Floridan aquifer and (2) several shallow formations of
relatively small areal extent. See, for example, Fairchild
(1972), Legrand (1964), Meyer (1974), and Miller (1979). The
Floridan aquifer system underlies most of Florida and consists of
a series of limestone and dolomite formations, mainly Eocene in
age, with a total thickness of about 610 m (2000 ft) (Cooper,
1953; Stringfield, 1936, 1964). In the Jacksonville area, the top
of the Floridan aquifer is at a depth of approximately 90-183 m
(300-600 ft) (Leve and Goolsby, 1969, p. 13; Vernon, 1973). The
base of the Floridan aquifer is in the Cedar Keys Limestone of
Paleocene age at a depth of approximately 640 m (2100 ft). Below
640 m, one deep well 1in the Jacksonville area penetrated
relatively impermeable limestone and gypsum beds containing highly
mineralized water (Leve and Goolsby, 1969, p. 13). Most of the
recharge to the aquifer in northeast Florida occurs in an area
about 48 km (30 mi) to 96 km (60 mi) southwest of Jacksonville.
Groundwater moves laterally away from the recharge area through
the aquifer toward Jacksonville and other areas 1in northeast
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Figure 24.

Structure-contour map of the surface of the -
geophysical basement in parts of Florida and
Georgia (Popenoe and Zietz, 1977).

it R OO L TN R S =L g | SALALPL/ R

64

L Rl

*m:a‘ﬁﬂh;ﬁ:-}}}ﬂ\n}}:ﬁ}}l\b}?;\::3



do e

NWC TP 6535

Pk T

-
AN

Florida where it is discharged by springs, upward leakage through
the overlying confining beds, and by wells (Leve and Goolsby,
* - 1969, p. 13).

,",‘-

o«
'«

B Intrinsic permeability, Kk, is independent of fluid prop-
by - erties, and depends only on the medium. It is a fluid-free
/ conductance parameter that depends on mean grain diameter, distri-
~ bution of grain sizes, grain sphericity and roundness, and the

nature of their packing. The intrinsic permeability of the
¥ Paleozoic basement rocks near Jacksonville is low (Barnett, 1975).

v
[}

In general, different hydraulic heads are associated with the
» upper and lower Floridan aquifer. The hydraulic head associated
r with the lower part of the Floridan is approximately 2 ft higher
than the upper part. Values of the hydraulic head range from
about 55 ft in the corner of DuVal County to about 25 ft near
Jacksonville, but drawdown conditions affect these values locally.
A series of maps of potentiometric surfaces for the Floridan
aguifer has been available since 1976. These maps cover different
time periods; for example, May-September, No recent summary
publication is available, but a copy of the latest (November 1983) ]
USGS-SJRWMD potentiometric surface map for the top of the Floridan ~d
is shown in Figure 25. {R. Johnson, personal communication,
1983). No data are apparently available for the potentiometric
head of the lower Floridan (R. Johnson, personal communication,
1983). '
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Transmissivity (transmissibility) is the product of hydraulic
conductivity and thickness of saturated aquifer. Transmissivity
at the base of the Floridan aquifer in Hole N-117 north of
Jacksonville at Fernandina Beach ranges from T = 200,000 to T =
250,000 ft2/day (standard English system of wunits). Trans-
missivities greater than 15,000 ft?/day represent good aquifers
for water well exploitation (Freeze and Cherry, 1979, p. 60).
* Much of the high transmissivity within the Floridan may be asso-
ciated with carbonate solution along formational <contacts
(personal communication, Eugene Hayes, U.S.G.S5.). The extent to
which cavernous permeability within the Floridan is interconnected
is unknown. Below the Floridan, transmissivities are poorly
known, but may be several orders of magnitude less.
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The U.S. Geological Survey has recently (1982) completed a

major study of the carbonate aquifers in the southeast United

States as part of the RASA program (Jim Miller, Geologist,

U.S.G.S. Atlanta office, (404) 221-5174; also Craig Sprinkle, same

number). Heat pump applications are apparently common in this )

part of Florida (Frazee). Although this study was concerned .-

primarily with the carbonate aquifers, some information regarding

; the deeper aquifers may have been collected that is relevant to -
possible geothermal applications.
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Figure 25. Potentiometric surface of the Floridan aquifer.
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d) Probable basement lithology beneath Jacksonville area.

The basement in the Jacksonville area consists of essentially
flat-lying Paleozoic sedimentary rocks (Applin, 1951; Applin and
Applin, 1964; Milton (1972); Milton and Grasty, 1969; Gohn, 1983;
- Chowns and Williams, 1983, and references therein). The rocks
range in age from Early Ordovician to Middle Devonian and include
fossiliferous shales, siltstones, sandstones, and quartz arenites.
The thickness of the Paleozoic sequence is presumably variable;
gravity modeling suggests a thickness of up to 2500 m (8200 ft)
(Wicker and Smith, 1978); a well that was drilled through the
Paleozoic sequence in central Florida showed a thickness for the
sequence of 375 ft.

The nature of the crystalline rocks underlying the Paleozoic
section in the Jacksonville area is not definitely known; it is
thought to correlate with the late Precambrian to Early Paleozoic
felsic volcanic terrane which borders the Paleozoic sequence to
the north in southeastern Georgia, and to the south, on the
eastern flank of the Peninsular Arch, in central Florida. In two
locations, the felsic volcanic terrane is known to underlie the
Paleozoic sequence: (1) a well in central Florida encountered the
felsic volcanic terrane below lower Ordovician strata (E. oOrd.
4240-4615 ft; pre-Mesozoic volcanic agglomerate 4615-4637 ft); (2)
seismic profiles in the Florida panhandle show volcanic rocks
underlying Paleozoic sediments (Chowns and Williams, 1983, and
references therein).

Lithologies in the felsic volcanic terrane include vitric
crystal tuff, tuffaceous arkose, porphyritic rhyolite, and
granite. The granites that have been drilled in southeast Georgia
are unfoliated and have granophyric intergrowths, suggesting that
they intruded the volcanic sequence.

No wells have penetrated crystalline basement in the
Jacksonville area (personal communication, Walter Schmidt,
U.S.G.S., Florida). Three wells in the DuVal County-Jacksonville
area bottomed in quartz sandstone of Ordovician age at depths
ranging from approximately 1067 m (3500 ft) to 1219 m (4000 ft).
Additional information about these wells is given in Barnett's
(1975) Appendix.

e) Gravity data.

A compilation of the available gravity data for the area
around Jacksonville has been published at a small scale by Daniels
and others (1983, Figure 12). See also Oglesby and others (1973).
Jacksonville 1lies in a broad area of relatively low gravity
values. A circular gravity minimum lies east of Jacksonville,
partially offshore.
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f) Seismic data.

Virginia Tech has acquired no VIBROSEIS data in Florida but
data are available from other sources. Richardson Seismic
Services, Inc. is a brokerage firm for all proprietary onshore
reflection seismology data available for the Jacksonville area.
For example, Richardson is a broker for Chevron, Amoco, Shell,
Sun, etc. Data are available for DuVal, Nassau, and Clay Coun-
ties, Florida. Apparently no proprietary data are available for
st. Johns County. The cost of purchasing record sections showing
the data is approximately $1,200 to $1,500/mi (5-mi minimum)
depending on how recently the data were acquired. Most (98%) of
their data is in the §1,200/mi range. If data tapes are also
requested, the average additional cost is approximately 15% of the
total order. Samples of data cannot be sent to interested parties
for inspection, but after interest in the amount and location of
data has been defined, samples of data are obtained from the
company's vaults, and data quality can be examined in the
Richardson Seismic Services office in New Orleans. Each request
for data is handled on an individual basis, and must be approved
by the company selling the data. A lease agreement between the
purchaser and seller must be signed. This kind of data, although
it is required to have restricted circulation, is a valuable guide
to the data quality and data acquisition problems to be expected
in the area. Richardson Seismic Services has some offshore
proprietary data for about 20 km (12 mi) from the beach in DuVal
County.

Multichannel seismic reflection data have been collected as
part of a program by the U.S. Geological Survey to survey the
geological framework of U.S. coastal areas. These data are in the
public domain. Many of these seismic lines tie with the offshore
COST GE-1 well and could provide important regional control of
depth to basement. Additional high-resolution seismic reflection
data are available for offshore near Jacksonville, These data
were acquired to help evaluate geologic hazards related to oil and
gas development activities (NOAA Data Announcement 1980 SE-QQ).
These high-resolution data sets might prove useful to define
regional joint sets that might control the solution of carbonates
in the Floridan aquifer.

The problem of seismic data acquisition over cavernous
terrane in northern Florida is well known. Data quality is often
poor because of scattering of energy by karst near-surface topo-
graphy. However, contract companies continue to use conventional
methods of data acquisition which include summing of individual
VIBROSEIS sweeps in the field. We have started a practice of
recording on tape each individual sweep in order that proper
editing of individual sweeps can be carried out on the VAX com-
puter during the processing of the data. In an area such as
northern Florida where near-surface conditions affect data qual-
ity, this may be an important extra step. Our preliminary
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comparisons of data that have been summed in the field versus data
that have been summed on the computer clearly favor recording each
individual sweep in the field with no summing, and summing after
editing on the computer. 1In addition, a smaller group spacing (35
m) would allow more continuous subsurface coverage in those local
areas where carbonate solution is less of a problem. The quality
of the data to be expected can be determined by inspecting and
purchasing some of the proprietary seismic data.

g) Heat flow sites.

Smith and others (1981) published heat flow determinations
for Florida. Reported values near Jacksonville are less than 0.8
HFU (1 HFU = 1 heat flow unit = 10 & cal/gm/cm?) and as low as 0.5
HFU. The published data indicate that few good quality heat flow
determinations are available for the Jacksonville area.

Lowell and Long (1977) suggest that the Peninsular Arch in
northern Florida (Figure 24) may be a consequence of lateral
differences in heat production from uranium and thorium in the
continental metamorphic crystalline basement rocks of northern
Florida and the oceanic basement of the adjacent ocean basins.
That 1is, conductive heat flow should be greater over the
Peninsular Arch than over the adjacent basins. Their results
suggest that the temperature gradient should be about 3°C/km
greater in the basement over the Arch than over the adjacent
basins. Unfortunately, no heat flow values in basement rocks are
available to test this attractive model.

h) Temperatures, temperature gradients, and gamma logs.

Representative temperature-depth plots commonly show
disturbed gradients, Smith and others (1981) attribute the
disturbances to moving groundwater and suggest that the heat flow
values derived from these gradients may be suspect. Problems
include extensively interconnected aquifers and drilling that is
too shallow for meaningful geothermal gradients. The Floridan
aquifer is not a simple aquifer system; it is characterized by
convective overturn and lateral migration of groundwater. If
convection dominates over conduction within the aquifer,
anomalously high gradients will be found immediately above and
below the convecting system, with a low to zero geothermal
gradient within the aquifer (White, 1973).

Two temperature logs from non-flowing (at the surface) wells
are shown in Figure 26 (logs obtained from Richard A. Johnston,
Geologist, Resource Evaluation Division, Water Resources
Department, St. Johns River Water Management District, Palatka, FL
32077). Temperature at 1200 m is approximately 86°F,
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Figure 26. Temperature logs in Jacksonville area showing
effect of convection in Floridan aquifer. Hori-
zontal axis 'cps' is approximately equal to °F.
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The temperature profile in a water supply well near East
Palatka in Putnam County (Smith and Fuller, 1977) has least
squares temperature gradients of approximately 26°C/km (91-274 m), |
14°C/km (243-487 m), 1.9°C/km (426-487 m), and 16°C/km (100-487
m) . According to Smith and Fuller, the depths of gradient ‘
discontinuities can be <correlated to formational changes.
Bottom-hole temperature was approximately 32°C (90°F) at 510 m
(1673 ft), corresponding to an overall average gecothermal gradient
of approximately 20°C/km.

V)

According to Leve and Goolsby (1969, p. 6), water from wells

.
A ]

N "greater than 305 m (1000 ft)" in depth in an area 40 kr by 40 km
*&« (25 mi by 25 mi) approximately centered around Jacksonville and
A

including the Naval Air Station, Jacksonville, and the Naval Air

Station, Mayport, has a temperature of about 27°C (81°F). Well ‘

N-117 just north of Jacksonville was cased to 610 m (2000 ft) and ‘

left open at the bottom for approximately 45 m. Bottom-hole

temperatures ranged from 29-31°C (84-88°F) (personal communica- |

tion, Eugene Hayes, U.S.G.S). Well D-425 in downtown Jacksonville |
|
|
|

et ay e we e
IR BV Serv ugy ¥

ot T

o
{;F bottomed at approximately 760 m (2500 ft) and temperatures ranging
® from 28°C (82°F) to 31°C (88°F) were recorded (Hayes, personal
3fi: communication). These wells bottomed in the Cedar Keys Limestone.
{bﬂ McClung and others (1979) described an excellent correlation
;“i between geothermal gradient logs and gamma logs in shallow holes
;y** (305 m) in the sediments of the Atlantic Coastal Plain. In

clastic sequences, geothermal gradient logs and gamma logs might
have a similar shape because high gamma-producing units tend to be
predominantly clay, and clays have a low thermal conductivity so
that the geothermal gradient is high. The trend is readily
apparent in the plots of McClung and others (1979) for 35 test

AW MA

-

Bl holes in the Atlantic Coastal Plain. Correlation of geothermal
# gradient and gamma logs over depth intervals containing clastic
é’ sediments should therefore help to distinguish between convective

and conductive flow.

27

2

Numerical modeling studies of the type undertaken by Laczniak
(1980) may eventually be of use in understanding the hydrology of
the Floridan aquifer, but at present there does not appear to be
enough basic data to make this practical.

‘w“".'
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§k¥ i) Thermal conductivity.

:“ K (]

b Smith and Fuller (1977) obtained values of 5.2 TCU (1 TCU = 1
k thermal conductivity unit = 10 3 cal/cm-sec-°C) from two samples
0. ; of carbonate rocks from a depth greater than that penetrated by
s the Palatka hole, and from a location about 30 km (19 mi) west of
:ﬁj Palatka. If these samples can be considered approximately
qgg . representative of an average thermal conductivity in the Palatka
a;@
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hole, the heat flow would be about 1 HFU (1 HFU = 1 heat flow unit
= 10 ® cal/cm?-sec). As Smith and Fuller note, the uncertainty in
heat flow based on this determination is large, but this value
does appear to be in general agreement with background values for
the southeastern Piedmont as reported by Costain and others
{1982a).

j) Compilation and interpretatior of available aeromagnetic data.

Aeromagnetic data for the southeastern United States have
been compiled at a scale of 1:500,000 by Klitgord anrd others
(1983, Plate 1) and Daniels and others (1983, Plate 1). See also
Klitgord and Behrendt (1978). On both maps, Jacksonville lies at
the west edge of an area of relatively low magnetic intensity.
This coincides with a gravity low and may indicate a granitic body
at depth below the Paleozoic strata.

k) Discussion of Virginia Tech "radiogenic model."

Virginia Tech has been involved in the evaluation and
targeting of geothermal energy resources in the socutheastern
United States since 1977 (Costain and Glover, 1982a). The
objectives of the geothermal program at Virginia Tech have been to
develop and apply geological and geophysical targeting procedures
for the discovery of low-temperature geothermal resources related
to heat-producing granite. Optimum sites for geothermal develop-
ment in the tectonically stable eastern United States are
associated with areas of high heat flow derived from crustal
igneous rocks containing relatively high concentrations of uranium
(U), thorium (Th), and potassium (K). Exploration strategy has
been directed toward confirmation of the "radiogenic model"
(Costain and others, 1980a). 1In this model, granite plutons with
relatively high concentrations of U, Th, and K relative to the
surrounding country rock occur in the crystalline basement
concealed beneath the wedge of relatively unconsolidated sediments
of the Atlantic Coastal Plain. Such granites are sources of heat
produced by the natural radioactive decay of isotopes of U, Th,
and K (Birch, 1954). Because the thermal conductivity of the
Coastal Plain sediments is roughly half that of crystalline rocks
(Ziagos and others, 1976; Perry, 1979), the sediments act as a
thermal insulator, and raise geothermal gradients within the
sediments. In a sedimentary section above a heat-producing
granite, isotherms are warped upward, and anomalously higher
temperatures occur at shallower depths.

Very 1little is known about the nature of metamorphic
crystalline rocks below the Paleozoic section in the Jacksonville
area. No wells have penetrated to these depths. Because of the
convective nature of the Floridan aquifer, heat flow determina-
tions made above or in the Floridan aquifer appear to be
unreliable. At this writing, it appears that the targeting
strategy employed by Virginia Tech elsewhere in the eastern United
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s States would not be immediately applicabie in the Jacksonville
' area. Lateral convection in the Floridan aquifer would tend to

{ Ny diffuse local concentrations of heat flow caused by radioactive

5?' granites in the crystalline basement. In any event, no samples of

ﬁk; crystalline basement are available to define lateral trends in
:; . basement heat production, and the depth to basement may be too

": great to justify exploratory holes. Although the transmissivitv

V of the Cretaceous and Paleozoic rocks below the Floridan system is

L) unknown, if convective transport within the Floridan is important,

[ then temperatures between the Floridan and crystalline basement

o= are probably lower then if pure conductive heat transport were

.50 operating. This might mean an unattractive combination of low
o) transmissivity (T) and lower than expected temperatures beneath

b the Floridan aquifer system. At the present time, with the sparse

to nonexistent data base below the Floridan in the Jacksonville

% area, we do not envision a targeting strategy based on the

3 basement-controlled radiogenic model.

e

& i 1) Recomniendations for future work.

r 1) Compilation of  existing well data with regard to
kg temperature profiles and available core. -
=

fu 2) Temperature logging of selected holes based on results

of 1). "Holes in the Jacksonville area should be Ilogged for
temperature at a relatively small depth interval (0.5 m).
Differentiation of this temperature profile when sampled at a
close depth spacing yields information about water movement in and

across the hole. This procedure at the Savannah River test site

“u
o,
-~

Frs

! vielded temperature gradient profiles which correlated well with
$§, fracture permeability as determined by punp tests made in
%g crystalline basement rocks.

.:, Virginia Tech has precision logging equipment consisting of a
{4 vehicle equipped with two independent logging systems, each with
L { logging cable hoist and associated wup-hole electronics and
%] recording equipment; the hoists are electrically operated (110 V)
N with a portable Onan generator. Unit 1 is a Well Reconnaissance
oy logger with 3000 £t of single-conductor cable and up-hole

electronics to record natural gamma ray, self-potential, or
o single-point resistivity. Unit 2 is a Gearheart Owens logger with
| 8000 ft of Rochester-brand 4-conductor armored cable. Because of
:‘$ the finite shelf-life of cable, this needs to be replaced. Unit
iii 2, used primarily for precision digital temperature logs, can be
ad used for gamma ray and electric logs in holes deeper than 3000 £t

X that cannot be reached by the Well Reconnaissance unit. A Fluke
53 Model 8500A multimeter is triggered by a Tektronics 4051 graphics
‘ terminal and microprocessor to sample a Fenwal thermistor (nominal

. resistance of 4000 ohms) at depth intervals of 0.5 m. Data are

recorded on magnetic tape. The Tektronics 4051 is used for
graphics plotting in the field and data transmission ir via mohile
. telephone modem to <the 1BM 3061 computer at Virginia Tech in
Blacksburg. Also available are a Rosemont  Model 913AC
constant~-temperature bath and ice bath for calibration of probes.
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3) Reprocessing of available proprietary seismic data.
Proprietary reflection seismic data are available for the
Jacksonville area. These data should be examined in Mew Orleans,
and selected data segments purchased and reprocessed at Virginia
Tech,

Our Reginal Geophysical Lahoratory operates a full-time
research VIBROSEIS crew. Our staff is therefore awarc of all
aspects of data acquisition as well as data processing.
Processing is done on a VAX 11/780 with Digicon DISCO scftware.

4) Acquisition of new P-wave VIBROSEIS reflection seismology
data. Much of the uncertainty regarding the nature of the geo-
thermal resources in the eastern United States is due to lack of
information about the geometry of the hydrothermal resource.
Virginia Tech has found that the sediments of the Atlantic Coastal
Plain from Georgia to Virginia contain a series of excellent
reflectors, comparable to these commonly found in offshcre reflec-
tion seismology data. Although reflecticn seismology is
recognized as the most successful technique for defining the
geometry of subsurface geology, the method has not been widely
used on the Atlantic Coastal Plain to define the thickness and
lateral extent of aquifers and aquitards primarily because it is
relatively expensive ($170,000 to $200,000 per month). However,
compared to the costs and results from drilling, reflection
seismology has been underutilized. This is especially true where
a few drill holes have penetrated the greatest depths of interest,
but where stratigraphic correlations between drill holes are
uncertain, even with a full suite of geophysical logs available.
Reflection seismology traverses can prcvide the necessary
continuity between drill holes in areas where stratigraphic and/or
structural discontinuities make subsurface interpretation
difficult or impossible.

The Jacksonville area may offer a special set of problems for
P-wave reflection seismolecgy because of the presence of near-
surface carbonates. Degradation of P-wave data is common under
these circumstances; for example, in the folded Appalachians the
onset of near-surface carbonates is coincident with the disappear-
ance of reflections. Use of shear wave data has had some remark-
able successes (Domenico, 1983; Robertson, 1983; Robertson and
Pritchett, 1983) over the past five years in obtaining data over
hard (carbonate) surfaces, but it is not known if shear sources
will be as effective in areas of karst topography. Much of the
proprietary shear data of petroleum companies 1is just now
appearing in the literature (Laing, 1983a, 1983b).

If logistics permit, we recommend a short experimental shear
wave line to supplement the P~wave data. Acquisition of shear
wave data 1is usually dcne only on secondary rcads or off roads
because cf road damage caused bv the shear vibrator. Access to a
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relatively remote part of a military installation might offer an
opportunity to investigate the potential contributions from shear
recording.

A recent summary publication by Prowell (1983) documents the
widespread occurrence of faulting in sediments of the Z2tlantic
Coastal Plain. The data in his report represent the presently
available knowledge of fault characteristics and distribution of
Cretaceous and younger faults in the eastern United States.

In the Jacksonville area, fault No. 79 (81° 40', 20° 20',
Orange Park quadrangle) is located in the downtown Jacksonville
area just east of the junction of U.S. routes 90 and 1 along the
St. Johns River {(Leve, 1966, p. 19-20). The fault is described as
vertical (?) and striking N12°E. The sediments affected by fault-
ing are the clayey sands of the Hawthorne Formation (Miocene),
limestone of the Ocala Grcup, and the Avon Park Limestone
(Eocene). The greatest vertical displacement (apparent offset) is
given as 38 m (125 ft). The structural marker horizon is the top
of the Avon Park Limestone (Eocene). The fault is recognized in
drill hole data from water wells in the vicinity of Jacksonville.
The east side is down. The fault extends from northern Clay
County, through Jacksonville to northern DuVal County. Similar
faults are undoubtedly still undiscovered and may significantly
affect the size and distribution of convection cells in the
Floridan aquifer system, Unknown fault geometry can affect
predictions of well yields and the behavior with time of hydraulic
heads associated with confined and semi-confined aquifers.

We propose to acquire 24-fold reflection seismic data at a
station spacing of approximately 35 m near and on the U.S. Naval
Air Station.

5) Generation of synthetic seismograms. A common approach to
the interpretation of reflection seismology data is through the
comparison of synthetic data generated from continuous velocity
logs (CVLs) obtained in drill holes with actual multifold reflec-
tion seismology data. A reflectivity function is generated from
the CVL by taking the derivative of the log of the "velocity
function" as a function of time (Sengbush and others, 1961). The
reflectivity function is then convolved with the seismic source
wavelet (a Klauder wavelet for the case of VIBROSEIS data). The
result is a multiple-free synthetic seismogram which can then be
compared with the real seismic data. We suggest that all sonic
logs (CVLs) available from wells in the Jacksonville area be
digitized and reflectivity functions and synthetic seismograms be
constructed for comparison with real data.

6) New drill holes for determination of temperature gradients
and heat flow. The size and distribution of convection cells in
the Floridan aquifer are unknown. Upwelling water will be
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warmer than water circulating downward. These are therefore
possibly better locations to develop a gecthermal resource. We
suggest that the determination of the nature of convection in the
Floridan system is important, and can be investigated using a
combination of reflection seismology and high-resolution tempera-
ture gradient profiles supplemented by the large data base and
expertise of the individuals mentioned in this report. At this
time, it appears that predictions of terperature in new deeper
holes extending below the Floridan aquifer system might be

cignificantly affected by the hydrology cf the overlying Floridan
aquifer.
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ECONOMIC ANALYSIS FOR CEGCTHERIAL ENERGY USE
AT JACESONVILLE NAVAL AIR REWORK TFACILITY

SUMMARY

A study of the Jacksonville NARF chows that a small well with
an average flow rate of only 88 gal/min could preheat the nake-up
water to save 1.8 x 10!? Btu of fuel per ycar and reduce fuel
costs by $53,000 per year. A larger well prcducing an average
flow of 300 gal/min could supply additional heat directly to
individual buildings for space heat in the winter and heatin
dehumidified air in the summer. This would save 6.3 x 10!0 Btu of
fuel per year and reduce the annual fuel costs by £1€1,000.
However, these energv savings would not come without a price. An
investment of approximately $1,200,000 would be required and there
are some risks. The two major risks are (1) the geothermal water
flow rate could be lower than expected since no flow rate tests
have been conducted in Florida, and (2) drilling costs could be
higher than expected since the subsurface limestone is likely to
have vcids that can cause lost circulation of drilling fluid and
increase drilling costs.

Geothermal energy at Jacksonville NARF could be implemented
economically if the flow rates are greater than 200 gal/min and
extraordinary well drilling costs are not incurred. Since
érilling costs are a large portion of the geothermal system cocst,
it is important that they be thoroughly investigated.

JACKSONVILLE GEOTHERMAL SYSTEM DESIGN

Three naval facilities were visited in the north-central
Floriaa area. Their yearly energy usages are Jacksonville NARF,
870 x 10?9 Btu; Cecil Field NAS, 280 x 10° Btu; and Orlando
Training Center, 190 x 10° Btu. A central steam power plant
supplies most of the energy needs for the Jacksonville NARF, and
38% of the condensed steam is returned. The central power plant
at Cecil Field supplies only half the heating needs of the
facility and 80% of the condensate is returned. In Orlando,
heating is decentralized in individual units. O0f these three
facilities the Jacksonville NARF is the most promising since it
uses the most enercy, has a central power plant, and returns less
condensate to the boiler. All of these factors make it desirabile
as a geothermal erergy user.

The Jacksonville NARF is located in a region with a slightly
below average tempera*ure gradient. However, its imperneable
basement rock is relatively deep at 4900 £t, giving it a relative-
ly high potential geothermal water temperature of 124°F, The
subsurface material is limestone, which extends from the surZace
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2‘53 to the basement. Depths below basement rock have nct been consid-
-2 ered in this study since rno rnaturally occurring watcr flow is .
{ ) anticipated there. The hot-dry-rock fracturing process currently
‘?53 urnder study (Cummings, 1982; Smith and Ponder, 1982) is not
35 considered practical at this time. Additional testing is reguired
5.~ to determine the feasibility of this method of tapping the earth's ’
- geothermal energy.

.
v) Most of the energy used at Jacksonville WARF is electrical.
,, iiost of the remaining energy needs are supplied by 125-psi stean,
:{zj generated in a central power station that can burn either #6 fucl
224 oil or natural gas on an interruptable basis. VWith natural gas ir
5Ly plentiful supply at a cost of only $3.11 per 10° Btu, nearly all
<N of the steam produced in the last 3 years has been generated with

natural gas. Steam production in 19&1 (Figure 27) was 89 x 10% 1b

2N per month at the peak in January and leveled off to 39 x 10% 1b
24N per month during the warmer months from April to October. A
§JH relatively large amount of steam is used in the summer months tc
K" reheat the air after the air conditioning units cool it to lower
Qﬁu its humidity. The total steam generated in 1981 was 612 x 106 1b.

- At a pressure of 125 psi, the energy content of steam is 1075
i; Btu/lb, and the total energy of the steam generated in 1981 was
10 660 x 107 Btu. If even a small percent of this energy were
fiq replaced with geothermal energy, the amount of natural gas saved
3y would be substantial.

N ECONOMIC ANALYSIS FOR JACKSONVILLE MARF
375!
g The Jacksonville NARF currently generates steam for the
ﬁﬁ facility in a central boiler and distributes it at 125 psi to
7.e, users on the base. At present approximatelv 38% of the condensed
AT steam is recovered and returned to the boiler at approximately
" 135°F. A geothermal well can be incorporated into this systen as
o shown in Figure 28. The geothermal hot water would be used to
ﬁéﬁ preheat the make-up water for the boiler. This system would have
j”, several advantages over using the geothermal well water 1in
;% individual buildings. It would require only one heat exchanger,
he s need less overall floor space, and be easier to maintain. 1In
addition, heating individual buildings would require water to air
'A heat exchangers, which are larger and more expensive. For the
N conditions given in Figure 28, geothermal energy would provide
: 18 x 109 Btu {nearly 3% of the total energy use) and save $56,000C
A of natural gas per year at current natural gas prices of $3.11 per
32 million Btu.
2N If the geothermal well is capable of supplving more than an
'y average flow of 88 gal/min, the additioral water can ba used

directly in individual buildings to heat the air as shown in
Figure 29. On a per Btu Lasis this system 1s nec:t as cost
effective as the application of preheating make-up water since
additionuel piping and water to air heat exchangers arc roequirea. :
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Steam production (106 1b/mo)

0 | | | ] ] ] | ] ! ]
Ot Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

‘ﬁi Figure 27. JTacksonville NARF monthly steam
S production--1981.
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ﬁ,) Figure 29. Geothermal system to preheat feedwater and
1y heat Jacksonville NARF building.
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ECONOMIC PARAMETERS

E.r - The evaluation of a geothermal system is complicated by the
#4e fact that the well characteristics are not known precisely, but
‘g: instead fall in a probable range of values. This is especially
A . true in the Jacksonville area, where geothermal test wells have
:_} not been drilled. Some of the well characteristics that are not
A precisely known are
i)

< 1. Water flow rates
3
.3? : 2. Drilling costs
23N
3
iﬁh 3. Drawdown depth
Ui 4, Water temperature
,‘_)“b g
i-& Other important parameters that are not associated with the
B geothermal well but that are subject to change with time over the
B life of the well are
ng 5. The cost of fuel (i.e., natural gas and/or #6 fuel oil)
gﬁ 6. The cost of money
%9,
TP,
é}j 7. The inflation rate
?(> 8. Operating and maintenance expenses
ﬁﬁﬁ Parametric analyses were performed using best estimated
357 values for parameters 2, 6, 7, and 8 and a range of values for
3 parameters 1, 3, 4, and 5. The present value method has been used
R to evaluate the value of a geothermal system. In this method
V2 future income and expenses are discounted by the time value of
753 money to the Navy. For example, at a time value of money of 10%
0 per year, $20,000 to be received 10 years from now is equivalent
'th to $7710 received today. The present value indicates how much one
f; can afford to spend for a geothermal system based on the value of
il its future net income.
"R The present value analysis was performed using as a baseline
oy the estimated characteristics of the geothermal system presented
N5 in Table 11. 1In the calculation, the fuel costs and operating
,p* . s :
5 expenses are assumed to increase at the inflation rate. The
e’ calculated net present value is $800,000,. Consequently, if a

-y geothermal system can be implemented for less than $800,000 it is
[~ economically advantageous to construct it. This, of course,
: assumes that the conditions presented in Table 11 apply to the
o S well. Figure 30 shows the effect of varying some of these condi-
m*_ tions. In this figure the well temperature is varied from 100°F
23 to 140°F and the flow rate varies from 50 to 300 gal/min. The
o7 .
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Table 11. Estimated Geothermal System
Characteristics for Jacksonville NARF, -

Water flow rate (gal/min) 150

Drawdown depth (ft) 750 (15% of well depth) >
Water temperature (°F) 124
Cost of money (%) 10
‘Inflation rate (%) 5
Cost of fuel (M Btu) $3.11
Vgl Cost of electricity (M Btu) $11.70
‘;2:","';' Annual operating and maintenance $20,000
LR Ccosts
8
23
g
'i}' LN 2800
4 | | |
&
LRIN .
%‘:‘1 Flow rate gal/min 300
Vil
S
3 $
MANRT
N "
' =2
-
i
&

100 110 120 130 140
Well temperature (°F)

Figure 30. Present value of geothermal energy as a

function of well temperature and flow
rate (Jacksonville). b
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;4. nominal well water temperature of 124°F was determined from an
(ﬁ . extrapolation of surface temperature gradients. Since subsurface
A material is under greater pressure loading than at the surface, it
ﬁ& often has a higher conductivity and lower temperature gradient.
el This effect could lower the predicted well temperature several
" degrees. From Figure 30 the present value decreases linearly with
RN well temperature. A decrease of 4°F decreases the present value
5 ) by 12%.
N 24 The effects of varying flow rate also have a pronounced
D effect on present value. Water flow rates are not as predictable
o as temperature, and flow rates ranging from 0 to 300 gal/min and
«*ﬁ greater are possible. One hundred and fifty gal/min was chosen as
N a nominal value. However, since geothermal test wells have not
: been drilled in this area, it is difficult to predict a flow rate.
JQ} At 150 gal/min and 124°F well water, the net present value is
&gﬁ $800,000. At 300 gal/min, the present value increases to
UQ¢ $1,900,000. The risk factor associated with the flow rate is not
ﬁ;$ negligible and must be taken into account in any decision to
» develop a geothermal system.
Q\h The effects of drawdown depth and cost of natural gas are
Aghs shown in Figure 31. Increasing the drawdown depth increases the
'QE cost of pumping water from the well. At the nominal gas price of
SIS $3.11/MBtu, increasing drawdown depth from 10 to 20% of the well
- depth (i.e., 500 to 1000 ft) reduces the net present value by 18%.
L The benefits of increasing drawdown depth to increase well flow
X3 rate will have to be weighed against the increased pumping costs,
;éi; to determine an optimum drawdown depth for the well.
AN ()
';:? The future price of natural gas has a strong influence on the
> net present value of the geothermal system (Figure 31). With the
l; recent excess of natural gas and the pending decontrol of natural
Qe gas prices, it is difficult to predict future natural gas prices.
§:~:3‘E JACKSONVILLE SYSTEM COSTS
s' 4
she The proposed geothermal system shown in Figure 29 consists of
e a geothermal well 4900 ft deep, a downhole pump, a water to water
?,xﬁ heat exchanger, air to water heat exchangers, a reinjection well,
":,f.: and piping connecting these components.
L W
“%ﬁ Well costs and downhole pump costs have been obtained from
als cost estimates developed by Gruy Federal (Herron, 1982). This
o : company has an excellent background in geothermal drilling, having
"Iy drilled 50 geothermal test holes 300 m (1000 ft) deep to measure
ﬁk: heat flows along the Atlantic Coastal Plain, under the sponsorship
zz;: - of DOE. In addition, it has drilled a research well 1695 m
;q& (5562 ft) deep and tested three production zones (Gruy Federal,

Inc., 1979).
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i) Figure 31. Present value of geothermal energy as a
A function of drawdown depth and the cost
5 of natural gas (Jacksonville).
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Well <costs are divided into three categories: (1)
depth-independent costs of the production and reinjection wells,
(2) depth-dependent production well costs, and (3) depth-dependent
reinjection well costs. In the first category the cost breakdown
in 1980 dollars is as follows (Herron, 1982):

Insurance $ 10,000
Site work 20,000
Wellhead equipment 20,000
Gravel pack 35,000
Flow testing 135,000
Engineering fees 100,000
Downhole pump (750-ft
drawdown) 20,000 (88 gal/min) 45,000 (300 gal/min)
$340,000 $365,000

In the second category the depth-dependent production well
costs for a 5000-ft well are

Mobilization $ 40,000
Rig time 100,000
Bits, mud, chemicals, fuel, and water 20,000
Miscellaneous rentals 20,000
Logging 45,000
Cementing 45,000
Tubulars 255,000

$525,000

Note that these costs are estimates for drilling along the
Atlantic Coastal Plain between Georgia and New Jersey. Drilling
costs in Jacksonville may be even greater due to the fact that the
drilling will be in limestone, which has voids that can cause lost
circulation. Difficulties with 1lost circulation could easily
increase rig time costs by $100,000.

The fresh water aquifer in the Jacksonville region extends
2200 ft; therefore, a reinjection well must be at least 2200 ft
deep to keep salt water out of the fresh water supply. For cost
estimate purposes, a depth of 3000 ft has been chosen. The
depth-dependent reinjection well costs are
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Rig time $ 50,000
0 Bits, mud, chemicals, fuel, and water 20,000
e
N Rentals 10,000
%% Logging 30,000
fnt |
N Cementing 30,000
'y
QY Tubulars 110,000
S $250,000
<~
W The total cost of both wells is $1,115,000. Excluding
- downhole pump costs, this is an average cost of $130 per foot.
Y This is relatively high compared with some estimates. For
‘t example, predicted drilling costs for a 1980 study at Norfolk NARF
2 (Smith and Ponder, 1982) are $75/ft. This is more in line with
:3 current o0il and gas drilling costs. Geothermal wells on the
s Atlantic Coastal Plain may eventually come down to this value.
| § However, other sources use drilling cost comparable to $130 per
'Q foot (U.S. Department of Energy, 1982; Kestin). The Gruy Federal
¥ estimate is probably more realistic for the first few geothermal
»ﬂ wells to be drilled, especially in Jacksonville where lost
;3 circulation could be a problem.
) The water to water heat exchanger cost (Johns Hopkins
5 University, 1979) in 1980 dollars is
?é 0.057 (0)0.84
AS
l{ where Q is the heat exchanger throughput in Btu/hr. At a well

) water flow rate of 88 gal/min,

My Q
\"
A,

oy = 2 x 10% Btu/yr

18 x 162 Btu/yr

therefore, the water to water heat exchanger in Figure 29 costs
$11,400.

The water to air heat exchanger in Figure 29 costs §$28,000.
On a per Btu basis, this is three times as much as the water to
water heat exchanger (Johns Hopkins University, 1978). The cost
of piping required to carry the water to NARF building 1000 and
back to the reinjection well is an additional $46,000 (Naval
Facilities Engineering Command, 1981).

The total cost for the system shown in Figure 28 producing at

88 gal/min is $1,126,000 (Table 12). The projected net present
value of this system is only $350,000. For a system producing
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Table 12. Jacksonville Geothermal System Cost
and Net Present Value.

NWC TP 6535

88 gal/min 150 gal/min 300 gal/min

Production well $340,000 $340,000 $340.000
depth independent

Production well 525,000 525,000 525,000
depth dependent

Reinjection well (3000 ft) 250,000 250,000 250,000
11,400

Heat exchangers 11,400 85,400 195,000
and piping

Total Cost $1,126,400 $1,200,400  $1,310,000

Net Present Value $350,000 $817,000  $1,900,000
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150 gal/min (Figure 29) the total cost is $1,200,400 and the net
present value is $817,000. If the system shown in Figure 29 could
produce 300 gal/min the cost would increase slightly to
$1,310,000, but the net present value would increase greatly to
$1,900,000. At a flow rate greater than 210 gal/min the
geothermal system is economical (Figure 32). It is clear that
water flow rate is an important parameter and greatly influences
the viability of the geothermal system.

LEGAL CONSIDERATIONS

The city of Jacksonville and DuVal County have an ordinance
prohibiting the use of aquifer water for the primary purpose of a
heat source or a heat sink. This ordinance does not apply to
geothermal wells, however, since they are below the fresh water
aquifer, which extends to 2200 ft.* Therefore, the supply well
does not require approval of the City of Jacksonville
Environmental Protection Board. According to section 554.213 of
the code, the reinjection well will require approval of the Board
and will also need to be approved by the St. Johns River Water
Management Center, No problems are anticipated as long as the
reinjection well is below the fresh water aquifer level of 2200
ft.

CONCLUSIONS

Implementation of a geothermal system at the Jacksonville
NARF looks economically feasible, if flow rates above 210 gal/min
can be attained and unexpected drilling costs are not incurred.
Flow rates of 210 gal/min are possible, although it is difficult
to predict flow rates in advance since no wells have been drilled
and flow rate tested at the depths being considered.

Unexpected drilling costs due to 1lost circulation could
increase geothermal system cost. This extra cost is a risk factor
that must be fully evaluated prior to developing a geothermal
system at the Jacksonville NARF,

*Telephone conversation with Gary Weise, Jacksonville, Fla.,
City water Department.
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Figure 32. System cost and net present value as a
function of well flow rate (Jacksonville).
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GEOPHYSICAL AND GEOLOGICAL ASPECTS OF GEOTHERMAL
ENERGY POTENTIAL AT CHARLESTON

a) Geologic framework.

Charleston 1lies on the Atlantic Coastal Plain. Although
relatively few holes have been drilled to basement in the Coastal
Plain sediments of South Carolina, basement lithologies can be
inferred from geophysical data and scarce drill core samples.

The available data indicate that the basement rocks of
southern South Carolina 1lie in a province unlike any in the
exposed Piedmont. The rocks are part of a large Triassic-Jurassic
rift basin, called the South Georgia rift, which extends from
western Florida across the southern third of South Carolina
(Daniels et al, 1983). Lithologies therein consist of basalts and
rhyolites, diabases, and continental clastic sediments.,

Beneath the Coastal Plain sediments, the pre-Cretaceous
basement consists of one or more basalt flows overlying red beds,
which in turn overlie crystalline basement rocks of uncertain
affinity. The deepest drill hole that encountered basement rocks
in the Charleston area is Clubhouse Crossroads No. 3 in
southwestern Dorchester county, about 40 km west-northwest of
Charleston (Figure 33). 1In this hole, the pre-Cretaceous basement
surface was reached at 775 m, and 256 m of subaerial basalt flows
were found to overlie a minimum of 121 m of sedimentary red beds.
These units are Late Triassic to Early Jurassic in age (Gohn,
1983). The crystalline basement is thought to underlie the red
bed sequence about 100 m below the bottom of the hole at 1150 m
(Ackermann, 1983). Lithic fragments contained in the
conglomeratic units near the bottom of the hole, and presumably
derived from the crystalline basement, consist of granodiorite,
mylonite, microbreccia, and basalt (Gohn, 1983).

Seismic studies in the Charleston area (Ackermann, 1983)
suggest that the surface of the pre-Mesozoic crystalline basement
has large relief. Between Clubhouse Crossroads No. 3 and
Charleston, though, the surface dips gently toward the southeast,
reaching a depth of roughly 2500 m at Charleston (Ackermann,
1983).

b) Thickness of Coastal Plain sediments.

The thickness of Cenozoic and Upper Cretaceous sediments at
Clubhouse Crossroads is 750 m (2462 ft) (Gohn and others, 1978).
This is the thickness (at this location, about 20 km northwest of
Charleston) that might contain aquifers of sufficient
transmissivity for useful geothermal applications. Although
actual hydrologic data are lacking, below 750 m the information
available indicates that the hydraulic conductivity of the rocks
is too low to recover adequate amounts of water. Figure 34 is a
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L Figure 33. Geologic map of the basement of southern South
. o Carolina (from Chowns and Williams, 1983).
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A by

structure contour map of the basement surface in the Charleston
. area (from Gleason, 1982).

:Qf c) Intrinsic permeability and other hydrologic properties.

Relative intrinsic permeabilities of the Mesozoic aquifer
systems in Georgia and South Carolina are summarized in Table 13
from Brown (197%9a). As in Virginia, hydrologic tests of deep
aquifers are lacking.

I
R Ny
»

2

fﬁ The intrinsic permeability of the sediments beneath

s Charleston is moderate to poor. Brown and others (1979) evaluated
N the Mesozoic aquifers of the southeastern United States in search
& of potential waste-storage units. They uniformly assigned

sand/shale ratios less than 1, which is indicative of 1limited

E permeability. The data base 1is inadequate, however, and
?; hydrologic properties of the deeper aquifers are poorly known.

e

;5& d) Probable basement lithology beneath Charleston area.

(*~ The investigation of low-temperature geothermal energy

PR resources in the Atlantic Coastal Plain relies upon an

§§ understanding of (1) the 1lithology and structure of the

& crystalline rocks ("basement") below the Coastal Plain sediments

e and (2) the thickness and lithology of the overlying sediments.

Q} The former types of data, basement 1lithology and structure, are
- necessary to interpret the heat production from basement heat
\ sources, while the latter type of data concerning the overlying

N sediments are fundamental to the evaluation of the insulating

i properties of the Coastal Plain sedimentary sequence.

1& Basement depth and 1lithologic information may be obtained

from geophysical data such as seismic investigations and regional

e gravity or magnetic studies, or through subsurface drilling data.

,g& A considerable amount of drilling data has been published in the
‘ geologic literature, including professional journals, o0il and gas

4 exploration reports, U.S. Geological Survey publications, and

W state survey publications.

5

A considerable portion of the pre-Coastal Plain surface in
South Carolina is comprised of arkosic sedimentary rocks or
1) basalts highly suggestive of rocks exposed in the
Triassic-Jurassic grabens of the eastern United States (Marine and
Siple, 1974; Marine, 1974; Gottfried et al, 1977; Popenoe and
Zietz, 1977; Gohn et al, 1978). For the purpose of this
compilation, these rocks are considered as pre-Cretaceous
basement.

-

!a?J

X

= AP
e

. Thirty~six wells drilled through the entire Coastal Plain
sedimentary sequence have been included in the South Carolina
compilation (Figure 34). These wells are unevenly distributed
across the South Carolina Coastal Plain, with a large number
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SZn Table 13. Lithologic Facies and Relative Intrinsic
151{ Permeabilities for Mesozoic Aquifer Systems in
gﬁfg Georgia and South Carolina (from Brown, 1979).
;5: i Aquifer Aquifer Aquifer “.A;]:i'f‘e-r- ‘A'q.uvif_e_r"",\@-ivf;} Aquifer  Aquifer
i system system system system svstem system system system
H(?) G(?) F E D [« B A
B,
X Total vol.ume1 583 872 4,875 852 4,496 2,648 3,146 3,410
. Total area’ 4,578 6,257 60,000 30,725 43,090 55,590 50,050 50,450
110 . Percentage of aquifers containing usable ground water
il Volume 0 ) 57 3 59 7% 87 99
Area 9 0 73 S5 RS R4 86 RR
B _ Aquifers containing v~.!le gr-ouad water A
a7 Volume ] 0 2,795 ) 2,023 2,009 2,735 3,061
I Area 0 0 43,681 17,072 40,850 46,714 42,R18 44,626
. Aquifers containing non-usat e _pround witer
| Volume 583 872 2,080 %43 273 579 i 3%9
o Area 5,678 6,257 16,319 13,653 7,240 8,876 7,232 5,824
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o
:f clustered near the Savannah River atomic energy facility in the
M southeastern part of the state. Descriptions of basement
L * lithology have been found for twenty-six of the thirty-six wells.
j{ Depths to basement have been compiled for all thirty-six of the
_:4 wells.
‘\_\";
}$~ e) Gravity data.
' { The Charleston area is one of the most intensively studied
§§ areas in the eastern United States because of the studies related
ha to the Charleston earthquake of 1886 (Rankin, 1977; Gohn, 1983).
2, The relative density of gravity stations is high (Figure 35}.
.%g Correlation of local anomalies with basement rock type is
W uncertain because of the lack of basement core.
:g f) Seismic data.
A
Results of the first seismic work in the Charleston area were
7 published by Yantis and others (1983). This work was followed by
gb more modern recording and processing techniques (Coruh and others,
X 1981), Available seismic lines in the Charleston area are shown
Y in Figures 36 and 37. The lines shown in Figure 37 are VIBROSEIS
o lines shot by Virginia Tech as part of a cooperative program with
ug the U.S. Geological Survey. Preliminary results have been
"L published (Coruh and others, 1981). Results from the COCORP
o reflection seismic data have been published in Gohn (1983).
Y The meizoseismal area of the 1886 earthquake was located just
I northwest of Charleston, and most of the seismic lines are in this
K area. These lines are close enough to Charleston to conclude that
N the quality of any new data acquired in Charleston will be
By excellent. Like the Coastal Plain of Virginia, the quality of the
& onshore data approaches or exceeds that of offshore data.
! Arguments similar to those made for acquiring seismic data in
sl Virginia can also be made for the Charleston area. Aquifer
32 transmissivities can be determined from seismic data; faulting, if
04 present, can be detected by conventional reflection seismic
"5 methods. Non-standard methods such as shear recording that are
still in the experimental stage can be used to advantage in this
(. area because an excellent P-wave data set (Coruh and others, 1981)
o already exists for comparison with shear data that could be
A acquired.,
(: g) Heat flow sites.
N
0. A heat flow determination for the South Carolina Coastal
Y Plain was made by Sass and Ziagos (1977). The plot of the
By, gradient along with the tabulated thermal conductivities are
'@ : reproduced in Figure 38. No heat flow values are available in the
oy immediate area of Charleston. Sass and Ziagos (1977) report the
XD heat flow as 1.3 ¢ 0.2 HFU (1 HFU = 10 ¢ cal/cm?-sec) (or 54 t 8.4
',1 . mW/m2), for which they conclude that no thermal anomaly exists at
e this site.
»
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Fog anomaly map of South Carolina. Contour inter-
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Figure 37. Seismic lines (arrows) shot by Virginia Tech in
Charleston area.
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TEMPERATURE, IN DEGREES CELSIUS

Temperature versus depth in Clubhouse Crossroads corchole 1. Temperatures were measured at 3-m inter-
vals. Lithologic column bascd on figure 2 of Gohn and others, this volume.

Figure 38. Temperature versus depth in Clubhouse Crossroads
corehole No. 1 (from Sass and Ziagos, 1977).
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~_h) Temge:gtuxes1w%emger§tﬁfé"éiadients, and gamma logs.

Several Coastal Plain gradient holes were drilled and
completed by Virginia Tech during the fall and winter of 1980.
Holes C10 at Charleston, S.C., and C7A at Savannah, Ga., were both
drilled to approximately 300 m. Overall least square gradients
are 34°C/km and 33°C/km respectively., A third 300-m hole (KB-1)
was drilled at Kings Bay Naval Submarine Support Base
approximately 25 miles south of Brunswick, Ga. The temperature
profile of the upper part of this hole is disturbed by groundwater
circulation; a gradient of 22°C/km was determined for the lower
140 m of the hole.

i) Thermal conductivity.

Thermal conductivities given by Sass and Ziagos (1977) will
also be representative of the sediments closer to the Charleston
area. These values were determined from a continuously cored hole
at Clubhouse Crossroads. These are reproduced here as Table 14.

j) Magnetic data.

Aeromagnetic data in the Charleston area are shown in
Figure 39. A detailed interpretation of the field (Figure 40)
near Charleston has been made by Phillips (1977). According to
the model studies of Phillips, most of the power in the magnetic
anomalies is produced by mafic intrusive bodies at depths of 2 to
4 and 5 km. The interpretation of a mafic crust might mean a
relatively low heat flow throughout the area, but no heat flow
data near the Charleston area are available.

With more samples of basement core from which magnetic
susceptibility determinations can be made, the magnetic field will
be useful for identifying basement rock type in areas where no
core is available. Aeromagnetic data for the southeastern United
States have been compiled at a scale of 1:500,000 by Klitgord and
others (1983, Plate 1) and Daniels and others (1983, Plate 1).

k) Discussion of Virginia Tech "radiogenic model."

The radiogenic model was discussed in detail in the section
on Norfolk and that discussion will not be repeated here. At this
time, it is difficult to predict what the concentrations of U, Th,
and K are in the basement rocks in the Charleston area, and
therefore how applicable the radiogenic model might be in the
Charleston area. In New England, 1large lateral changes in
basement heat flow are known, but these changes are associated
with granites of a much younger age than are presently known in
the Charleston area. More heat flow values and determinations of
heat production from basement core are needed. There are no
values of heat production from basement rocks in the Charleston
area. ' :
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Table 14. Values of Thermal Conductivity
at Clubhouse Crossroads (Sass and
Ziagos, 1977).

Depth Temperature Thermal
interval gradient conductivity
(m) (°C/km) (10" 3cal/cm-sec-°C)
274-399 21.0 $.99 ¢ 0.29
405-442 23.0 6€.38 + 0.83
442-469 40.1 3.39 £ 0.16
469-515 25.3 5.28 ¢ 0.55
509-555 30.1 3.76 = 0.82
555-698 18.4 3.88 ¢+ 0.32
713-738 42.2 3.43 £ 0.11
754-789 30.4 4.23 + 0.13
101




*(£861 ‘saayjro pue sTajue( wol) Ju QO] [eAId3IUT
anoluo) *epaie uoisaraey) ayl jJo dew Oy3jaulewoaay -gf 2Indyy

HAJ.)* . N “ NW @< /

!
J

<

NWC TP 6535
102

o x - e,n o M.... S PR dﬂltﬂ.ﬂh oV e e e VLT .. ﬁ‘r.v-c.mj.nﬂ. <, Pl .n-.u-.--j. A N . KA A o~ -
s s i T e Ol - RN e et ok i a Eo e ST B e



- NWC TP 6535

W !

LINE 76

2 A Y,
T
e

A

LRI
ALAAL, D,

Jo O

&

-

10 MILES
J

e T

e

i M M N

0 9
}ﬂ‘i'v--rLr JT—L L - T
0 5 10 15 KiLOMETERS
CONTOUR INTERVALS 50 GAMMAS

" Lo
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1) Recommendations for future work.

1) Acquisition of P-wave and shear wave VIBROSEIS data. Much
of the uncertainty regarding the nature and magnitude of the
geothermal resources in the eastern United States is a direct
result of lack of information about the geometry of the
hydrothermal resource. Virginia Tech has found that the sediments
of the Atlantic Coastal Plain from Georgia to Virginia contain a
series of excellent reflectors, comparable to those commonly found
in offshore reflection seismology data. Although reflection
seismology is widely recognized as the most successful technique
for defining the geometry of subsurface geology, the method has
not been widely used on the Atlantic Coastal Plain to define the
thickness and lateral extent of aquifers and aquitards primarily
because it is relatively expensive ($170,000 to $200,000 per
month). However, compared to the costs and results from drilling,
reflection seismology has been underutilized. This is especially
true where a few drill holes have penetrated the greatest depths
of interest but where stratigraphic correlations between drill
holes are uncertain, even with a full suite of geophysical logs
available. Reflection seismology traverses can provide the
necessary continuity between drill holes in areas where
stratigraphic and/or structural discontinuities make subsurface
interpretation difficult or impossible.

As noted in the discussion on Norfolk, use of shear wave data
has had some remarkable successes (Domenico, 1983; Rcbhertson,
1983; Robertson and Pritchett, 1983) over the past five years.
Much of the proprietary shear data for petroleum companies is just
now appearing in the literature (Laing, 1983a, 1983b).

We recommend a short experimental shear wave 1line to
supplement the P-wave data. In the Charleston area, excellent
P-wave data are available (Coruh and others, 1981) for comparison
with S-wave data.

2) Generation of synthetic seismograms. A common approach to
the interpretation of reflection seismology data is through the
comparison of synthetic data generated from continuous velocity
logs (CVLs) obtained in drill holes with actual multifold
reflection seismology data. A reflectivity function is generated
from the CVL by taking the derivative of the log of the "velocity
function" as a function of time (Sengbush and others, 1961). The
reflectivity function is then convolved with the seismic source
wavelet (a Klauder wavelet for the case of VIBROSEIS data). The
result is a multiple-free synthetic seismogram which can then be
compared with the real seismic data. We suggest that all sonic
logs (CVLs) available from wells in the Charleston area be
digitized and reflectivity functions and synthetic seismograms be
constructed for comparison with real data.
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3) Reprocessing of COCORP reflection seismic data.

Reflection seismic data (COCORP) are avallable for the Charleston

d area. At this time it is not certain if the data are of adequate

quality to justify purchase of all of the available data. We

o recommend the purchase of a limited amount that happens to be

S coincident with one of the lines shot by Virginia Tech. 1If the

reprocessed COCORP data are satisfactory, a decision can be made

to purchase and reprocess additional segments in the Charleston
area.

4) Investigation and further compilation of faulting in
Coastal Plain sediments. A recent summary publication by Prowell
X (1983) documents the widespread occurrence of faulting in
sediments of the Atlantic Coastal Plain. The data in his report
represent the presently available knowledge of fault
characteristics and distribution of Cretaceous and younger faults
in the eastern United States. The presence of faulting in the
Charleston area 1is questionable (Coruh and others, 1981).
Additional P-wave data are desirable.

5) Logging of existing holes for temperature. Available
holes in the Charleston area should be logged for temperature at a
relatively small depth interval (0.5 m). Differentiation of such
a temperature profile when sampled at a close depth spacing yields
information about water movement in and across the hole. This
procedure at the Savannah River test site yielded temperature
gradient profiles which correlated well with fracture permeability
as determined by pump tests made in crystalline basement rocks.
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ECONOMIC ANALYSIS FOR GEOTHERMAL ENERGY USE AT
CHARLESTON NAVAL SHIPYARD

The Charleston Naval Shipyard and Charleston Polaris Missile
Facility Atlantic (POMFLANT) both use large amounts of energy.
The Naval Shipyard supplies most of its energy needs from a
coal-fired boiler which burns 35,000 tons/year at a total cost of
over $2,000,000. However, the cost per 106 Btu is only $1.60.

The boiler make-up water requirements are a substantial
120 x 10% gal/year. However, plans have been made to construct
return lines for the spent steam, which would substantially reduce
the requirement for make-up water. In addition, inexpensive
alternative sources of energy are available from either a nearby
chrome smelting plant or a municipal trash incinerator.

Although Charleston Naval Shipyard has a very high predicted
geothermal temperature (130°F), it doesn't appear to be a good
candidate for geothermal energy for the following reasons:

1, The <coal boiler currently gives it a relatively
inexpensive source of energy.

2. There are other sources of energy available that are
also relatively inexpensive,

3. In the future, a condensate return line will greatly
reduce the demand for preheating make-up water.

Geothermal utilization at the Charleston POMFLANT facility
appears to be even less promising, since most of its heating
energy requirements are supplied by individual oil-fired burners
located throughout the facility. Geothermal energy appears to be
impractical since these facilities consist of many small buildings
spread over several miles. Geothermal water piping costs would be
extremely high. Consequently a geothermal system for POMFLANT has
not been analyzed.
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