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EXPLORATION CRITERIA FOR LOW PERMEABILiTY
GEOTHERMAL RESOURCES

Abstract

The decision to drill deep holes in a prosbective geo-
thermal system implies that geothermal energy resources exist
at depth. The drill hole location and budget result from
hypotheses regarding theAlogation and depth of the resource
within the overa1l systém. Althbugh operational decisions
'normaily dictate thé practiéality of drilling, ﬁhe dharacter-
istics of d system should assume a mqré significant role in
the decision process. In order to increase the emphasis on
_;collecting and intefpretiﬁg dafa that afe diagno%tic of system
characteristics, we must first understand how uniqué various
surface or shallow subsurface data'are in assessing the nature
of the résource. |

The fdllowing;progress report summarizes the results of
numerical simulaﬁions of heat.and'mass transport around igne-
ous plutons and the synthesis of geoiogic data. To date, the
resﬁlts of the study describe thevtransieht nature of therﬁal_
resources and the ambiguities which must be'aécounted'for:in
using current technoloéy td,assess the nation's geothermal

resources.



Statement of Problem

Recognition thaf energy resources occur in finiteiqﬁan—
tities, that they are nonrenewable, énd that cbnsumption of
energy is required in order to utilize these resources, has
resulted in programs whose objectives are assessment of the
mégnitude and recoverability of various gedtherﬁal enerqgy
resources., Sinée tﬁe geothermal energy resources occur in
subSurfaCe environments whicﬁ arevnot well uhderstood, the
tasks which can potentially fulfill fhe.program objectiveé
are-poorly defined. Therefore, tﬁe‘resource aséessment
probieﬁ for geothermal energy requifes-description of ﬁhe

unique features of the resource and development of methods

useful in direct or indirect measurement of the resource.

characteristics.

Geothermal resources occur as a natural consequence of
processe§ which disperse anomalous concentrations of tﬁermal'
energy in the earth's upper crust. These heat and masé trans-
port processes are active around thermal anomalies, such as
igneous or metamorphic ihtrusions; for long periods of time,
circa.106'years, and affect large .volumes of rocks, 'circa'lo5
km37: As a consequence, the characteristics of these resources
as'we know them today have been deduced from data collected

over an extremely short time interval, with respect to the

total age of the resource, or from data which represent the

total integrated history of the resource at a few positions.

in this larger system. The observations made on active




geothermal systems are not representative of the entire sys-
tem. . |

| 'Simulation.of heat and mass transoort processes which
occﬁr‘in and around thermal anomalies in the upper crust pro-
- vides a key to understanding the geologic past and extent of
-hydrothermal systems, Norton and Knight,.l977. Basic mathe-
matical_equations which reéresent-the processes and numerical
.aoproximations of these equations permit computerAsimolation
of large and long-llved natural systems. An ahalysis ofvthe

transport equatlons which 51mulate the processes reveals those.

parameters and varlables whlch are characterlstlc of the sys-

tem, and an analysis of the numerlcal approx1matlons to 1dea1-

1zed systems provides a flrst order approximation of the mag- A

nitude of the wvariables.

Objective of the Research

‘The objective of.this.researoh was to analyze 1ow‘perme— :
ability geothermal systems related to hiQh,temperature plutons

in the upper crust in order to ascertain those characteristics -

of these systems which could be detected by surface and shallow

subsur face exploration methods. The analyses were designed to

utilize computer simulation of idealized systems andfto inte-

grate data and concepts, available in the literature, which

relate to the transport processes.

Al

Methods of Analysis

Notions. of temperatures and preSsures in geothermal sys- -
tems are primarily derived from production or exploration wells,




which are usually restricted to small portions of the total
system; Knowledge of these paraméters over thetentire hydro-
thermal system is necessary in order to analyze the time de-
pendence of transport variables in the region-of a cooling
pluton. Simulation of cooling plutons by numerical methods
is one method by which these variables can be defined for an
idealized geothermal system.

Fluid flow caused by thermal anomalies related to igne-.
ous plutonssis effectively scalediand represented in two-
dimensions by partial differential equations which describe
the conservation of mass, momentum, ‘and energy for the £fluid-~

rock system, Norton and Knight, 1977

(1) Y%% + gqVH = V.xVT  (conservation of energy)
and
2) %V'% V¥ =R %% (conservation of momentum)

where T is the temperature, ? the streamfunction, q the'fluid
flux, t the time, H, p, and v are the enthalpy, den51ty, and
viscosity of the fluid, k is the permeability of the rock, k
the thermal conductiVity and vy the VOlumetric heat capacity
of the fluid saturated media, R the Rayleigh number, V the
gradient operator, and y the horizontal distance in the two-
dimen51ona1 section to which these equations apply.

Equations (1)‘and (2) are approximated by finite differ-
ence numerical equations which permit computation of the val-

ues of the dependent variables at discrete points in the domain




from initial and boundary valueS'specified-for the system.

‘The numerical analysis provides the option to include vari-.

‘able transport preperties‘of the fluid'(Hzo-system) and rock,

general boundary and initial conditions, and radiqactiye'and
volumetrie heat sources in'a‘two—dimensional domain. - The

transport ‘process related to the tran51ent thermal anomaly '
is approx1mated by a time sequence of steady state numerlcal
solutions to (1) and (2), COmputedvat explicitly stable time

intervals. - An alternating-direction-implicit finite differ-

-ence method, which accounts for the transportive characteris-

ticsxof-the‘system, is used to approximate the spatial deriva-

‘tives at discrete intervals on the order of 0.1 to 0.5 of the

system helght. Fiuid pressdre in the system.iS'compﬁted’at

jeach steady state step by integration of Darcy s Law in which

the fluid properties, viscosity and density, are expressed as

a function of temperature and pressure.

"“The methods used by Norton and Knlght 1977 were used
to define the temperature variwcions in the environment of
cooling.plutons; such as micht be’present ih geothermal sys-'
tems, as a function of time. 'Tﬁe fluid.flu#, heat fluxes

(conductlve and convective), por051ty, intrinsic electrical

resistivity, and energy content were also computed. Our in-

~tent was not to analyze specific geothermal systems but to

systematlcally vary input parameters in order to understand

~their effect on the varlables which might be measured 1n an

exploration-assessment program.



The numerical methods.ﬁsed generally épproximated.the
. governing partial differehtial equations wiﬁhin 10% in space

and time. However( therverall geologic‘reality of the anal-
yses depended on the degree fo which the parameters used ap-
proximated natural conditions and was, therefore, more diffi-
cult to evaluate.

Attempts to apply details of'épecific results to a natural
system will undoubtedly be unsuccessful. We.feel the results
will be most effectively used as . a tool for understaﬁding the
uniqueness of certain exploration data and for understéﬁding
some of the gross characteristics of the syétem, as guidance
in the collection'ahd ihterpfetation of data, aﬂd as a'basis
for more refined énd sophisticated numerical studieé. This
study represents a fi:st order .approximation to transport

processes which-generaté'geothermal_resources.

Discussion of Results

Theoretical séudies bf s‘.liow igneous heat sources have
resulted in sevéral new concepts regéfdiﬁg the nature of geo-
thermal resources and the tniqueness of methods utilized to
seafch for these resoﬁrces. These results pertain to the over-
all geothermal system, which consists of a high temperafure
intfusion, host rocks, and fluids. Details regafding reser-

voir characteristics of various rock units are not considered

because the reéourceAassessment'problem which appéars td be of

.first order importance is that of detecting shallow thermal

systems. The detection of produceable reservoirs normally




'folloﬁs after the overall system has been detected énd_delim—
ited. | |
'_:‘Geqtherma1 ;esou£ces in regions 6f igneous‘activity are,‘
for:pufposés of this study, cdnvenientlf cléssified into ‘three
types, as defined by the processes which tend to disperse the
- anomalous fhefmalAenergy: (;) Thermal énergy in.rdcks Qhose
 buik ﬁermeabilityvis sufficiéntly larée that fluids (liquiq
 or vapor) can be reqovered'from éonﬁentionél production wells.
Examples of this resource are the rocks from thch.enérgy is
being recovered today, e.g., Wairakéi, Lafderello, Geyser,
| efc; The bulk:rOCk permeabilities are on the order of > 10-11
'cm2 in'the systems, figure ;,'region C. (2) Thermal energy in
rocks which have permeabilities too small, < 10"11 cmz, for R
Adiréct_production of energy by conventional wells but whose ’
14 '

permeabilities are greater than:the'minimum value (v 10 cmz)

at which heat transport by fluid convection predominates over -

heat transporthy conduction, figufe 1, region B. (3) Thermal
'énergy in :ocks whose permeabilities are less than the value
at which heat transport by cénvection predpminates over heat
transport by éondhction,.figdre 1, region A.

This classification of subsurface thermal eneréy resources
is derived directly from consideration of the transport processes
which form the resources, and it provides a viable basis for
designing exp;oration programs since'these resource character-

istics are predictable.
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The original conéept of "hét-dryérock" resbﬁrées seems

tolrélate more to aAre$érvoir type tﬁan tb.an overall system -
'such-as we are considering; We ‘would expect to find relatlvely
1mpermeable but high energy content blocks of rock within the
relatively fractured~reglons of - either A or B type reSources,‘
'aé well as in C. This is certainly evident in the producing
geothermai»systems where'drili holes have missed the zones éf
abundant fracturingr they are hot and dry. ‘In«genéral, rocks
'¢on£ain pore fluids in ﬁheir'flqw pofosity‘from the'groundwater
table to several kilometer debths in the crust, albeit insuf-
ficient for direct production of energy. -Iﬁdeed,'significaﬁt
fluid‘circulation is probably charédteristic.df'most shallowf.
pluton environments. 'And, as a.conséquence of extensive fluid
circulation, resources associated with plutons have character-
istics that are not uniquely interpreted by éonvehtional |
methéds,-since these methods often require the presencevof a

steady heat sdurce which cools by conduction of thermal energy.




Tﬁe»age of geothermal resources on the geelogic-time
scale has a direct affect on theAtype of exploration»methods
which canbbe used to effectively detect these resources, Con-
-sequently, anpther degree of non-uniqueness is intreduced-into
the_interpretation of data normally used in exploring for geoe
thermal systems. The age.ef the geothermal resource with re-
spect to the causative thermal anoualy.is important in all
types of systems, but it is particularly'relevant fer»those
systems in which fluid circulation contributes to heat trans-
~port,' Therefore, thelcharacteristics of systems are discussed
‘with respect to three rather arbltrary age 1ntervals, crudely
defined on the basis of major differences in thelr character-
1st1cs. The elapsed age obviously depends on geologic condi-. -
tions in the subsurface; so, for purposes of discussion, the ..
near?surface (1 -2 km) thermal characteristics of a 4.5 km
tall, n 2 km w1de, sem1-1nf1n1te dlke emplaced at 4.5 km w1llv-
be con51dered. Plutons emplaced at ~v 4.5 km depths w1ll not
eause perturbatlon 1n-temperatures at.l'- 2 km~depths for tens
- of thousauds of years after'emplacement of the pluton; from
.the time of initial-emplacement‘to the time at which perturba-
tions iultemperature are evident-at shallew depths is referredﬂ
to as Stage -I. Near-surface thermal perturbations then tend
te a maximum,'at'whieh point,the ehergy resource is nearest'to'
.the surface, Stage II; and,rfinally,'the system decays to back-
ground temperatures, Stage III..

With these subdivisions of time in mind, let us now




examine the predicted distribution of several variables in'
the following schematic diagrams. Temperature as a function
of depth, airectly above the causetive‘pluton, in three‘Sys;‘
tems, A, B, and C, corresponding'to the'reoions A, B, ahd C
in figure 1, at an elapsed time equivalent to Stage II is

summarized below:

. TEMPERATURE T
| EMPERATURE TEMPERATURE

, DEPTH
OEPTH
DEPTH

¢ PERMEABILITY DECREASE

vFigure'Z

Thermal proflle varlatlons are 51mp1y ‘a function of perme—
ablllty of the host rocks surroundlng the thermal anonaly 51nce‘
all other system parameters were held constant. Increases in
permeability result in thermal profiles which are very steep
near the top boundary, below which'temperature changes very
little with depth but then increases to the temperature of the
causative pluton.

The interval of nearly constant temperature is the result

of convective heat transport by circulating fluids and may

10




extend for several kilometers and pefsist for tensldf thouéands
' of yéé;s in the‘éystemf- This typé of thermal gradient has long.
been recognized in active geothermal systems; As a consequence
'65 its'nonlineér character,_temperatufes cannot be predicted at
depth on the basis of éhaliow temperature gradient data. More
‘significéntly, the temperatures are g:ossly over-estimated by
conventional‘methéds. |

The variation in teméeratuxe as a function of dépth.with
time in a system'with permeabilities in the'B-region of figufe

1 can be seen in figure 3. Note that the largest near-surface

TEMPERATURE ’ TEMPERATURE : TEMPERATURE

x =z - =

-

'k & %
TIME $ O + 8 xi0* — 8 xi10® ' years

Figure 3

temperature gradients oécﬁr at Stage”III of the décay of the
:thermal.anomaly. Independent evidence regarding subsurface
" and energy. distribution is'required for "older" systems, and
‘in Stage I systems theigradients will predict témperaturés at

depth which are much lower than actual temperatures.

11




Upward migratioh“of thermal energy away;from the intru-
sive body gives rise, in turn, to several other characteris-
tics that all basically relate back to the rate and style of
heat tranSport in the system. Upward mlgratlon of thermal en-
ergy in all systems, regardless of permeability values, causes
pore fluid expansion and'concomltant'decreaSe in effective
pressures, Por to.a value which causes the rock to fracture.
Although the manner in which these fractures will propagate
~and their dlmen51ons are not known, an increase in 1ntercon- :
'nected por051ty and an energy release in the form of micro-
earthquakes undoubtedly occurs. The propagatlon of a P =.0
isobar away from a Ppluton whlch cools by conductlve heat trans-

port only 111ustrates.the extent of this effect.

CIKM

- 20 | |euvon - 5 50

 (x10°yrs)

Figure 4
‘Assuming a dlstrlbutlon of fluld-fllled 1solated pores in the

host rocks, the frequency of mlcroearthquakes associated with

12




rock failure at P_ = 0 can be computed. Although the frequency

®r

" MICROEARTHQUAKES /7 DAY

DEPTH (KM)

. Flgure 5
of events is greatest during the initial cooling period, the

majority of these events occur EEEEE the causative pluton has

cooled to below its solidus temperature. For thlsApartlcular.
system, on the order of 20 - 60 events/day were predlcted.

The distribution of the: events as a functlon of depth and time
is illustrated in flgure 6.

MICROEARTHQUAKES /CAY _ WICROEARTHQUAKES/DAY MICROEARTHOUAKES/OAY

T

z z =
& | & E‘
- - a
™e: 0 — 5210° — 83 10° > 2210° years

Figure 6

13




As a consequence of the thermal expansion of pore fluids

in residual pores, the generation of zero effective pressure,

~and rock failure by fracture, the interconnected porosity of

~the rock mass will undoubtedly be increased. Depending on

OEPTH

the geometry of these newly interconnected'pores,'bulk rock
permeability and electrical porosity will be increased. The
porosity variations with deptﬁ as a function of time, which

results from this process, are depicted in figure 7.

PORCSITY POROSITY POROSITY
\
\
\

N

x z \\

K & N

8 8 S
‘ \
\
. ‘ .
TIME: O » 5x10* » 3x10° » 2x10° years
Figure 7

Increase in interconnected porosity and associated de-

crease in fluid resistivity with increasing temperature,

figure 8, results- in the formation of regions in which the -
intrinsic electrical resistivity is anomalously low. Intrin-

sic electrical resistivity, p k; can be related to porosity

roc

and fluid resistivity, Per by Archie's function: o

rock
kpf¢fn, where n is v 2 for fractured media, and‘¢-is effective

~ electrical porosity. The low-magnitude anomaly is primarily

14
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Figure 8

the result of porosity changes since intriﬁsig resistivity is
probably related to 1/¢2, figufe 9, as suggested:by Archie's
'function,»and is probably not detectable by present electrical

resistivity measurement methods.

OEPTH
OEPTH
\

DEPTH

Figure 9
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The ¢-2 versus depth plots_with respect to time
dépict the.Variation in bulk rock resistivity as a resﬁlt‘of:
po:osity changes. .PorosityAvalues are_not well defined once
.the system has developed fé maximum thermal effects near the -
surface, becéhse mineral fluid reactions will tend to fill '
pores, and_decfeasing pore‘fluid-preSSure will allow the pores
to collapse.

Note that we are aSsuming.ohly fluid resistivity and
porosity effects on.intrinsié resiétivity and that the time.
and space variation in mass abundance of conductive minerals .
'deposited bylﬁhe cifculating fluids are nqt,cohéidered; 'The
effect 6f fluid-composition on.the bulk rock reéistiVity is -
,muéh lafger'than temperature or pressure‘variatiohs, but is-
less than the effect of porosity variations.

-
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= ’
e GEOTHERMAL
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10 \4o*
. ! Vo !
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ELECTRICAL POROSITY

Figure 10
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Salinity-porosity effects which resul£ in low intrinsic
resisti&ities are not.ﬁniqde for hydrothermal systems however .
As can be seen in figure 10, metal-sulfide, deposits and high
porbsity sédimentéry basins containing saline fluids are also
charaéterized‘by low intrinsic resistivity values.

. Circulation of-fiuids,around plutons results in a redis-
_tribution of thérmal eriergy which closely‘mimics the rock tem-
perature for syétems containing relatively pure HZO at temperaé'

tures < 350°C. 4In.systems containing relatively high perme-~

14

Aability’host rocks, k > 10° cmz, the transport of thermal

energy upward toward the top boundary (surface) is mofe fapid

‘and results in higher energy concentrations than those systems

14

"whose host rock permeabilities are < 10° cmz,Acf° below.
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Figure 11
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Thermal energy begins to increase at 1 km depth at an
elapsed time of ~ l 5 x 105 years in the low permeablllty
case and at an elapsed time of &~ 5 x 104 years in the high
permeablllty case.. However, in the system which cools pri-
marily by conduction, the 200°C isotherm never gets closer'
to the surface than 1.75 km, whereas in the system in which
£fluid convectlon of thermal energy predominates, the 200 C
1sotherm is within 0.5 km .of the surface for several tens of
thousands of years.

‘Thermal anomalies in relatively permeable host rocks
might develop broad regions of abnormally'low oonductive;
heat flux around the margins of the system, c01nc1dent ‘with
the zones of downward fluid c1rculat10n. As can be seen in
the flgure, c1rcu1at1ng fluid convects .near-surface low energy
fluids downward and depresses the 1sotherms below the reglonal

values. These regions of abnormally low heat flux could be

“useful in outlining the regions of upward fluld circulation,

18




1

obviously the regions of greatest thermal energy‘potential,
e.g., high energy concentration, large mass, and shallow

~ depths. - CONDUCTlVE FLOW

FLOW

CONDUCTIVE:
CONDUCTIVE: FLOW

-STREAM FUNCTION
T = 10* g/ ms

7 TEM PERATURE °C

CONDUCTIVE: NO FLOW
150,000 YEARS

-Figure 13
The above relatlonshlps, as well as con51derat10n of the

seismic veloc1tyAvar1at10ns which result from coupled tempera-
ture and porosity changes, are noﬁ being réfined and'gelatéd
to actual systems. Chemical effects are only being considered
in a cursory manner beéause the numerical tpols required to
adeQuately simulate fhesé pfocesses are not yet available.
These effecﬁs are clearly the most significant contribution
to-the intrinsic electrical resistivity of rocks in geothermal
systems. However, proper analysis of the chemistry will not
be possible for about another year. An examéie of the state-
- of-the-art in using fiuid chemistry to predict thé chemical
composition_of subsurface environments is reproducéd in Appen-

dix II.
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Geologic Reality

An important conclusion of this study is to reemphasize"-
the non-uniqueness of pfedictiéns regarding the presence of |
geothermal resources. In order to effectively detect subsur-
face resources, existing ex?loration methods must be signifi-
cantly iﬁpréved. 4Fufthermore, because of the intrinsic prop-
erties of rocks in the region around cooling plutons, deep
drill holes may not édequately define these'fesources."Thesé
conciusiohs are based-on a fewvvery simple geological facts;
the consequence of these facts is realized in the numerical
models~di§cussed above. | |

. The mosﬁ importanﬁ'parameter in defining the nature of
heat transport-in the subsurfaée, as indicated by the numeri-
cal studies, is bulk rock permeability. Geologic observations:
confirm the significance of this parameter, since host rocks
and igneous rocks are, in.general, felatively permeable in the
upper crust. This observationlis qualitatively supportedlby
the fact that eroded equivalents to the system modeled ébéVe
show evidence that large amounts of fluid have circulated
through systematically developed.fractures in these rocks.
This evidence is.in.the fdrﬁ of hydrothermal alteration min-
erals, gains and losses of components from the rocks, shifts
in hydrogen ahd oxygen isotope values, and composition of flu-
id inclusions. Many pluton and adjacent host rbcks appear to

14

have had permeabilities > 10 - cm2 during some stage of their

formation. The systematic distribution of continuous fractures.

20




in some pluton environments suggests much lerger permeabili-'
ties, Villas and Norton, 1977. . Numerous igneous plutons
appear to have nad relatively low permeabilities, but the
surrounding host rocks usually show evidenee that fluid cir-
latlon was 51gn1f1cant. |

Magma 1ntru51on into the upper crust, thermal energy
trensport away from the crystallizing body, concomitant vol-
ume increases in the'megma+solid:pluton, and temperature in-
creases in the host-rocks all result}in'significant changes
in the stress conditions which often result. in thorough frac-
turing of the rocks. Although the pnysics of this entire
process is not well understood, it is clear that shallow
-igneous systems will contain permeable rocks. '

The‘regions of volcanic activityngentain plutons emplaced
over:a time span of a few mil;ion,years, and each pluton may
have a-thermal life onlthe order of‘s-few hundred thnusand

years. As we noted in the numerical studies, this transient

feature of the thermal sources must be considered in evaluat-

ing resources.

The pragmatic questien is:' How.ean we increase the con-
fidence level of predictionsjbased on'surface‘or shallow drill
hole information?A The following is a_synthesis of data utili-
zations and limitations eoncerned with this question.

1. Temperature

Thermal gradient data are useful if the drill hole

conditions where they are collected are thoreughly

21



documented. In particular, those data collected above
the groundwater table can be very misleading. Prbjection
gf thermal gradient data requires independent'information
on subsurface condifions, e.g., permeability and thermél
conductivity.

The nonlinearity pf thermal gradienté is a functio@‘of‘i
bulk rock pefmeability} coupled with paleo-temperatufeé,
this information could potehtially be used to'define the

bulk permeability of the system.

2, Conductive Heat Flux’

1Condﬁctive hea£ flux relaﬁes directly to the thefhal
‘gradient comments. Those fluxes éétimated from tempera-
tures measured above the groundwatef téble should corre-
late with numerical models which have conductive and
impermeable top boundary conditions, whereas those mea-
éured in thé vicinity of springs should correlate with
cohdugtive and'permeable boundary cqhditions;

Regions of downward fluid circulation around the plu-
tdn should be détectable as regions of abnormally_iow
conductive heat flux. These regions define the outer
limits of the high thermal energy portion of the system.

The magnitude and width of the conductive thermal |
- anomaly canlbe used to define the depth and width of the
théfmal source only in a éteadY'State system in which
there is no convective heat transpoft;v However, 6ther

information in detailed thermal surveys, e.g., low
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amplitude noise, may be useful in defining these param-'

eters in a convection dominated system.

3. Convective Heat Flux .

This variable is a direct measure of system permeabil-
ity and is probably'not‘measurable because of the low

mass fluxes, but it does deserve consideration.

4. Electrical Reéistivity

Electriéal resistivities on the order of ‘500 Q-m or
less cannot be attributed to Simple temperature increases
at aepth. These values clearly requireiabnormally large

electrical porosities, fluid salinities, and/or cqnductive

‘minerals. The coupled temperature and porosity increases

in the‘subsurfacé can account for a 2x decrease in intrin-
sic resistivities, and salinity can account for a 102 4
decrease at an eiectrical porosity Qf 0.1. |

Fluid.circulation'in piuton environments always results
in the formation of hYdrothérmal minerals, some of which
are conductive. Fufthermore, the metal;sulfideS»tend to
depoéiﬁ inlreéiohs above‘thé top of the pluton.

5. Microearthquakes and Tilts:

Magma emplacement andbmagma crystallization generate
seismic noise for the first few 104 years, or, in general,
< 10% of the pluton's total duration.’ Thereafter, tem-
éerature increases in the surrounding host rocks appear
to be the p;incipal procesé,by which seismic noise is

generated. Detailed mapping of the seismic noise would -




provide ‘depth information on the location of the zero

effective préssure front and could possible provide an 
indirect measure of the elapsed time of the system.A
Tilts associated‘with thermal expansioh of the rocks
could be as.large as a fraction of a cm/yrs.
6.'Chemistry |
Bulk chemical andlstable light isofdpe éoncentrations)
as well as temperature and electrical resistivity of
springs and borehole fiﬁids, provide a data base which 
permits éstimation of subsurface rock compositions éna
temperéture, cf. Norton and'Panichi, 1977, and mass abun-
dance of minerél phases in surface and subsurface rocks,

Villas and Norton, 1977.

A First Approximation of Real Systems

The exploraﬁién for géotﬁérmal reéources‘haé resulted in-
successes, surprisés, éndimany unénswered questions. This sec-
tion‘attempts~to apply,somé of the'insigh£ into geothermal sys-
tems, obtained fhrough the numerical studiés, to natural sys;' |
temé._ We have reviewed data from several systems; the results
aré pfeéented below.

Those geothermal systems which represent the "A" (conduc-
fion dominated) type have been identifiéd only as subsystems
within the "Bf or "C" type. We do not know of a thermél'fef
source reléted to an ighedgs pluton in which heat transport
throughout the system is by pure conduction. ‘The "C" type are

exemplified by systems from which energy is currently being
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- produced. "B" type systems include those that may conta’in.

reservoirs of the “C" type, but the latter have not been
detected. | |

The most interesting consideration'is the time stage to
which various systems can be assighed. Stage I is mostly
speculatien'sinee the only evidence would be found'through
remote measurements of magmatic activity afAseveral kilometer
depths. Seismic zones might provide  examples of this stage,

such as the Intermountain Seismic Belt defined by Smith et

al., 1974, along which "swarms" of seismic activity have beeh
noted and an‘incipient spreading of the continental crust has
been suggested. A few oceurrences of 'very young basalt cihderv o
cones and flows; and some thermal activity, are present along
this zohe.' A second example is found along the extension of

the volcanic time trend on the San Francisco Peak region.

Stage IT systems include Yellowstone,AGeysers; Wairakei, .
Larderello,-and'possibiy Coso and Long Valley.

Stage I11 systems are typified in the extreme by mineral
depos1ts, Such as porphyry copper. These systems have moder—
ate thermal . anomalies resulting from oxidation of sulfide and
radiogenic sources (U, Th; K), electrical resistivity lows
caused by metal sulfides, and thoroughly'altered rocks. The
Marysville project is clearly another example of Stage III
systems. '

Anotherlstyie of "thermal” system which is very common in

' .
the Basin and Range Province is depicted by the intermontane
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bésins, an example being Safford Valley, Arizona, Nofﬁbn and
Gerlach, 1975.A Very porous sediﬁenfs fill a basin which ié
fm'1.5_km déep, Sa;iné pore fluids and evaporite bearing for-.
métions‘aré presént, andfthe fluid circulation patﬁ of ground-
watef is from the surrounding mountains which rise to 2 km
above the valley, as welijaS'frqm the'Gila‘River which flows
" through the valley. There are_thermal springs which flow
from the basin margin faults‘and scattered occurrénceé of
"young" looking bésalt$ which intfude'the sediments. The_
vdalley is characterized by low electrical resistivity and
anqmalous heat flow. Hdwever, the eﬁtire "thermal" system
'couid be the result of.forced fluid convection through thé"
. anhydrite bearing foéks, hyd:ation of anhydriﬁe td gypsum,’
and associated heat of reaction, or a significant' volume of

- basalt may underiie the valley.
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A PRELIMINARY ANALYSIS OF THE COSO GEOTHERMAL SYSTEM

by D. Norton and J.‘Knight

Intrdduction

The objective of this.communicafion is td.present a preliminary and
partia]]y completed analysis of the Coso system. Tﬁe studies to develop
exb]oration'qriteria useful in the detection of hot dry rock systems are .
in a preliminary stage at the University of Arizona; however, we have
utilized the numerical mode]ihg'tapab%1ity of the laboratory to analyze
the Coso system. | | |
| The decision to drill deep holes in a geothermal system implicitly
hypothesizes that a thermal energy resource exists at depth. “Significant
concentrations of fherma] energy at Sha]low debths in the earth's cfust
are transfentAfeatukes jn éeb]ogic time. The processés which tend to dis-
perse the eneragy ahoma]y give riée to feafures.that are diagnostic of the
extent and character of'the'ehergy resoﬁrée. We have Synthesized tﬁe geo-
logica1,~geophy$ica1, and geochemical data from Combs, Duffield, Austin,
Jenkins, and Schultz. A hypothetiéa] geo{ogic cross-section has been pre-
pared on the basis of this data. The-séction inc]udes a thermal energy
source ofAignéous origin. Initia1.and béundary cbnditions vere assigned,
thereby defining an initfal value prob]em.: The initial value prpb]em was
then solved using computer programs described in Appendix I. The results
from the computed model were theg compared with measured data. |

The analysis suggests the Coso system is a permissive energy prospect
which may éontain in the subsurface; J) regions of sufficient permeability

and energy content to permit direct production of high temperature fluid,
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and 2) reg1ons of low permeab111ty but high heat content rock which will re-
quire in- s1tu fractur1ng pr1or to production.

Also of note are certa1n characteristics of the model system which may -
. afso appeai'in the Coso System: ‘1) The surfaceAheat flux due.to convective
fluid flow is significant]yilarger than the conductive heat-fiux; 2) The
subsuhface energy distribhtion is siénifitant]y_differeht from a system in
which the fgneous body cools by sihp]e-conductive'heat transfer, eVen though
the permeabilities are below those necessary for d1rect product1on of h1gh
temperature f1u1d

Other possible models heed to he examined. A very plausible model of
th1s system would be a distribution of much smaller, very 1mpermeab]e, sha]-
Tow p]utons that were emplaced. dur1ng the 1n1t1a1 vo]can1c event and are

' nearly cooled to amb1ent cond1t1ons
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Analysié of the Energy Content and Distributions in Model Systems

Initial Conditions

The ‘heat flow, p-wave velocities, seismic noisé hypocentets, resistiv-
'ity: closely spaced high angle normal fau]ts, ring'faults, thermal springs,
anﬁ outcropping igneou§ rocks (< 10,000 to Z0,00Q years old) define a geo-
logical cross-section, figure 1. Our interpretation of the above data sug-
gests aishéllow, < 1 km, zone of relatively low resistivity material in the
viciﬁity of Sugarloaf Mountain that.may bg caused by high porosity rocks
saturated with saline fluids or 2-3 wt% sulfide minerals in the rock; we
assdme this to be a zone of relatively high permeability since the qnoma]y
coincides-with the zone containing abundant fractures. A somewhat broader

' zone.of microearthquake hypocéntérs (< 3 km) is corre]ated‘with the near sur-
face zone bf.abundant fractures and low résistivity and could tepresent the
tase of the high-péfmeabiiity zone (10-9 - 10'1°.cm2). A second zone of |
Ami;roearthquake activity is recognized, 4-6 km deep and 8‘km wide, whicﬁ may
be due to thermal ekpansion of pore f]uids and subsequent»hydrofracturingAof
the rocks.. ‘The third zone of microearthquake activity, > 6 km, may be due

to tectbhic movement and thermal fracturing assoCiated with an igneous intru-
sive body. The p-wave discontinuity at 5 km depth is taken tb be an ihdica-
‘ tidn of chahgé in the regional abundance of continuous fractures and could
repfesent a decrease in rock permeability. These assuhptions, then, define

a possible permeability and heat source configuration at depth. Age-dating
suggests the Coso system is around 15,000-20,000 years old, and our transieﬁt
‘models were tested against the heat flux observed at Cdso today with time

~ 20,000 years in the models.
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The size and energy content of the igneous heat sources were more or
:]ess akbitrari]y'defingd. The total energy content of the pluton at -the
time of its emplacement as a-magma represents thé‘energy available ébove
the normal background. The total energy for three modé] plutons per unit
'1¢ngth of the pluton ranges from 7 X 1015 keal to 1 X 106 kcal. This is

on the order of the U.S. annual -electrical energy consumption.

ENERGY SOURCE CHARACTERISTICS

Width Height Depth to top T  at* Mrota  Mavom
C0SOT - 4 km" 3 km 6 km  960°C 750°C 8 X 10!Skcal 6 X 10'5kcal.
coso2 4 4 5 960 750 1 X106 9 X 10
PLO6 2.6 4 . 5 9200 750 7 X105 6.X 105

Cp (rock) = 0.26 cal/gr°C, p (rock) = 2.75 gr/cm3, and heat content iy
per km length of pluton. HANOM is the heat,éontent above thé normal back-

ground, AT*-Cp.
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~ Model Systems

C0SO01 - The initial and boundary conditions for this mode], figurg la, were

Adérived from fhe geoioéic section, figureA1. The heat flux and cooling chéf—
acterfsticé’of the éystem were foﬁnd to be significantly diffefent from pres-
ent day‘features‘of the Coso system. The depth of burial, 6 km, of the heat

- source and its confinemént within relatively low permeability host'roéks
s]owed the energy transfer rate. After a'fime interval of 22,000 years, the
gdrface conductive heat f]ux was stiTl 1.6 HFU, and at 50,000 years the thek-
mal perturbatidn is barely dis;ernibie at 2 km depth, figure 2. We fé]t tﬁe
age 6f the‘ignequs events at Coso required a modé] system age'that was younger

. ‘than. 20,000 years; theféfore,Aa shallower, 5 km deep, heat source was modeled.
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Figure 1

Initial conditions for model COSO1 (Teft side) and geophysical and geo-
logical observations used to estimate the initial conditions (right side).

" The section is centered near Sugarloaf Mountain and is bounded by caldera-

~ like ring faults (Duffield, 1975). The central portion of the section con-
tains abundant faulting and high electrical conductivity, imp]ying greater
pérmeabi]ity (k). The major p-Wave velocity discontinuity at 5 km depth
‘coincides with a permeability discontinuity. Microseismic hypocenters are
grouped:into three divisions (Combs, 1975): 1. Deep, > 6 km, hypocenters are
centrally grouped and interpreted aS‘Eepresenting a tectonic activity asso-
ciated with a buried pTuton (small circles), 2. Intermediate, > 3‘km < 6 km,
hypocenters'circumscribe the deeper hypocenters ahd are interpreted as repre-
. senting tectonic fracturing and hydrofracturing above the pluton (medium sized
circles), 3. Shallow, < 3 km, hypocenters which circumscribe both classes of
deeper hypocenters are interpreted as tectonic movement on near surface faults
(large circles). The geothermal gradient (30°C km-!) and thermal conductivity
(5 X 10-3 cal-(cmz-sec-°c)'1)are consistent with the background heat flux of
1.5 HFU (Combs, 1975).

The temperature distribution in C0SO1 after 50,000 years. The T = 100°C
isotherm is barely affected by the thermal anomaly at depth.
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€0S02 - Initial and boundary conditions for this model were modified from
COSO1 to afford for more rapid heat transfer to shal]dw regiohs of the sys-
tem; figure 2. The cohditions are still éompatibie’with the geologic cross-
section in figure 1. The pluton top now coincides with the transitidn be-

tween the basement p-wave discontinuity and the intermediate hypopenters.

The deep hypocenters now coincide with the heat source. This is consistent

with a pluton which is either moving or coo}ing and fracturing.' Therefore,
a time dependent permeability was introduced into the heat soufce; cf. fig-
ures 2-3. ‘ o |

The conductive and convective heat fluxes produced by this systém demon-
strate some of the'ambiguities in evaluating simple conductive heat fiow anom-
alies and also indicate the magnitude of convective heat trénsfek-inAsysfems
% '0se permeabilities are marginal for direct production of high temperature
ft;id. The convective heat flux near the surface, 100 m deep, is Significént-
1y~greafer than the corresponding cbnductfve heat flux, é.g., at 20,000 and
25,000 years the.vertical component of convective heat flux at 100 m depth is
4.5 times greater than the vertfca] component of conductive flux.‘

The discharge of cdnvecting fluids at either the surface or groundwater

table for this system appears to be sma11,~a1though mass flux data on the

.thermal sbrings could not be found for comparison.
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Surface Discharge of Convécting Fluid |

time .mass flux mass'flowA total fluid

(g/cm? sec) X 107 Kg/sec - . Kg X 10-12
5,000 yr 1.9 7.6 1.2
10,000 yr 2.0 80 . - 2.5
15,000 yr 2.6 o103 4
20,000 yr 3.7 14.7 6.4
25,000 yr 4.6 | 18.4 9.3
30,000 yr - 5.3 21.0 12.6

_ The total thermal energy content of the subsurface rocks in-the C0S02
model averages about 25 ta]/gr betWeen 0-1 km depth. In 4 km3 of rock this
amounts to 3 X 10!* kcal of energy, or about 3% of the energy in the initial:

~ anomaly associated with the pluton.
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Figure.z ,

LEFT SIDE ' .
' Initial conditions for model C0SO2. This model is similar to CO0SO1, but
' reg1ona1 permeabilities and pluton height have been increased to produce 1arger

heat fluxes near the surface.
. RIGHT SIDE '
Temperature contours 5,000 years after initial conditions.

‘ LEFT SIDE

Permeab111ty (k) in mode1 €0sS02 at 17, 500 years after initial conditions.
The permeability in the upper portion of the pluton has been increased to simu-
late fracturing of the pluton as the. pluton cools below its so]1dus temperature.
RIGHT SIDE ' ‘ o

Temperature contours 19,000 years after inifial conditions and 1,500 years
after fracturing of pluton. Note the perturbation in the 150, 100, and 50°C
isotherms is increasing. ‘ ‘
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Figure 3 . o

C0S02 at 19,900 years.
LEFT _ . - _ _
Contours of streamfunction in the domain. The gradient of-the'streameJ'
function is dimensionless mass flux. | ' -
RIGHT ' -
Contours of temperature in the domain.

C0S02 at 29,900 years.

- LEFT

Contours of streamfunction in the domain. The gradient of the stream-
functlon is dimensionless mass flux. ‘
RIGHT

Contours of temperature in‘the domain.
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Figure 4

C0S02 at 10,000 years. ‘

" Profiles of total heat flux versus distance from the domain edge. The
pluton is 18.0 km from the domain edge and lies below the symmetrical anomaly.
A thermal conductivity of 5 X 10-3 cal-(cm-sec-°C)-! was used in the calcula-
tion: Depth below the surface for the profiles is: 1. 250 m, 2.. 500.m, 3. |
1,000 m. Profile 4 is the héat flux by conduction only at 250 m below the
surface. Note the negative anomaly associated with the downflow zone in the
convection system. o ' ' S ’

C0S02 at 15,000 years.. , : .
_ Profiles of ‘total heat f1UX‘versus distance from the domain edge. The :
plutbn is 18.0 km from the domain edge. A thermal conductivity<of‘5'x 10-3
cal-(ém-sec-°c)41 was.used in. the calculation. Depth below the surface for'
the profiles is: 1. 250 m, 2. 500 m, 3. 1,000 m. Profile 4 is the heat '
flux by conduction only at 250 m below the surface. |
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. Figure §

C0S02 at 19,900 years. ‘ ‘ . o
Profiles of total heat flux versus distance from the domain edge. The
pluton is 18.0 km from the domain edge. A thermal conductivity of § X 10-3
'c-a1--(cm-sec-°c)'1 was used in the calculation. Depth below the surface for
Athe'profiles is: 1. 250 m, 2. 500 m, 3. 1,000 m. Profile 4 is the heat
flux by conductipn'on]yAat 250 m below the surface. -

€0S02 at 29,900 years )
Profiles of total heat f]ux-versus distance from the domain edge. The
plutoh is 18.0 km from the domain edge.. A‘thermal conductivity of 5 X 103 _
‘ 'cal-(cm.-sec-°c)'1 was used in the ca]éu]ation. Depth below the surface for
the profiles is: 1. 250 m, 2. 500 m, 3. 1,000 m. Profile 4 is the heat
flux by conduction only at 250 m below the surface.
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~ Figure 6

- €0S02 L
Depth vs temperature profiles from surface to 4 km. Profiles are atf
1 km‘from.edge'Of pluton (Ieftmost profile) and down the symmetry plane of
the system (rightmost profile). The upward migration of a large thermal
- gradient is particularly well illustrated by the symmetry plane profile.
At 29,900 years the thermal gradient and, hence, the heat flux are still

increasing.
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Figure 7 . | | | :

C0S02 at 10,000 and 15,000 years. :
Energy content (cal/gr) along horizontal planes at: 1 =250m, 2 =
500 m, and 3 = 1,000 m depth below the surface. Computed on basis of C

) p
(rock) = .26 cal/gr°C and a negligible fluid fraction.
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Figure 8

C0S02 at 25,100 and 29,900 years. 4 ,

Energy content (ca]/gf) along horizpnté]lblanes‘at:' 1=250m 2 =
- 500 m, and 3 = 1,000 m depth below the surface. Computed on basis of Cp'
(rock) = .26Aca1/gr°c and a negligible fluid fraction.
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LONG VALLEY, CALIFORNIA

The Long Valley thermal system haé been studied exten-
sively by the U.S.G.S. We have compléted a review df~the‘
considerable literature and have found thé geological infor-
mation on this system to be about the best évailéble on- any
hydrothermal system, especially the data on the tectonic-
volcanic history of the caldera, Bailey, R. A., 1976. |
Bailey's hypothetical cross sections providé ekcellent data
with which to define an initial and boundary value numericai
problém. We ha&e apstracted data from Béiléy'é figure'8 tov
demonstraté how an analysis simiiar‘to tﬁé Coso stddy might
be completed on the Long Vallef system. The objective of the
analysis would be to‘test various hypotheses expressed‘in the
Long Valley S&mposium papers regarding the nature of the pres-
ent day subsurface conditions. ) -

Bailey hypotheéizés cbnditibns at ~ OQ? m.y. ago in tﬁe

following manner:

M A : . b
!
: ,’ - TS TS S e - L
K .l/ ¢ “TOC g,
~ —————— P
J oo TR ---;-,--(‘iwu -
w
‘i ‘ . 00°c. ¥
\
\ |

Figure 1
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This would correspond to a Stage I type system having a nor-
mal'temperature,distribution above v 5 km depth, as indicated
in the T versus depth plot. Some 0.2 m.y. later, after some-

rhyolites were intruded, the reaction looked like:

Figure 2

Note that a hypothetical magmaiiS‘still pfesent at depth.
This hypothesis piaces constraints on the rate of heat lost
from the chamber and on the size of the body. This system,

then, evolves for approximately 0.2 m.y. longer to:




And finally to the present subsurfacelconfigufations:

- Figure 4

~Relativé1y shallow drill hole déta.are'available on this sys-
.teﬁ, but fhe théfmal profiles were inferred from the near-
surface data and our experience with the model systems,
The profiles are partially basga on temperature data
froﬁ Lachenbruch, A. H. and othérs, 1976, SOIidAlines, and
_'on'our'extrapolations of data outsidé the caldera, A, nof-
ma; gradient, inside the caldera'in relatively unfractured
"rocks, B, and in fractured roéks, C. The "C" profile was
linearly extrapolated to the\IiQuid-vapor surféce in the

H,O-system, then downward along an isochor in the HZO-A

2
system, and finally to higher temperatures in the vicinity

of the thermal source.

~ Data are not available which wogid be useful in esti-

mating permeability of the rock units in thezfegion, present

transport of thermal energy in the subsUrface'(i.e., there
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appears to be some uncertainty in the seismic noise data),

or fluid circulation paths.
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APPENDIX I-1

A
Operations procedures for interactive graphics‘

pfograms developed during this study.

Program ETCHG (Developed under ERDA Contract) .

4 Program ETCHG is a user-oriented interactive graphics
program which pérmitsjthe user to énalyze the output from
the heat and mass transfer simuiations and prepare final
copies of figures for publication. The program is'writtén.
in FORTRAN IV and utilizes the PLOT10 FORTRAN IV Tektronix
programs for routine oéerations. ETCHG acceéts input files
of variables computedlat a»seéuépcé.of elapsed times for the.
thermal anomaly. " These variablés include  temperature, préé—
éure, streamfuhction, horizontal and vertical maés fluxeé,
'pérmegbility, and thermal conductivity. The'foilowing is
an abstracted user's manual which documents the capabilities

of the program.
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-~ C*** ETCHG. DOC

C***************************************************************

e XX Ne R XekeXe X2 Xe!

PROGRAM ETCH J. KNIGHT AND D.. NORTON - 1976

* INTERACTIVE GRAPHICS B. MOSKOWITZ

UNIVERSITY OF ARIZONA

COMPATIBLE WITH VERSION 3 AND EARLIER VERSIONS OF
PROGRAM FLOW.

THIS PROGRAM USES ADVANCE.GRAPHICS AS DESCRIBED IN THE
TEKTRONIX ADVANCE GRAPHICS AND TCS MANUAILS.

VERSION 1.9 JULY 1976
VERSION 2.0 'MULTIPLE EULERS, ENLARGMENTS, ERROR CHECKS
‘ REMOTE EXPONENTS ON DOMAIN PLOTS, RESCALE

OPTION FOR DEPENDENT PLOTS AUGUST 1976

*****************************************************************

ETCH. PRODUCES PLOTS OF DATA FROM FLOW DATA FILES.

IT WILL CONTOUR ANY OF 6 DATA BLOCKS IN THE FLOW FILE,
WILL COMPUTE PATHLINES AND STREAKLINES ORIGINATING AT
ANY POINT IN THE DOMAIN, WILL. PLOT THE VARIATION

OF 21 VARIABLES AGAINST TIME OR AGAINST DISTANCE ALONG
VERTICAL OR HORIZONTAL SECTIONS CUT THROUGH THE DOMAIN.

" RUN SWITCHES ARE INPUT AT THE. TERMINAL

RAW DATA IS OBTAINED FROM A -DISK OR TAPE FILE GENERATED BY

‘FLOW. CONSULT THAT PROGRAM FOR THE STRUCTURE OF THE FILE.

C******************************************************************
C**************************************************************

'nooononnnnonnnnnohnodn

'FILES FOR RUNNING ARE
- TAPES3 FLOW OUTPUT FILE
TO EVXECU’I‘E THE ADVANCE GRAPHICS PACKAGE:
'SET THE TERMINAL TO GRAPHICS MODE

«R SETTTY N
TYPE TERMINAL? 40190

TO EXECUTE THE PROGRAM TYPE
. JEX@ETCHG[6130, 636]
INPUT FOR ETCH 1S CARRIED OUT BY TYPING OPTIONS
AT THE TERMINAL IN RESPONSE TO QUESTIONS.- -

FOR MULTIPLE ANSWERS SEPARATE BY COMMAS.
AFTER EACH ANSWER END WITH A CARRIAGE RETURN.

AFTER EACH DIAGRAM THE TERMINAL WILL WAIT FOR

t
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C TWO CARRIAGE RETURNS OR THE LETTER R(SEE BELOW)

C AT THIS TIME A HARDCOPY CAN BE MADE.:

C
C****************************************?**********************
C AT THE START OF EXECUTION THE SCREEN WILL BE ERASED

AND ONE OF THE FOLLOWING RESPONSES IS REQUIRIED.

CR INRODUCTION TO ETCHG WILL BE DISPLAYED
S RETURN WITH TWO CARRIAGE RETURNS

'S SKIP INTRODUCTION AND CONTINUE TO OPTION INPUT

«e... INPUT THERMAL CONDUCTIVITY

- THERMAL CONDUCTIVITY AT EACH GRID POINT IN DOMAIN.
(USED ONLY FOR PRE VERSION 3 FLOW DATA FILES)
ASSUMED CONSTANT AT EVERY GRID POINT.

«e+ee. TOTAL POROSITY

PORTION OF ROCK WHICH IS FLUID.

«oesso INPUT TIC INTERVAL(KM) FOR X AND‘Y DIRECTIONS FOR DOMAIN

SCALE FACTORS FOR X AND Y DIRECTIONS.

IF DOMAIN WIDTH IS 20 KM WITH A TIC INTERVAL OF 2.

 WILL PRODUCE TICS AT 2 KM INTERVALS ACROSS DOMAIN.

eosece STARTING TIME IN YEARS

TIME TO START READING TIME BLOCKS FOR ACTUAL PLOTTING -
(USUALLY 0.0 FOR IPLOT1-5). FOR IPLOT=6, TMIN= FINAL TIME

cee.o DO YOU WANT EULER,. PATHLINE, STREAKLINE OR SOURCELINE
PLOTS? ‘ -

SWITCHES TO DETERMINE TIME DEPENDENT OPTIONS.
8-NO

1-YES ' | '

MAY ONLY DO EULER + PATHLINES OR STREAKLINES OR
SOURCELINES.

vee.. HOW MANY EULER PLOTS?

INPUT ‘1,2 OR 3 DEPENDIING ON THE NUMBER OF DIFFERENT
VARIABLES YOU WISH TO PLOT :

v ceseo INPUT OPTIONS FOR EULER PLOTS

000000 0N00N00ANNNANN0NNN00NNAN0N0O0N0000ANNN00A0N

INPUT OPTION NUMBERS(1-21) SEPARATED BY COMMAS
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OO0 0O00n

OOO(’)OQOGOOOOOOQOOOOOOOOAOOOOOOOOOOOOOOOOOOOOOOOO

TIC MARK INTERVAL
USED FOR PATHLINES, STREAKLINES, OR SOURCELINES
- TICS WILL BE DRAWN IN INCREMENTS ON THIS TIME. IF
P.0 NO TICS WILL BE DRAWN.

FREQUENCY OF PARTICLES TRACED FROM SOURCE OR STREAK

 LINES.

NEW POINTS ARE ADDED TO THE CALCULATION WITH
THE VALUE OF THIS OPTION. RUN TIME IS DIVIDED BY THIS
VALUE, BUT ACCURACY DECREASES.

i INPUT'OPTIONS(IPLOT,IXDEP,IYDEP):

IPLOT SWITCH FOR PLOT TYPE
S ! CONTOUR PLOT

2 PATHLINE PLOT
THE PATHS TAKEN BY FLUID PACKETS STARTING
AT ANY POINT IN THE DOMAIN ARE COMPUTED

3 STREAKLINE PLOT

- A LINE GOING THROUGH THE FINAL POSITIONS OF ALL
FLUID PACKETS PASSING THROUGH A POINT IN THE '

. DOMAIN IS COMPUTED

4 EULER PLOT
VARIATION IN PARAMETER VALUE AT

' A FIXED LOCATION WITH TIME
5 . PROFILE PLOTS
' VARIATION IN A FLUID OR ROCK PROPERTY WITH

DEPTH OR- DISTANCE FROM THE DOMAIN EDGE IS
COMPUTED

6 " SOURCELINES
A LINE GOING THROUGH THE INITIAL POSITIONS OF
ALL FLUID PACKETS PASSING .THROUGH A POINT
IN THE DOMAIN IS COMPUTED.
THIS OPTION REQUIRES THE TIME BLOCKS
IN THE FLOW DATA FILE BE ARRANGED IN ORDER
"OF DECREASING TIME. FOR THIS OPTION TMIN
IS GREATER THAN TMAX. (USE PROGRAM SHUF)

IXDEP IYDEP
THESE TWO SWITCHES ARE USED TO SPECIFIY THE DESIRED
OPTIONS. THEY ARE USED AS FOLLOWS

IPLOT =1
IXDEP DETERMINES WHICH OPTION WILL BE CONTOURED
ONLY OPTIONS 1 TO 6 ARE AVAILABLE FOR CONTOURING

IPLOT=2
THESE TWO VARIABLES ARE USED TO CONTROL THE OPTIONS
FOR DEPENDENT PLOTS ALONG STREAMLINES. IYDEP DETERMINES
THE VARIABLE TO BE PLOTTED ON THE Y-AXIS, IF IYDEP=0
NO DEPENDENT PLOT WILL BE MADE. IXDEP DETERMINES THE .
VARIABLE TO BE PLOTTED ON THE X-AXIS, IF IXDEP=0
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IPLOT=6

AND IYDEP IS NONZERO THE IYDEP OPTION WILL BE PLOTTED
.AGAINST DISTANCE ALONG THE PATHLINE (IN KM)

IPLOT=3
IXDEP AND IYDEP ARE NOT USED

IPLOT =4
. IYDEP DETERMINLS THE VARIABLE TO BE PLOTTED AGAINST
~TIME IN EULER PLOTS. ,
IXDEP IS NOT USED. 5

IPLOT=5
IXDEP IS USED TO DETERMINE IF THE PROFILE WILL BE MADE
ALONG A VERTICAL OR HORIZONTAL SECTION. IF IXDEP=0
THE HORIZONTAL SECTION WILL BE TAKEN, AND IYDEP
IS USED TO DETERMINE THE OPTION TO BE PLOTTED ON THE
Y-AXIS AGAINST DISTANCE FROM THE DOMAIN EDGE.
FOR VERTICAL SECTIONS IXDEP IS SET TO THE OPTION NUMBER
OF THE VARIABLE TO BE PLOTTED ON THE X-AXIS AGAINST
- DEPTH.

IXDEP AND IYDEP ARE NOT USED

THE OPTION NUMBERS AND THEIR MEANINGS ARE

1 STREAM FUNCTION

2 PERMEABILITY. .

3 HORIZONTAL MASS FLUX

4 VERTICAL MASS FLUX

5 - TEMPERATURE

6 PRESSURE

7- DENSITY

8- COEFFICIENT OF ISOBARIC THERMAL EXPANSION
9 ENTHALPY

10 "HEAT CAPACITY

11 = VISCOSITY

12 MASS FLUX .
13 CONDUCTIVE HEAT FLUX

14 CONVECTIVE HEAT FLUX

15 TOTAL HEAT FLUX

16 ROCK HEAT

17 FLUID HEAT

18 TOTAL HEAT - : '
19 . '~ HORIZONTAL DARCY VELOCITY
20 VERTICAL DARCY VELOCITY
21 - DARCY VELOCITY

INPUT DEPENDENT PARAMETER FOR EULER PLOTS
' SEE IXDEP, IYDEP ABOVE

"INPUT DEPENDENT PARAMETERS FOR PATHLINES

SEE IXDEP, IYDEP ABOVE
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C : 4
Cecoss. NUMBER OF CURVES TO PLOT

C :
C USED FOR IPLOT=1,5
c MAXIMUM NUMBER OF CURVES CAN BE 5.
C | :
‘ Ceve... VALUE FOR EACH CONTOUR
c 4
| c USED ONLY FOR IPLOT=1
< .

C.coo.. INPUT SECOND OPTION TO CONTOUR

C . .

C : IF 6 ONLY ONE OPTION WILL BE CONTOURED ON DOMAIN.
o IF 1-6 WILL CONTOUR THAT OPTION ON RIGHT SIDE OF
C DOMAIN WHILE OTHER OPTION WILL BE ON LEFT SIDE.

C

| Ceeeoss INPUT MIN. AND MAX. FOR DEPENDENT VARIABLE ON X AXIS
| : Ceooes. INPUT MIN. AND MAX. FOR DEPENDENT VARIABLE ON Y AXIS

C ~ USED ONLY FOR IPLOT=2 AND IXDEP OR IYDEP
C ARE NON.ZERO.

Cecoo.. NUMBER OF INTERPOLATIONS'BETWEENlDATA POINTS

- Cecoeeco POSITION CURSOR AT MAXIMUM Y VALUE

c ‘ USED ONLY FOR IPLOT=5 AND IYDEP=8
C MAXIMUM DEPTH FOR VERTICAL PROFILES

Ceceooss POSITION CURSbR‘AT X COORDINATE FOR VERTICAL SECTION
USED ONLY FOR IPLOT 5 AND IYDEP=0

POINT ON DOMAIN ON X DIRECTION FOR
VERTICAL PROFILE.

ve... POSITION CURSOR AT MAXIMUM X VALUE

USED ONLY FOR IPLOT=5 AND IXDEP=0
MAXIMUM DISTANCE FOR HORIZONTAL PROF ILE

 ee.. POSITION CURSOR AT Y COORDINATE FOR HORIZONTAL SECTION

USED ONLY FOR IPLOT=5 AND IXDEP=0
POINT ON DOMAIN ON Y DIRECTION FOR HORIZONTAL SECTION

ccseeo POSITION CURSOR AT X-Y COORD.

USED FOR IPLOT=2,3,4,6

POINT POSITION FOR TIME DEPENDENT PLOTS

‘MAXIMUM NUMBER OF POINTS IS 5

AFTER POSITIONING CURSOR INPUT ANY LETTER (EXCEPT SMALL e)
TO OBTAIN POINT. A SMALL e WILL EXIT FROM THIS OPTION. '
(DO NOT INPUT A CARRIAGE RETURN)

ool eielekoieelzkeReXeRokeieReXeReRoRo e Ko ke
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eseeee. OPTIONS (GO, STAY, QUIT, RESCALE)

GO- WILL PROCEED TO NEXT TIME

STAY- CONTINUE AT PRESENT TIME WITH STEADY
'STATE PLOTTING :

QUIT- TERMINATION OF PROGRAM

RESCALE- RESCALE DOMAIN TIC INTERVAL

IN ORDER TO DO TIME DEPENDENT PLOTTING PROCEED TO .
FINAL TIME AND USE OPTION STAY

eeees. ARE OPTIONS CORRECT

Y YES AND CONT INUE
N - NO AND RETYPE OPTIONS

soses RESCALE OPTION -

USED ONLY FOR IPLOT =5,4
ONCE A DEPENDENT PLOT 1IS COMPLETED THE TERMINAL
WILL WAIT FOR A CAPTIAL R OR TWO CARRIAGE RETURNS.

‘R : RESCALE DEPENDENT VARIABLE
2=-CR PROCEED TO NEXT OPTION

eeeoso ENLARGEMENT OPTION

- USED ONLY FOR IPLOT=1,2
ONCE A DOMAIN PLOT IS COMPLETED THE TERMINAL WILL
WAIT FOR A CARRIAGE RETURN OR A CAPTIAL B:

CR  PROCEED TO NEXT OPTION
B ENLARGEMENT OPTION

IF B IS CHOSEN THE CROSSHAIRS WILL APPEAR. TO

ENLARGE AN AREA POSITION THE CROSSHAIR AT THE

LOWER LEFT HAND CORNER OF THE DESIRED AREA AND INPUT
A CAPTIAL P. THEN MOVE TO THE UPPER RIGHT HAND CORNER
OF THE AREA AND INPUT CAPITAL P AGAIN. A BOX WILL BE
DRAWN AROUND THE AREA- FOR ENLARGEMENT.

ONCE THE BOX IS DRAWN, THE TERMINAL WILL WAIT

FOR A CARRIAGE RETURN, AT THIS TIME A HARD COPY

CAN BE GENERATED. AFTER THE CARRIAGE RETURN, THE OPTION
TO RESCALE THE DOMAIN WILL BE ASKED. ANOTHER CARRIAGE
RETURN IS REQUIRIED AFTER THIS OPTION ' :

cesoes INITIAL CONDITION DOMAIN

WHEN THIS DOMAIN IS DRAWN, THE USER MAY TURN

THE TERMINAL TO LOCAL AND WRITE ANYTHING UPON THIS
DIAGRAM. ONCE ON LINE, THE TERMINAL WILL WAIT

FOR EITHER:

OOOOOGOOOOOOOO_OOGOOOOOOOOOOOOOOOOhGOOOO0.000000000000
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CR  PROCEED |
N REDETERMINE POINTS AND REDRAW

oXeXeKe!

C...... END OF FILE ENCOUNTERED
C...... FINAL TIME WILL BE USED

o : : - ,
C TIME EXCEEDS THE FINAL TIME IN THE DATA FILE.
c - A CARRIAGE RETURN WILL RETURN THE USER TO THE
C OPTION SEQUENCE OF THE PROGRAM, '
C . CAUTION A G OPTION WILL RESULT IN TERMINATION
(o OF THE PROGRAM. '
C
C
C ‘ _ : ' ,
C*#*k*k***x***ERROR MESSAGES ARE FEW. AND SELF EXPLANATORY.

" C . _ .
C - A

C**************f**************************************************
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ETCHGR DOCUMENT ION
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ETCHGR VERSION (RESISTIVITY PLOTTING)

THIS VERSION CONTAINS OPTIONS TO:

1. CONTOUR PLOTTING OF RESISTIVITY

2. CONTOUR PLOTTING OF POROSITY

3. DEPENDENT PLOTTING OF RESISTIVITY,
POROSITY AND DIELECTRIC CONSTANT.

THIS VERSION ALSO CONTAINS CHARACTER

GENERATION CODE' TO ROTATE LABELS

OPERATING PROCEDURES:

ETCHGR READS FROM A RESISTIVTY DATA FILE WHICH
CONTAINS FLUID RESISTIVITY DATA. THERE ARE
TWO DATA FILES CURRENTLY BEING USED:

1. RHO1 .01 MOLAL NACL
2. RHO2 .1 MOLAL NACL

THESE DATA FILES INCLUDE DATA FOR T—25 625
AND P=1-1000 BARS. =~

THE FOLLOWING IS A LIST OF OPTIONS

AVAILABLE FOR RESISTIVTY. MODELING.

l. DO YOU WISH TO MODEL RESISTIVITY?

Y-YES '
N-NO REDUCES TO OLD VERSION OF ETCHG -

2. NEW OR OLD MODEL?

N-NEW NEW MODEL
0-OLD PRIOR RESISTIVITY MODEL DATA WILL BE

READ 1IN.
3. RESISTIVITY FILE?

USED ONLY FOR OLD MODEL. THIS FILE IS THE NAME
OF A PRIOR RESISTIVITY MODEL.

4. DO YOU WISH TO SAVE DATA?

Y-YES WILL SAVE RESISTIVITY AND POROSITY

DATA ON FORS5@.DAT. THIS FILE CAN BE USED
TO RERUN A MODEL INSTEAD OF GENERATING

o NEW VALUES.
N-NO
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5. DO YOU WISH TO MODEL POROSITY?

Y-YES : CALCULATE POROSITY AS A FUNCTION
A OF INCREASING TEMPERATURE.
N-NO : ASSUME CONSTANT POROSITY

RESISTIVITY INPUT FILE?

"IF NEW MODEL IS BEING CALCULATED, THIS IS
THE NAME OF THE FLUID RESISTIVTY DATA FILE

c
-C

C

C

C

C

C 6.
C

c -

C

C

C

Cx®*x%k*xx* TMPORTANT IF OLD MODEL IS BEING USED AN

Crikkxkk .- . EULER PLOT OPTION MUST BE
Chwkkkhk USED ON RESISTIVITY.

p

C PLOTTING OPTIONS

C

C COMPLETE DESCRIPTION IS GIVEN IN THE MAIN
C DOCUMENTAION FOR ETCHGR

o A

c RESISTIVITY OPTION =25

c - " DIELECTRIC CONT. OPTION =26

C POROSITY " OPTION =27
C*********************************************'*******ﬂ***

64



APPENDIX II-i

The following preprint is currently in review
~at Jour. Geophys. Research. This contribution
is the result of research supported by ERDA con-

tract EY—76-5—02f2763.
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A PRELIMINARY ANALYSIS OF INTRINSIC FLUID AND ROCK
RESISTIVITY IN ACTIVE HYDROTHERMAL SYSTEMS

B. Moskowitz and D. Norton
Abstract

Electrical résiétivity data are utilized in interpreta-
tions of subsurface environments and to explore for geother-
mal and mineral resources. Abnormally low resistivity data
are alternatively interpreted to indicéte the presehée of
high temperature fluids>or conductive minerals (metal sul-
fides) at depth. The relative contrlbutlons of thermal
por051ty, and fluid comp051tlon effects appear to be poorly
'knqwn.

An‘analySis of intrigsic rock resistivities in active
hydrbthermal systems has been madé using fluid resiétivities,
ifcalculated electrical porosities} and‘two-dimensionai heat
and mass transfer cor}nputat‘io,n‘s_°

.‘The ahalyses indiéate that the'hosﬁ rock resistivity‘dis-
tﬁibution‘arOUnd igneous intrusives is primarily controlled
by the mode of dispersidn:of'thérmai energy‘away from the plu-
ton. Compérisons between numexical results and fieid'qbserva—'
tions in geothermal areas ihdicate that (1) iow near-surface
're51st1v1ty cannot be entirely accounted for by hot c1rculat1ng

saline water and (2) observatlons of hlgh thermal gradlents
‘a55001ated with low re51st1v1ty anomalles do not assure the_ 
, existence of a hlgh energy geothermal.source atlshallow_qrustal

depths.
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Introduction

The nature of rocks in the upper crust is often deduced
ffom“apparent electricél resistivity data. The relationship
between these data and the intrinsic résistivities is pooriy
known, and, therefore, correlation of the e1e¢trical resis-
tivity measurement of rocks with variations in:rock and pore
fluid properties'is usually qdite speculative. Although
these interpretations are based on resistivity data measured
in deep drill holes and laboratory measurements on rocks and
fluids, the correlation of laboratory measurements, even in
well-controlled laboratory experiments, with rock propertiés
hés not beeﬁ satisfying. Better'understanding of this corre-
lation would facilitate mapping subsurfaée conditions with
the aid of electrical survey data, and is pafticularly'rele-
vant in regions of active ﬁydrothérmél activify where there
is'considerable interest in energy resdurces.

The electrical resistivity variations in upper crustal
rocks have been inférred'from various electrical methods.
The results of these surveys indicate average resistivity

5 g-m to 102

valﬁes in stable crustal regions range from 10
-m (Keller and Frischknecht, 1966; Keller et al., 1966).

An analysis of-laboraﬁory experimental data on the résiétiv-
ity of fluid saturated crustal rpéks coupled with considera-
tions of regional heat flow déta predict similar ranges in

resistivify to 40 km depth, Brace, 1971. Resistivity surveys

in regions of‘geothermal activity ‘indicate anomalously low
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resistivities which range between 10 and 100 @-m (Sato, 1970;
Cheng, 1970; Risk, McDonéld,'and Dawson, 1970; Zohdy et al.,
1973; Keller, G. V., 1970). 'These anomalous values are often
_aftributed to the presence of prospective thermal-enefgy
resources. |

The properties and cénditioﬁs in geothermal systems.
which contribute to resistivity values are fluid_and mineral
Acomposition, porosity, temperatﬁre, and pressure (Brace( 1971;
Braqe and Orange( 1968;'Brace, Orange} and Madden, 1965;
Keller and Firschknecht, 1966). The‘éffect,of,éorosity andn
fluid resistivity on the bulk rock resistiviéy of sedimentary

rocks was deduced by Archiev(1942), and extendéd'to.fractured

crystalline rocks by Brace, Orange, and Madden (1965). The empirical
relationship derived by Archie defines bulk rock reéistiVity, P
n v
(1) », ="apgd

in térms of pore fluid resistivity, Per @ préportioﬁality con-
stant, a, po;osity, ¢; and a factor which depénds on £he degree f
of rock cohsolidation, n. <ExperimentélAdata by Bréce (1965)
suggest that'%or fractured media a‘= 1l and n = 2,lwhich appar-
éntly agrees with theoretical electrical net&ork models of
Greenberg and Brace (1969) andlshankland and Waff (1974). The
porosity Value}normally used in equation (1) is that of tofal
rock pofésity; ﬁowever, only those pores which contribute.to
current flow should be included in this term. 1In fréctured

media the total porosity may not be totaliy composed of
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interconnected psres, as indicated by studies Qf'ion'transport
in these types of rocks, Norton and Knapp (1977); Ranges in
rock resistivity of‘six orders of magnitudeimay be realized
‘for reasonable variations in the abundance of interconnected
éores in fractured media, Moskowitz (1977). There does nét'
appear to be a reasonable physical model or theory which ade-
quately defines ¢ in equation (1). |

‘The transient thermal history of rocks_in hydrothermél
systems related to cooling igneous bodies has . been simulated
by numeric;lvmethods; Norton and Knight (1977). Their heu-
ristic models simulate both'tempérsture and pressure Varia—
tion over large regions and;for long time periods. Sinée'
the vafiatioﬁ in resistivity of rocks felates directly to
subsurface temperature and pressure cbnditions, their numeri-
cal models érovide a'basis with which to analyze intriﬁsic -
resistivity of hydrothermal systems. The purpose of this
comﬁunication is to present the_results of a first. order
épproximation to the nature_of ihtrinsic resisfivity in such
systems. The study considered‘variétions in permeability and
'porosity; heat sources, rock'and fluid properties, including
variation in pore fluid resistivity as a‘funsfion of tempera—
ture, pressure, and concentration of components in solution,
as well as the time‘dépendence of these parameters in a two-
diménsioﬁal domain. |
Porosity

The distribution of porosity in the crust varies in
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response'to,changes‘in pore fluid pressure. Effective pres-
sure, Pe' is the difference between confihing pressure (Pc)
‘and pore fluid pressure (Pg),

(2) Pe =‘Pc - Pf o

A recent studypof the variation of effective pressure'with‘
depth in the crust, by Knapp and Knight (1977), shoWs.that~in
many geologic environments increases in pore fluid pressure,
as a result of temperature 1ncreases, will cause the effec-
tive pressure to decrease As a consequence of the 1ow
3ten31le strength of rocks, when effective pressure is reduced
to zero the rock will fracture. Thus, an'lncrease in por051ty
is expected at zero effectlve pressure.

The concept presented by Knapp and Knlght (1977) can be
used to relate porosity change at zero-effectlve pressure to
.temperaturer ‘The total derivative of the rock-pore volume at

constant composition is

(3) av-= )AdT + ( ) ap,

(
oT o
where V = Vr + Vf,‘Vr is rock volume, and Vf is pore volume.
The coefficients of isobaric thermal expansion (a) and iso-

thermal compressibility (B) for the bulk rock are defined as

= 1,9V
(42) a = Figp

- _1.3v
(4B) 8 = -Gl -

Substitution of equations (4a,b) into equation (3) defines

the total volume change in terms of o and B:
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(5) d4v = vadT - VB4Pr.
This total derivative can also beﬂexpressed in terms of the
individual thermel expansions andrccméressibilities of pore .
fluid and rock: -

- (6) dV = [Vfaf +V ]dT - [v gBg + V_B_ Jap.

However, when rocks fracture as a consequence of pore fluid

expanSLOn, 1nf1n1te51mal increases in pore fluid pressure will .

' produce further fracturing. Therefore, dp g O,Hand equation

(6) may be(simplified to
(7) dav = ‘ [vf £t vrar]nT..

‘Typical values for ar,‘for common silicate minerals, over a
‘temperature range of 0 - 800°C, are on the order of 1b_6/°C

'(Clark, 1966) .. The fhermal expansion‘coefficient for pure-

water, over the same temperature span, is on the order of

10-3/°C. As long as‘pore volume, Vf, is- .01 or greater,

Veae >> V.a., and equation (7).becomes

(8) av = v adT.

£4f

The total volume change,according to‘equation (8), occurs as

a result of pore volume changes, with rock volume remaining

essentially constant. - Rearranging equation (8) with the
approximation that dv % dvf yields an integral equation re-.

lating pore volume and temperature:

(9) v, T
. f de =f af(T)dT.
Ve
VO.
f .

Ty
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In equation (9), Vg is the initial residual pore volume, and

Tb is tbe temperature at which the rock fractures. Integrat-
in§ equation (9} gives the pore volume as a function of‘tem-
perature: |
- T
= vg exp[ ) ag(T)dT],

Ty

(;0) Ve

where T > Tb' The initial residual porosity, ¢°, is defined

as
(11) ¢° =

and the fluid and rock volumes are, respectively:

12) v2= 0% v_= (1 - ¢
Substituting equations (11) and (12) into equatibn (10) de-
,ffines a porosity temperature function, in terms of the ini-

tial residual porosity:

: o
(13) ¢ = — S F(@ _
(1 - 4% + ¢°F(m)

" where

. ' T. !
- (14) F(T) = -',exp[-f af(T)dT].

For the pﬁrpoees of this discussion, we will consider
that equation (13) defines increases in the effective elec-
trical porosity. That is, all porosity increases due to

thermal effects are assumed to contribute to increased

73



‘electrical current flow in the rocks.

The temperature at which the rocks initially fracture,
Tb,‘may be defined as

(15) Tb‘= Ta,+ A?'-

where T, is the ambient temperature, and AT is ﬁhe tempera-
ture increment necessary to reduce effective pressuré to
zerp.' The Value'ofiAT aepends on the geothermal gradient
(Knapp and'Knight, 1977), wheré its maximum value:along a
geothermal gradient of 20%C/km is 20°cC.

- Porosity, defined by equation (13), was computed for 1,

2, 3, and 4 km below the earth's surface, figure 1. At depths

of 1 km and initial temperature of 40°C,'1arge~increases in .
porosity are predicted er‘temﬁerature changes on the>order
of 300°C. Howevér, the poroéity increases aie small for
changés in temperatures < 100°c at tﬁis same depth. At
gfeétér depths, e.g., 4 km, much smaller increases in poros-.
ity are predicted~for;these same temperature conditions,‘due

to increased confining pressure.

The relationship between bulk rock resistivity, fluid
resistivity, and electrical porosity is poorly known. A com-

monly used.empirical relationship is Archie's Law, equatidn'

(1). For our study, we have assumed this relationship is an

adequate first approximation to rock fesistivity. 'Thérefore,
thg importan§ parameter in predicting resistivity from'equa-‘

. . =2 . :
tion (1) is ¢ ©, and, therefore, small increases in porosity
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will result in a significant decrease in PR’ figure 2.

Fluid Resistivity

The resistivity of natural groundwaters‘véries as a funé—
tion of temperature, pressure, and'composition. Since the
' dissolved constituents in natural waters are often dominated
by sodium and chloride, and the variation in resistivity due
to different components is less than a factor of 2.5, the com-
positional affects of fluid resistivity may be approximated

by the system NaCi-H O (Quist and Marshall, 1968; Chambers,

2
1958; Gunning and Gordon, 1942). Variations in resistivity
‘for a 0.1 molal NaCl solution are shown in figure 3. The
variation in resistivity with temperature and pressurevexﬁib-
its a steady, pressure iﬁdependent decrease .in resistivity to
approximately 300°C. The dominant pressure effect is to shift |
the resistivity minima to higher temﬁeratures with increasing
pressure. Also, increasing the'NaC1 concentration will result
~in a decrease in resistivity. This decrease may vary from 100
‘Q-m to 0.01 2-m for toncentrations ranging from 10 to 2 molal.
Fluid temperatures in geothermai systems range up to 300°c,
and pressures to 1 kb. Total ionic strength of these fluids
ranges from 1 molal, such as obéerved in the Imperial'Valley

system (Meidev and Furgerson, 1972) to 1072

molal, spch as
observed in the Broadlands, New Zealand system, Brown and
'Ellis, 1970. Typiéalhresistivities of geothermal reservcir
fluids range from 0.01 ohm-meters to 10 Q-m, Cheng,41970,

which is similar to the range in resistivity of pore fluids

in a variety of geologic environments, Keller and Frischknecht,
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1966.

Temperature-Pressure Distribution

Notions of temperatures and pressuree in geothermal sys-
tems are primarily derived from productlon or exploratlon
wells, which are usually restricted to small portlons of the
tota1~system. Knowledge of these parameters over the entire
hydrothe;mal system is neeessary'in order to amalyze the time
dependenée of resistivity in the region of a coeling pluton.
Simulation of cooling plutons by numerical methods is one-

method by which these parameters can be defined for an ideal-

ized geothermal system.

Fluid flow caused by}thermal enomalies related to igneous
plutons:is effectively scaled and represented in two-dimensions
by partial dlfferentlal equations which describe the conser-
vation of mass, momentum, and energy for the fluid-rock system,
ﬁorton and Knight, 1977:

(16) T

Y5 + qVH = VekVT (conservation of energy)
and .
(17) %Vo%'vw =R 3% ' (conservation of momentum)

where T is the temperature, ¥ the streamfunction, gq the £luid

flux, t the time, H, p, and v are the enthalpy, density} and

viscosity of the fluid,'k is the permeability of the rock, «
the thermal conductivity and y the volumetric heat capacity
of the fluid saturated media, R the'Rayleigh number, V‘the

gradient operator, and y'the.horizontal distance in the
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two-dimensional .section to which these equations apply.

Equations (16) and (17) are approximated by finite dif-
ference numerical equations which permit-computation of the
values of the dependentAveriables at discrete points‘in!the
domain from initial.and‘boundary values specified for the sys—
tem. The numerical enalysis provides the option to.include
variable transport properties of the fluid (sz-system) and
rock, general boundary and initial conditions, and radioactive
and volumetric heet sourcesuin.a.two-dimensional domain. 1The
transport process related to the tran51ent thermal anomaly is
approx1mated by a time sequence of steady state numerlcal solu-
tions to (16) and (17), computed at expllcltly stable time
'1ntervals. An alternating- dlrectlon 1mp11c1t flnlte dlffer—
ence method is used to approximate the spatial derivatives at
discrete intervals on the order of O;i to 0.5 of the system
height. Fluid pressure in the systeﬁ is computedAat each
steady state step by integration of Darcy's Law in Which'the
fiuid properties) viscosity and density, are expressed aé’a
function of temperature and pressure.

The methods used by Norton and Knight, 1977, were used
to define the te@perature variation in the environment of a
cooling pluton as a function of time. The hypothetical sys-
tem is charecterized by a dominance of convective heat trans-
port over conductive heat transport as a result of relatively
large host rock permeabilities, figure 4. As a cohsequence

of fluid circulation, the temperature distribution in the
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host rocks evolves into a plumose battern at ~ 105 yeafs,-
figure 5, and results in broad regions ofAuniform tempera-':
ture above the pluton. |

Before emplaceﬁent of the pluton at 4.5 km depth the
initial temperature at thls depth was 110 C (defined by the
,20 C/km geothermal gradlent) At 190,000 years after pluton
emplacement, the 200°C isotherm is at approximately 0.5 km.
depth (figure 5), and the temperatures between the top'of the
pluton and the 200°C isotherm have increased by at least 90°c.
The pore fluid resistivity will reach ‘a minimum at éempera—
tures between 200°C - 300°C ffigure 3). The porosity.ip;
: efease defined by equation (13) will be approximately 10%
for temperature incfeases of 100° - 200°c. Therefore, the
.zone between the 200°C_isotherm and , the top of the pluton in
the system will be characterized by maximum porosity increase
“and the maximum decrease in pere fluid resistivity.

. Porositiee in host rocks at depths < 2 km directly over
the pluton have significantly increased, approximately 20%,
at 190,060 years after pluton emplacement. This potosity
increase persists unifermly to 4 km depth. Time variations
in porosity, calculated at fixed points 4, 2.5, and .5 km -
above the top of the pluton, predict a maxima‘O;S km above
‘the pluton at 4 x 104 and lO5 years after emplacement, figure
6. Herver, ae a result of convective transport of thermal
energy to the surfaee, a potosity'maxima is observed at depths

< 2 kmn.
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‘The spatial and'tempcral distribution of temperature in
the.system will directly determine the host rock resistivity
distribution. ‘The resistivity isopleths closely parallel the
isotherms at 50,000 and 190,000 years, respectively, figures
7 and 8, which alsohillustrate the displacement in‘the resis-
tiVity isopleths between 50,000 and 190,000 years. éy 190,000
years, the lateral extent of the isopleth displacement at 1 km
depth spans the entire width of the system (v 22 km) . |

The time variation of re51st1v1ty_foryfixed p01ntsi4,'2.5,
and 0;5 km above the top of the pluton is directly affected
by the~porosity, temperature, and pore-fluid resistivity
changesioccnrring over the pluton. At 0.5 km above. the plu-
ton a_resistivity minima occurs at 20,000 years. By 110,000
years, the resistivities calculated at 2.5 and 4.km depths_are
nearly equal. The.convective‘transport cf thermal enerqy away.
from the pluton‘results in an order of magnitude decrease in
resistivity at depths < 2‘km.by'100,000 years after pluton
empiaCement. | |

In summary, the calcuiations indicate that the dispersion
of thermal'energy away from a pluton will directly affect'the
host rock resistivity. When pluton emplacement is into per-
meable‘hOSt_rocks, significant decreases in resistivity between
the surface and depths <.0.$ km are predicted. .These resis;
tivity values then persist uniformly in a verticallzone,
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extemding from 0.5 km to approximately 4 km abqve the plu-
ton ty 1902000Vyears aftet pluton emplacement. The makimumi
decrease in resistivity is less than a factor of 10, as com-
pared to surface values. The range in host rock resistivity
is frqm 104 - 105 ohm-m. These vaiues are quite high with
tespect to values obtained on real rocks. However, our cal-

culations only account for a conductive fluid in a nonconduc-

tive matrix.

Discussion

The temperature varlatlons in hydrothermal systems ac--
;count for changes in electrical porosity and electrlcal resis-
tivity of pore fluids. The results of our .analysis suggest
resistivity anomalies caused by thermal events are severel
times broader in ektent.than the thermal sedrce, ahd the lat-
eral resistivity gradients'at-the margins of the anemaly'ere
much lower than the vertical fesistivity gradients directly
above the pluton. The side and‘top margins of the resistivityb
anomaly correspond closely to 200° isotherm, as a consequeﬁce,
of the fluid pfoperties; The re51st1v1ty minima occurs at
: relatlvely shallow depths, 0.5 km, and extends to 4 km. How-
ever, the magnitude of these resistivities is considerably
greater than values measured in geethermal systems.

The magnltude of PR is defined by the pore=-fluid concen-
tratlon and 1n1t1a1 host rock. por051ty whlle the distribution
of PR is defined by the temperature dlstrlbutlon. To deter-

.mine the change in magnitude of PR’ due to varying molality
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df pore-fluids and host rock porosities; a series of calcuié-
tions was made with different-initial values of porosity.and
NaCl‘molalifies; The isopleths of resisti?ity as a function
of porosity and NaCl molality at constént temperature afe
definedtby equation (1) and shown-.for T = 300°C in figure 9.
~The results of the calculations are summarized as the minimum
resistivities predicted for the cooling plut¢n environment,
are comparable to actual values realized in geothermal
systems and in saline groundwater systems. 1In order to explain
the observed resistivities_in,geothermal areas (< 10 ohm-m),
high molaliﬁy pore=fluids énd/or high porosity host rocks must
bccur for large vertical and horizontal zoncs within the geo--
theimal system. |

The resﬁlts of this study indicate that rock resistivities
.in-activé hydrothermal systems are considerabiy less than can
be accounted for by simple changes in.fluid resistivity or
rock pofosity. The discrepancies between the numerical resis-
tivity‘models and the field resistiyity observations in geo-
thermal systems may be accounted for by the presence of con-
ducting.minerals since pyrite and conductive clay minerals are
typically found in the region of hydrothermal systems over the
top,of the thermal anomaly. If one ﬁses a conservative esti-
mate of a factor of 10 decreaéé in host rock resistivities
Aresﬁlting from conducting minerals, a geoiogically reasonable
range in porosity and fluid qomposition can produceAthe anoma-

lously low resistivity values observed in geothermal areas.
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Therefore, except in anomalously high salinity-and high poros-
ity environments} the presénce §f hot fluids alone is hot suf-
ficient to generate the low resistivity values observed in |
geothermél areas. -

. Considerable interest has been given to‘ekploration‘téch-
niques that might be useful in.détecting high energy geother-
mal systems. Commonly used techniques include measurements
of heat flow and electrical resistivity. High heat flow in
combinétion with anomalously low eléctrical resistivity data
4have been”uSéd'éS a justification for drilling of exploratory
wells. Sedimentary basins and young, old, and'mature geother-
mal systems in fractured rocks constifuté a set of geoiogic
environments within which the correlation of high thermal gra-
dients, low near-surface resistivities,'énd sufface thermal
effects may lead to nqn—unique interpretations of the poten-
tial for geothermal energy resources at moderate depths. 1In
the basin and raﬁge province of Ehe weste:n United States,
concentrated brines'aséociated wiﬁh évaporite deposits in the
high porosity basihs'can produce lateral dénsity gradieﬁts
which cause fluid'éirculation. Exothermal hydration reactions
that produce local thermal’aﬁomalies, coupled with the fluid
circulation,.areioftéh sufficient to cause high‘surféce heat
flux and surface thermal éprings. The high salinity and high
porosity in these sedimentary basins would result in anoma-
lously low near-surface resistivity. This pa;ticular environ-

ment appears‘to occur in the Safford Basin, southeastern
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Arizona (Norton et al., 1977).

Geothefmal systems which have nearly coolea to regionél
background temperatures may be characteriied'by large conduc-
tive heét‘fluxes, Nortoﬁ, 1977, as a result of remnaht ther-
mal energy that has been transported from thé heatAsoﬁrce to

near-surface environments. Conducting minerals will undoubt-

edly have been formed above the pluton, and thermal springs

will still be prevalent on‘the surface. 1In thisAenvironment
low resistivity would be associated with the conducting min-
'erais and, in part, with the remnant thermal circulating '
saline fluids. |

Geothermal systems in their early stages of formétion
have not been studied; however, their‘éharacteristiCS have
been simulated numerically. The traﬁsport of thermal energy
awayAfrdm a pluton may be rapid with'respect to the mass flux
of reactive}components in soiution‘to the surface. This
means that hot saline fluids will'dominafe changes in host
rock resistivities because‘not énough time has elapsed to
produce significant quantities of conducting minerals. High

heat flux and surface thermal effects will probably form rela- '

tively early in the life cycle of a geothermal system. The

calculated resistivity values resulting from increased tem-
peratures are anomalous with respect to background values but

are relatively high'(1044— 10°

ohm—m). Therefore, this envi-
ronment is characterized by high heat flux, thermal surface

effects, but probably an undetectable resistivity anomaly,
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even though there is a high energy thermal source at

- depth.

Active, mature geothermal systems are abundant world-wide
'wheré high heat flux, therﬁal surface effects, and low resis-
tivities are associated with a prbductive thermal source at
'depth. However, low resisﬁiyity anomalies, < lbD Q-m, are
probably caused by the prééence of coﬁductive minerals which.
‘may be coincident with hot thermal fluids. |

The four geologic envirohments presented serve -to illus-
trate the problems which can be encounﬁéred when attempting
to interpret near-surface resistivity anomalies. @Also, a
combination of heat flux measureménts; surface'thérmal effects,
and low resistivity can be charaéteristic of both proauctive
hiéh energy geothermal systems as well aé unproductive, low
energy éeéthermal envirohﬁenté. The:dbserVatiéns.are also
manifested iﬁ‘the_fact that electrical methods are used in»
prospecting for both sulfide mineral deposits and thermal

energy.
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"Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure Captions

Porosity as a fuhction of temperatﬁre at 1, 2, 3,

and 4 km depth, as computed from'equétion (13).

Initial porosity, ¢°f= 0.1, background temperatures

are consistent with a surface temperathre'of 20°¢

and a temperature gradient ofIZOOC/km. Pressures

were computed for a rock density of 2.75 g/cm3.

Insert shows porosity values consistent with tem-

peratures up to‘12000C,

=2

¢~ as a function of- temperature at-1l, 2, 3, and

4 km depth. Parameters used are same as in figure

.l.

Temperature-pressure pxojection‘pf the two—phaseA
surface (llquld vapor) in the NaCl HZO system at
0 01 m NaCl concentration depicting fluld re51s-

t1v1ty isopleths.

Two-dimensional cross section of a pluton intruded

into uniform permeability host rocks depicting

initial and'bounaary conditions for numerical simu-
lation of heat and mass-trénsfér. Domain was dis-
cretized into 120 grid points such thatlAz = 0.9

km and &y = 1.75 km. The initial conditions include
a background temperature consistent with a .surface
temperature of 20°C and a thermal gradient, VzT =
20°C/km; The~plgton's inifial temperature is 960°C.

=15 _2 =18

Pefmeabilities are 10 m~ and 10 m? for the

~ host and plﬁton rocks, respectively.
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Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Temperature distribution in idealized hydrothermal
system, defined by figure 4,1for 5 x 104 yrs (left

half) and 1.9 x 105'yrs elapsed time (right half).

Porosity as a function of time resulting from ther-
mal energy transport into host rocks from pluton at
positions directly over pluton, 0.5, 2, and 4 km

below the surface, figure 4.

Resistivity and temperature values in hydrothermal

system at 5 x 104 yrs eiapsed time, depicting the

‘temperature control on-intrinsic re31st1v1t1es.

Resistivity and temperature values in hydrothermal
systems at 1.9 x 105 yrs elapsed time, depicting

the temperature control on intrinsic resistivities.

Concentratioﬁ of'NeCI in pore fluids and electrical
porosity effect on intriﬁsic rock resistivities,:
10, 102, 103, and 104 ohm-m isopleths. values are
for T = 3oo°c,a£ which the mihimum in fluid resis-
tlvity occurs, and for P = 500 bars. Note the

m1n1mum 'in fluid resistivity is nearly independent

‘of pressures, flgure 3.

Regions delimited’by dashed 1ineslrepresent
ranges in values of porosity and fluid cdmpositions
observed 1n the respectlve geologic environments
and for 1deallzed systems considered in this study.

The latter are labeled "fractured igneous systems.
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td appear in Am Geophys. Unioh Mon; #26 on the
Earf.h's Crust. This contribution is the result
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_ FLUID CIRCULATION IN THE‘EARTHfS CRUST

Denis Norton
Department of Geosciences
University of Arizona, Tucson, Arizona 8572;'
Abstract
Numerical simulation of thermally driven fluid flow
caused by igneous intrusives in the upper crust indicates
that fluid'circulation is an inevitable consquence.of lat-
eral density gradients in pofe fluids characteristic of thése
environments. ?hermal perturbations associated with igneous
plutons ére-predicted to be sufficiently large to generate
hydrothermal systems in which the magnitude of convective
heat transport exceeds that of conductive heat transport for

rock permeabilities greater than 10718

m2, Norton and Knight,
1977..,Fur£hermore, the style of the heat transfer is sigﬁifi-
‘ cantiy different from systems in whichicqnduction’is the domi-
nant heat transfer mechanism, particulérly when the transport
and thermodynamic properties of the fluid phase are'taggh into
‘account. As a consequence of the critical end-point which
exists in the 320 and related;syétems, the region above plu-
tons is predicted to contain extensive vertical zones of
nearly constant temperaﬁure.

These first order approximations of fluia circulatibn
reveal several points releQant to predicting the thermal
regime of the érust:, (li thermal gradients above convection
dominated systems- are very nonlinear and éannot uniqgely pre-

dict subsurface temperatures within out pfesent_scope of
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of knowledge and-data, and (2) since fluid circulation may
extend through a considerable portion of the npper.crust in
tectonically active regions, the thermal. regime of these

crustal regions is poorly understood.

Introduction

Temperature condltlons 1n-the earth's crust are normally
predlcted on the basis of extrapolated temperature—gradlent
4 data, petrologic arguments, and numerical approximations of
conductive heat transfer processes in which various thermai
energy sources, ‘as well as rock‘properties,-are considered.
Analyses of thermal convection_have.usually indicated fluid
circnlarion to be an important heat transport process, at
: least in geothermal areas (Elder, 1965; Rlbando et al., 1976;
Llster, 1974; Lowell 1975) However, the consequences of
£luid c1rcu1at10n on the thermal condltlons in the crust have
'<on1y recently been analyzed for situations in whlch (1) the
transport and thermodynamic properties of the fluid phase are
Aallowed to vary with‘temperature and.pressure changes and (2).
an igneous intrusive body'is present in the upper crust.

Tne unique characteristicsnof fluid systems for which H20
is a principai component suggest.that the properties of these
types. of fluids should contribute 51gn1f1cantly to the heat
transport process in convectlon domlnated systems, Norton and
Knight, 1977. Enthalpy, den51ty, and viscosity of phases in
the'pure HéO-system and in SALT-Hzo stystems are very depen—

dent on temperature and pressure in a temperature-pressure
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region which starts at the»criﬁical endeoint and extends to
higher pressures. As a consequence of this dependénce, nétu-
ral systems are predicted to have thermal charééteristics
distinctly different from those predicted on the basis of con=-
stant fluid properties or even those predicted on thé basis of
properties approximated by simpiistic equations of state; Most
equations.of state that have been’previously used merelf pfe—

“dict fluid properties along the two-phase surface in the Héol
or~SALT—H20 systems.

Crustai_environments which'éontain hot igneous bodieé
inevitébly causé‘flﬁid circulation, and, if.tﬁe intrinsic host
rock permeability is greater than 10-18 m?, heat transfer b& ,

i'convection accoﬁnts for at least 10% of the total heat trans-
fer, and at pefmeabiliﬁies greater than 10-_18 m2 convectién
éfeatly predominates over conduction, Nofton and Knight, 19?7.
.Fluid driving fofces are genefated as a natural consequence
of the near-vertical sidé contéct of intrusives,.which cause
latéral pertufbations in the density of éore fluids. Insta-
5ility of théAfluids and the onset of convection is, thergfore,
instantaneous in these systems; the magnitude of the initial
fluid flux depends priﬁcipally on pérmeability 6f host intru-
sive rocks. |

The - purpose 6f this communication is to review the nature
of fluid circulatién feléted fo trahsient thermal anomalies in
the crust and to consider the consequences this flﬁid circula-

tion might have on our concepts of the thermal environment in

" the crust.
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Numerical Simulation of Fluid Circulation

‘Lateral density perturbations in fluids contained in the
flow pdfosity of rocks cause fluid flow. The magnitude of
this flow in natural systems can be determined by Darcy's Law:

(1) 3=§(VP + pg),
where tﬁe mass flux, g, is a function of intrinsic rock perme-
ability, k, fluid viscosity, v, and'deﬁsity, p{ the gradient
in'pressure, VP, and the gravitational vector; g. Density
gradients, which may be the result ofAcbhcentrations as well
aé ghermal'gradients on the fluid, give rise to VxP'and VyP
vterms in the horizontal plane. Althoﬁgh both types of density
gfadients are ubiqﬁitoué in the‘ctust, only those fésulting
from anomalies are included in the computations.

ThermalAanomaiies.often cause and ére coincident with
extensive fracture zones and, thérefore, probablyArepresent
the most significant contribution to fluid circulation in‘the.
crust, except in sedimentary baéin environments where large
concentration gradients are common. The inferred association
of permeable.fréctured rocks with_thgrmal anomalies in the
upper 10 - 15 km of the crust suégests that fluid circulation
. is a charactefistiq feature in these environments.

Fluid fiow caused by thermal anomalies related to.igneous
plutons are effectively scaled and represented in two dimen-
siohs.by partiai.differential equations which describe the con-
servation of mass, momentum, and-energy for the_fiuid-rock‘sys-

tem, Nortén and Knight, 1977:
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(2) YT + qVH = VexUT

and

vVev V¥ = R 3p
(43) kK k- 3y’

where T is the_temperature, Y the streamfunction, g the fluid

flux, t the time, H, p, and v are the enthalpy, density, and

viscosity of the fluid, k is the permeability of the rock, «

the thermal éonductivity and y the volumetric heat Capacity

of the fluid saturated media, R fhe Rayleigh number, . t the

time, V the graaient dperator,'and y'the horizbntal,distance

in the two-dimensional-section to which these équations apply.‘
" The physical meaning of equations (2) and (3) is apparent“

if one considers that the fluid aensity'gradients, right—hand

-sidé of equation (3),'réshlting from a thermal anomaly cause

fluid circulation, e.q., define'grédient values of the stream-

function and, therefore, fluid flux, since q, = -%; and d, =
%;;"The fluid flux,.q;'ih tﬁrh‘trénsports‘heat away'f:om‘the

thermal anomaiy,'secdnd term onlleft of equation (1); at the
same time, thermal energy is conducted.away‘from the thermal
anomaly, fight-hand side in equation (2). Both of these pro-
cesses give rise to a decrease in temperaturé with reséect to
time and, therefore, decrease the horizontal fluid density
gradients. And, consequently, the thermal anomaly is decreased
by combined convective and conductive heat transfer.: Equafions
(2) and (3) are approximated by finite difference numerical

- equations which permit computatidn of the values of the depen-

" dent variables at discrete points in the domain from initial
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and boundary values specified for the system. ‘The numerical
analysis provides the optibnlto include variablg transport
properties of the fluid (H204system) and rock, general boun;
da;y and initial conditions, -and radioactive and volumetric
heat sources in a two—dimensiqnal‘domain. . The transport pro-
cesses related to the transient thermal anomaly are approxi-.
mated by a time sequence of steadyAstate'numerical solutions
-tov(2),and (3), computed at ekplicitly stable time intervals.
An altérnating-directioh-implicit finite differeqce method is
used tovapproximatevthe'spatial derivatives at discrete inter-
_Vals on the order of 0.1 to 0.5 of the system'height. .Fluid
pressure in the system iS'computed at each steady state step
by integratibn of equation (2) in which the fluid properties,

‘ Viscosity ana density, are expressed as a function. of tempera-
‘ture and'pressﬁré. The following diécussion relies on éompu-

tations and analyses using these methods.

The Nature of Fluid Circulation Related to Thermal Anomalies

The Style of fluid circulation in the udpper 10 km of crust
énd the nature of pluton cooling has beenﬁsimuléted, Norton and
Knight,‘1977, for a variety of host rock permeability values
and geometries. |

Convéction dominates heat transfer in hbt igneous pluton
environments if rock permeabilities are on the order of 10-18-
m2 or greater, resulting in a significantly_différent spatial
redistribution of thermal energy than in similar environments

in which conductive heat transfer predominates. Although the

time duration of convection dominated thermal anomalies is
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similar to conduction‘dominated systemslwhen.the pluton itself
is impermeable, the coaling time is“significantlylshortenedvby”
increasea in permeability, such as might accompany extensive
fraéturing of the pluton. The direct application of these
modeling results to actual systems must be made with caution
-since the in-situ values of rock permeability are virtaally
unknown. -However, analogies drawn between rocks for which
permeability data are available and estimates of permeability
suggest that permeability values exceeding the 10_18 m2 minima
may characterize a substantial portion of the upper crust,
Norton and Knapp, 1977.

A numerical model of a system which illustrates the con-
‘vectlve transfer of heat around igneous plutons is presented.'\
A basaltlc magma at 4y 1300 C is presumed to be emplaced rela-
tively rapidly w1th respect to the rate of heat transfer -away
‘from the magma body, into host rocks whose permeability in-

-18)m2 to,lO-14 m?, figure 1. The rela-

creases upward from 10
~ tively rapid intrusion rate>only requireslmagma'flbw velocities
6n the order of a few cm/yr, whiéh seems to be reasonabie.
Since cooling of magmas is normally accompanied by fracture.
developmeht resulting from reactions that increase or decrease
the pluton volume, the pluton permeabiiity is.changed from ef-
fectively zero to 10-17 mz as the tempetature of discrete,grid
points in the pluton decreases to < 700¢C, thereby‘simalating
fracture developmeat and permitting fluid circulatibn thraugﬁ

the pluton.

Boundary conditions selected forAthis system are analogous
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to natural‘systems where thermal energy is conducted through
all the boundaries. The bottom and top boundary temperatures'
are set to_220°c and 2o°c, respectively. Thermal‘conductivity
of.the domain is assumed to be constant, 0.6 cal/ms°c, {
and} since the bottom boundary is conductive( the domain has
.a constant regional flux of 1.2 HFU and the host rocks have an
initial background thermal gradient of‘20°C/km, The relative
permeability values within the domain are set to'simulate the
decrease in continuous'fractures withAdepth, and the magnitude
of the permeability is set to illustrate the effects of fluid
circulation. The side and top boundaries are permeable, but
the base is impermeable in order'to further simulate decrease
in permeability with depth. The permeable top boundary condi-
tlon does not, however, permit convection of thermal: energy
'out of the system. ThlS latter condltlon simulates natural
- systems which do not have hot springs emerging at the top boun-
dary, e.g., the fluids flow through and thermally equilibrate
with the rocks at the top boundary. This system Wae then simu-
lated using a‘spatial discretization of 160 points, which
results in an 0.1 vertical increment and an 0.06 horizontal
increment. The numerical approximations represent the'partial
differential equations to within a truncation error on the
oxder of 0.05 of the value of the dependent variable. Discrete
time lncrements are computed on the basis of stability crlterla,
which results in convergence errors on the order of 0.005 of
the dependent varlable. |

The thermal anomaly, introduced'by the pluton, causes pore
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fluids in the host rocks to circulate from the sides and top’
boundaries of the domain towérd the pluton then upward aiong-
its side margins and out the top of.tﬁe doﬁéin, figures 2 - 4.
~This circulation patﬁern significantly'inéfeéses the heat flux
over the pluton top,‘with‘fespect to a purely conductive.pro—
céss. 1As a consequence of the convective heat transfer, ther-
mal gradients in the domain directly over the pluton are rela-
ﬁively~steep near the'surface, i.e., 0 - 0.5 km, decrease
Sharply and remain const&nt over several km, tﬁen graduélly'
increase toward the pluton top, figures 5a - c,vHThe conduc-
five heat flux at the surface directly above the pluton varies
from 1.2 HFU at the initial timé‘to 15 HFU at 8 x 107 years,
whereas the vertical component of convective flux at 6.5 km .
depth ranges from 0.5 HFU at 2 x 104 years to ZO‘HFﬁ at 8 x 104
yearé:and then gradually decreaées to 10 HFU at 1.5 x 105 years.
The caveat about(thesé’Values at'the éurface is that they
are arbitrary to the extent that they are a fundtion of the
'numeriCal discretization. However, thé reiativé comparison
betweeh the values in the same system at various times isAa
reasonableAapproximation of what can be expected in nature.
Finer discretization merely results in a nonlinear thermal
gradient énd predic£sAit to better preciéioﬁ. Progressive:
fracturing of fhe’pluton chtfibutes to the persistence of
lafge convective heat fluxes over a.long time period. The
estimated time duration for which convective fluxes will be
greatér than the'regionai heat flux in the upper 2 km of tﬁé

system is about 5 x 10° years.
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-Laﬁerally away from the pluton, thermal gradients in the
fluid'down;flow zone are dep:essed'belowAthe regional gradients
as a result of the gonvectivé heat flux of -3 HFU. Ih these, |
regioné, at cooling times ~ 1.2 x 105 years, the isotherms are
depressed downward with fespect to their regional position,_cf.

200°C isotherm. The portion of the anomaly, at temperatures

> IOOOC, in the upper 3:km is dispersed over an area equivalent

;to the pluton top.

The several kilometer vertical extent of relatively con-
stant'thérméi gradients in the host rdcks overlying theipiu—
ton and the corresponding température values, 100 - 400°C: is
characteristic of cthection dominatea systems'which we have
analyzéd, Norton and Knight, 1977Q Transport and thermodynamic
properties of'supercritical fluid in the HZOFsystem and-SALT-

H,O systems are characterized by extremes which contribute to

2
these thermal gradiént features, figure 6. In the region-which
extends from the critical end-point, n 375°C and 220 bars'for

the H O-system, derivatives of fluid density and enthalpy with

2
respect to temperature at-éonstant pressure are maximums and
fluid viscbsity‘iﬁ a minimum. Theréfore, thermal perturbations
at these conditions result in the largest fluid denéity gradi-
ents which together with the minimum in the fluid(viséosity"
tend to maximize the fluid fiuxes. The heat capécity of ﬁhe
‘fluid‘is also a maximum of these conditions, and, henbe, the
convective heat transport is maximized in this températuré—

pressure region. As a point of interest, these extremes tend

to decrease in magnitude from the region near the critical
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" tops are 12 km deep, within low permeability rocks, 10

end-point to lesser extremés at higher pressures. The criti-
cal end-pointland-related extremeé in fluid properties.are‘
displaced to higher temperatures and pressures for SALT-HZO
systems, fiéufé 6. . Fluids which contain dissolved components
equivalent to a 3 molal NaCl solution have a critical end- |
point at 590°C and 850 bafs, and the extremes in fluid prop-
erties extend into a regién analogous in position to the pure
sz—system, figure 6. |

' The nature of the thermal gradientsAwithin perméable rocks
overlying thermal anomalies in.a natural systeﬁ is clearly pre-

dicated on the values of fluid properties and permeability.

~Since the fluid properties, at least for the Hzo-system) are
relatively well known; one can reasonably assume these thermal

'gradients'will at least be characteristic of environments where

18 2 ana anomaly temperatures are

rock permeabilities are > 10~
> 375°C, at depths where pressures are greater than 220 bars,

i.e., ~ 2.2 km. 1In natural environments where dissolved compo-

" nents are relatively more concentrated, these effects will be
realized at progressively greater depths and slightly higher

. temperatures.

The éxample system discussed above contains relatively

_high values of rock permeabilities with respect to our current

best guesses of conditions in the crust. However, fluid circu-

létion effects have been observed in models where the-pluton

=20 2
‘m“,

but are overlain by higher permeability, 10-18 m2, zones which

simulate vertical fractures. Thermal gradients are more linear
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in these systems than in the system discussed above} but only
a few pegqent contribution to the heat flux by convection has.
significant effect on our inferpretations of the thermal envi-
ronment in the crust. The most éignificant feature of the

~simulated system is that vertical thermal gradients in systems
where con&ective heat transfer occurs do not provide a unique

set of data with which subsurface temperatures can be predicted.

‘'Fluid Circulation in the Crust

Fluid circulation in the upper crust is predicted to be
more extenéive than previously;thought; its maénitude hay be
large enough to contribute significantly to the redistribution
of thermal eﬁergy'in this environmenﬁ. The magnitude of the
'contribution of fluid circulation to heat transport depends
entirely on the magnitude of permeability in crustal rocks‘

and the distribution, with respect to thermal anomalies, of
-18 2 '
m

fluid saturated rocks with pérmeabilities > 10 .~ Minimum
permeability value is realized in rocks which have continuously
open-planar fractures spaced 0.1 km apart with an effective
aperture "~ 20 pym, Norton and Khapp, 1977; SnOw, b., 1970..'
This.abundance of continuous fractures is easily realized in
tectonically active regions.and‘in pluton enéironments, Villas,
1975, but apertures and continuity of fractures with.respect:'
~ to depth are unknown. In tectonically quiescent regions nei-
ther abundance nor apertufe of fractures héve béen documented.
However; indirect evidence suggests that permeabilities suffi-

cient to permit significant’heat transfer by convection may be

realized in the upper crust. First, in tectonically active
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regions continuous fractures deveiop to considerable depthé,

as indicated by earthquake hypocenter data, and, second,.
igneous intrusive processes contribute to development of
fracture sets in the rocks they intrude; The extent and mag-
nitude of the permeability fesulting from combined tectonic
and igneous intrusive events is clearly conducive to exten-
sive fluid circulation, as evidenced by eroded equiValents
to‘these environments which show abundant mineral alteration,
aé well as large gains and losses of chemical components in
and adjacent to fractures. Transport of thermal energy into
ﬁhe crust by magma or simple conduction also produces frac-
tures due to the differential thermai expansion qf pore fluids -
énd rocks, Knépp and Knight, 1977. 1In tectonicaily less active
regions, permeability values can.bé inférred from electrical
and, perhaps, seismic properties; empirical relétibhships be-

tween pore continuity, and electrical resistivity, Brace, 1971,

or variations in seismic wave velocity, Nur and Sdimmons, 1969.

These indirect lines of evidence suggest that crustal rocks

-contain a fluid phase, which may be relatively concentrated in

dissolved components, and are sufficiently permeable to warrant

further efforts toward quantitative determination of bulk rock

_ permeability.

Analyses of transport phenomena in permeable media suégest
that fluid circulation through fractured rocks may contribute
significantly to heat transfer through the crust, at least to

depths of 10 - 15 km. As a consequenée of fluid circulation,

several effects may be realized in nature: lower than normal
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thermal gradients over several kilometer vertical distances
‘in~£he‘upper crust; abnormally low cénductivé thermal values
coincident with fluid down;fldw zones; and gross errors in
prédicting subsurface temperafures by downw#rd extrépplétiqn
of'thermal'éradiénté. These effects are undoﬁbtediy present
in active,geotherﬁal systems and can be pfedicted, with rea-
sonéble'confidence, to occur in the vicinity of virtually all
igneous bodies emplaced iﬁtd the upper crust. The more widé-.
spread realization of the effects iﬁ more normal cruét is
~mere speculatiqn at this time,. and many Questiohs remaiﬁ ﬁhat
wili'require more precise numerical models and data acquisi-
| tion. However, this first approximation'suggésts that the
nature of the‘upper crustal environmentvmaf indeed be‘the
result of dynamic fluid systems, the extent of which are

unknown.
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‘Figufe Captions

Figureil.

Figure 2.

_those points is set to 10

wa-dimehsional'cross‘section of crust 10 km deep
énd'24 km wide containing igneous pluton 4'km high
and 6 km wide. Initial value and boundary con-
ditions for magma bodf emplaced instantaneously at

6 km below surface. Pluton permeability is effec-

tively zero until temperature of discrete points

in body decreases to 700°C, then permeability at
17 mz. ‘Regional heat
flux is set at 1.2 HFU for the duration 6f the

system, and the initial thermal gradient. is 20°C/km,

‘whereas the magma is homogeneous and is connected

to a magma reseryoir belqw base of pluton at'T =
1300°¢ for £he initial 50,000 years. Thermal con-
ductivity ié constant at 0.6 ca1/°C ms; the circu-
lating fluid‘is pure HZO and does not react with

the -enclosing rocks.

Scalar'streamfunction (é/ms) and temperature (°C) .
distfibutions after 2 x 104 yearé elapsed time,‘
illustrating steady state fluid circulation and
temperature, respectivély. Vertical fluid fluxes
on the order of 5 x 1072 g/mzs are realized 3 km
direcﬁly ébbve pluton, which, togethef with conduc-A

tive heat transfer, causes 100°C isotherm to

migfate upward at about 0.05 m/yr. -
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- Figure 3.

Figure 4.

Figure 5.

Scalar streamfunction and isotherm distributions

after 8.xv104 years elapsed time. Vertical fluid

-3

fluxes on the order of 10 g/m s are realized 3.km

directly above piuton, and, 8 km laterally away

from this up-flow zone, downward fluid fluxes,.

~14

v 10 g/mzs, occur.

.Scalar streamfunction and isotherm distributions

- after 1.5 x 105 years elapsed time. Vertical fluid

fluxes at-comparable positions in previous times
have. decreased to about 50 percent of the fluxes
at 8 x lO4 years. The 100°¢ and 200°c isotherms
have moved to'slightly~deeper'portions in response

to the~decreaSing convecture flux. The outer 1.5 .

km of the upper 2 km of pluton fractured at 105

years,'thereby increasing the cooling rate of the
body. - The average pluton temperature is 800°C at

this time.

Vertical thermal gradients from-surfaCe to base of
system at‘elapsed-times of (a) 2 x.104, (b) 8 x 104,
and (c) 1.5 x 105'years. Vertical sections are
located alonguthe (1) center line of the pluton,

(2) 1 kilometer away from the side wall of the plu-

ton, and (3) 5 kilometers away from the Slde wall

of the pluton, cf figure 1 for pOSltlonS.

121




Figure 6.f

Temperature-pressure sections through the NacCl-

H,O systems depicting the two-phase surface,

2
liquid-vapor, and critical'end-point for 0 and
3 molal NaCl concent:ations. The approximate
region of anomalous extreme in transport prop-
erties of supercritical fluid is dépicted for
0 molal and 3.molal-s§iution. Note the-shift.

of the critical end-point and associated anoma-

lous regions to highér temperatures and pressures

as a result of adding NaCl to the system.
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APPENDIX II-3

The following preprint is a papef currently in
review at Géochim. et Cdsmochim. Acta. The
research Qaé supported entirély'by other agencies
(NSF‘and Ist. Res.-Geoth.); The manuséript.is
included here as an indication of the state-of-
the-art in utiiiZiﬁg‘geochemical transport theory
in analyZing.geothermal systemé.':As éan be seen,
the transﬁort-theory for'reactive'fluidé is poorly
developed, but this analysis suggests it should be

better.deﬁeloped.
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SQURCES AND CIRCULATION PATHS OF
. THERMAL FLUIDS IN THE ABANO REGION, NORTHERN ITALY.
by

D. Norton1 and C. Panichi2

Abstract

Water samples from natural eprings and_artegian wells in
the»Abanb‘region of northern Italy are characterized by anoma-
lous temperatures and compositions. ConCentrations of major
components, aqueous ion activitiee,.and oxygen isotopes in
‘samples of these fluids have been interpreted in the context
of regional geologic features and fluid-rock reactions in an
"attempt to define the source regions and pathlines of these.
fluids.

The circulation of fluids in the Abano.region is ipter-
preted to be the result of meteoric water infiltration into
'the fermian and Mesozoic aquifers in the pre-Alps. This
aquifer geometry results in forced'convection of aqueous ions

-derived from the evaporite; limestone, and doiomite bearing
formations and thermal ‘energy along flow paths, approx1mately
60 km in length which extend to depths of 2 km below the
Abano region. Local variation in compositions of samples is
consistent with local meteoric waters and formation fluids

mixing with the fluids derived from Alpine sources.

1l
A Geosciences Department Unlver51ty of Arlzona, Tucson,
Arizona 85721.

2
Istituto Internazionale per la Rlcherche Geotermlche,

Pisa, Italy.
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Introduction

The Abano region in northern Italy contains numerous
ocdurrences of saline thermal waters which are utilized in
the local termes. Thesé thermal waters  flow from springs and
artesian wells 1oéated around the Berici and Euganei hills and
in the valley separating these hills. The'Abano thermal area
lies at the northern edge of the Po River Valley and at the
southern edge of the pre-Alps. Calcareous mudstones of Cre-
taceous age, pyroclastic volcanic rocks of Tertiary age, and
alluvium outcrop in the area. |

The presence of a complex hydrothermal Syétem in the sub-
surface rocks beneath the Abano region has been hypothesized
by Piccoli et al., 1973. .On the'basis of positive correlations
between salinity and temperature of spring éamples, they postu-
lated a regional circulation system énd further concluded ﬁhat
the systematic variation'in salinity and'correlations_betweeh’
major dissolved cohponénts were the result cf subsur face fluids
flowing along different circulation paths. In barticular, they
noted samples that contain relatiﬁely large concentrations of
chloride‘are also characte;izéd by hiéh temperatufes. ~Thésé
samples were inferred,to reﬁtesent fiuids derived fromvevaporite
bearing formations at depths below the region.

Oxygen'isotope data onAsamples from the region indicaté
these fluids were’originélly of meteoric origin, Panichi et al.,
1976. However:;, they observed‘that'some of the samples ére de~-"-

18

pleted in “°0 with respect to the local meteoric waters and are

134 -



more representative of precipitation.which‘falle at hiqh ele-
vation, such as realized to-the north of hbano in the pre-Alpe.
Variations in the'lso content of samples were, therefore, attri-
buted to mixing of meteoric waters from the pre-Alps withllocal
meteoric waters. The correlation between high eelinity and 1oQ
180 values was also observed, and this Panichi et al. suggested
to be evidence fof a deep circulation pathtthrough the subsur-
face rocks, as hypotheSized by Piccoli et al., 1973. ﬂowever,
Panichi et al. p01nted out that these waters were probably
meteoric in origin avd were derived from the pre—Alps. Calcula-
tion'of mixing ratios confirmed this hypothesis for'many of the
samples,.PanichiVet al., 1976. |

Fluid-rock reactions along fluid circulation paths occur
in response to changes in temperature, pressure, and .composi-
‘tion of the env1ronment through which the fluids flow, Norton,
'1977. In general these are overall 1rreverSible reactions,
but theyﬁcan be represented by a series of equilibrium dia-
grams if we hypothesize homogeneous equilibrium exists in the
aqueous phase and heterogeneous equilibrium exists between
the'aqueous phase and product mineral phases;‘which»form as
a consequence of the reaction, Heigeson, 1969. On the basis
'of'this pfemise, a sample of the aqueous ‘fluid at some point
along its flow path should have a comp051tion characteristic
of the product mineral phases which are present at that point.
Furthermore, a sequence of samples along the flow path should

define a reaction path which passes through the product mineral

stability fields and trends toward overall equilibrium between
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the solution and initial reaqtent phases present aiong the
flow path. Then, from an inverse point of view, since the
oomposition of fluid along a circulation patn_is the result
of reactions which occurred further "upstream," the chemical
and mlneraloglcal comp051tlon of the upstream env1ronment can
Abe predlcted. Fluld}comp051tlon should reflect composition
1_of this ~upetream" environment. Obviously, for very complex
lflow patns, or in systems characterized by flow;fluxes which.
are smell relative to reaction fluxes,'thie may be practically
impossible. However, if independent data are available which
define the original fluid source, then the reliability of the
interpretation is enhanced.

Samples from the Abano'region are well suited for this
type of ana;ysis since the original fluid sources are definedv
by oxygen isotope data, the possible fluid pathlines are |
defined by the regional hydrology, and the rock compositions .
along the pathlines are known from geologic mapoing. The pur-
pose of this communication is to reinterpret'the Abano deta
on the basis of the concept that fiuid compositions are dieg-i
nostic of the geologic environment which occurs upstream along

the flow paths.
Data

Water samples from the Abano region, figure 1, were col-
lected from arte51an wells and springs and were analyzed for
thelr major element and oxygen isotope content, using methods

described by Panichi et al., 1976. Samples of spring waters
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were collected during dry and rainy seasons to ascertain the
effect of séasonal variations as a result of local meteoric
waters. keplicate analyses were also'made to aécertain'the~
reliabilityfof both.bxygen isotope- and major-eiement determina-
tions. The precision is # .lo/oo for‘oxygeh isotope determina-
tions and is found to be # 5% for major element determinations.
Geologic data-on'the surface and subsurface énvironménts
was taken frdm‘thé Summary discussion and geologic sectibhé'in
Piccoli et al., 1973. The true ionic strength of the samples
ranges befween .01 and .2 molal. 'The electrical baiénce.for
water analyseé was found to be < .005. Mineral stability data
for equilibrium diagrams Qere taken from HelgeSoﬁ, l969. Fiom
épproximately 200 of these samples, 88 were selected for-which
the analytical data were complete and most reliablé;l V
The activities of ions and aquedus complexes were computed
from the majbr compdnent:concéntrations and-temperétures of
each sample, using‘prograﬁ DIST, Knight, 1976. These compﬁfé?
- tions were based on equilibrium stabilitf‘constants for‘aQueous
complexes from HelgeSon,]IQGQ, and a modified Debye:ﬁﬁckel

_expression from Helgeson and James, 1968.

Bulk Chemical Composition of Samples

<

The concentration of major components in the water samples
indicates there are five principal types of spring waters in
the region. These types are referred to as Abano, Euganei-a,.

Euganei-B, Euganei-C, Berici, and shallow grouhdwater, and they

are distinctly different in both their bulk composition tehperature
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and isotopic composition, figures 2, 3, and 4. The relative

composition diagram for these waters indicates the Abaﬁo sam-
ples are relatively congentrated in Na + K and SO4 + Cl rela-
tive to the other cations and:anions, figure 2; These same
samples represent fluids which have an averaée'température of
75°c, figﬁie_3, and which are used in the Abano, Battaglia, |
and Monfegrotto termes; They also have larger ionic strengths,
"~ 0.2 molal, than the other samples. Euganei-B samples have
similar compositions; but trend téwafd relatively higher Ca +
Mg and Sb4 + Cl, and their temperatures range from 50°C down
" to ~ 20°C. They also have correspondihg.lower ionic strength,
n 0.15 to 0.1 molal. Several samples from springs whidh occur
in the vélley at the base of the Berici Hills are similar'té
‘the Abano}énd Euganei-B groups of samples, with respect to
their relatively high SO4 + Cl and moderately anomalous tem-
peratures. They also tend to cdntain relatively larger amounts
of Ca, figure 2. These three groups of.samples are cléarly |
the mdst anomalous with respect to temperature and bulk compo-
sition of all fhe-éamples in the Abano region.

The other extremes in bulk cdmpositions afe représented
‘by sample groups: ‘Euganei-A}‘Euganei-C, and'lo¢a1 groundwaters,
figures 2 and 3. These samples are relatively concentrated in
HCO3 and Ca, figﬁre 2, and rebresent springs'along the baseAdf
Euganei'Hills, in the valley béfween the Euganei and Berici
hills, and in the Beriqi Hills, figure 1. : |

Oxygen isotope compositioh of the water samples in this
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regioa varies from -11;80/00 to ~7,5°/oo,“figure 4. The very
low values are typical of samples which are from Berici and
Abano, Moategrotto and Battaélia termes, figure 4. An area,
characterized by eliéhtly higher values, -lOo/ool extends into
the Euganei region adjacent to the south end of the'Eucanei
Hills. Samples from the valley between the Euganei and . Berici
-hills contain the'highest 6;86 values, -7.59/00, whereas sam-
ples containg che lowest 6180 vaiaes are from springs or afte-
sian wells along fracture zones in the'bedrock.. These high
6018 samples also tend to have.relatively high«SO4 + Cl and
ACa + Mg conceﬁfrations, figure 2. o

- Variations are also observed between the'oxygep isotopic.
composition and total chioride concentration, figare 5. Theee
three linear co;relations”for different sampleAgroups were de-~
fined by Panichi et al., 1976. These trends suggest that the
Euganei, Berici, and Abano Qaters are a result of mixing be-
ﬁween low 18O—content high saiinity_waters and iower salinity
.high 18O waters. The isotopic values obtained by extrapola1
tion of‘these functions to zero salinity mighc be eXpected to
coincide with isotopic values of the respective local meteoric
waters. In the case of Berici and Euganei-A saﬁples, there is.
a reasonable agreement between the local meteoric and ground-
water values with the extfapolated functions, whereas the

180, < -9°/oo,'

Euganei-B and Abano functions extrapolate to a é
All three of the sample groups have similar 6180 maximum val-
ues, " -llo/oo. These relationships imply that fluid circula-.

'tion'giving rise to the two ieotopic types of water may
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originate in the same source region, and their different

bulk chemical characteristics are related to differences in
the reservoir rocks through which they flowed. The 6180 vélé
ue predicted fof meteoric water in the Berici area is 80/00'
and-in the Euganei area 'is -9°/oo. _These vélues agree with-
méasured values of local meteoric waters in the Berici and
Euganei hills, figure 1. Isotopic values which lie between
the extremes of local meteoric water values and the _110/00‘
water values derived frém springs are apparently the result
of mixing of meteoric or shallow groundwater and subsurface
waters.

The seasonal variations in composition of the water
éamples further confirﬁ that local meteorié waters are mixing
‘with waters from aﬁother source. The springs belonging to
the two families also show two clear linear correlations. be-
tﬁeen the oxygen isotopic compoéition and total salinity; but

8O values at zero salinity

* in each case they extrapolate to 61
which are notably more positive than'tﬁose obtained from Jan- |
uvary to June. During this same time period, the salinity val-
~ues are higher, thus confirming the hypothesis that there is .
a smaller contribution to theimixtures from the surface waters
with very low salinity and relatively higherllgo contents.
This is'particulérly clear for the Berici area and Euganei-A
families whose salinity variations range from values of about

30% for the less saliﬁe waters to about 10% for the more saline

waters, with isotopic variations of 0.7 and 0.4%, respectively.
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The chemical characteristics of the wéter from éome
boreholes in the low elevation plain lying botween the Berici
Hills éﬂd.Euganei Hills indicato that none of the~samo1es in
this group have a high chloride ion content.  There are some
wateré whose chemical composition is identical to the Berici
samples, whether they be sulphate or carbonate-types, and to
the Euganei-C samples. Therefore, these are mainly wells ‘that
draw, at shailow depths, from very shallow circulation waters
characterizea by the bicarbonaﬁe ion and by a varying,perceot-
agé of the Ca and Na + K ions,-dépending ohgthe p:esenoe,in
dgreater of smaller quantities_of volcanics in the oap rock. .

The_souroe region for the watefs charadterizéd by‘—llo/oo

18O values must be from aquifer recharge areas at much higheéer

é
olevations, such as realized to the north in-the~A1piné7region.
Elevations of-m 1.5 km in the latter tegion are'sufficient to.
acoount for the relatively'low 6180 values.

Reoresentation of the sample compositions onlmiheral equi-~
librium diagrams depict the relationship'betﬁeen the natural.
watérs and thevstaoility of common rock forming mihefals, fig-

ures 6 - 8. Although the precise relationship between the sam-

ples and the aluminum silicate phases is unknown because alumi-

‘num was not determined on most of the samples, the compositions

clearly project onto kaolinite and montmorillonite stability

fields. Compositional trends are apparent'for each of the sam-
ple groups, suggesting an overall rock-solution reaction or

mixing of different solutions.
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The Abano sample~compositi6ns'plot along_fhe'Ca-
montmorillonite--Mg-montmorillonite--saturated solution phase
boundary, but they are also related to the célcite-dolomite
saturation surface forAPC02 =.10-2, figure 6, whereas the

Berici and Euganei sémple compositions, figures 7 and 8, plot
entlrely within the kaollnlte saturated solution stablllty
.fleld and appear to be undersaturated with both calcite and
dolomite at PCO2 =.10-2. The sample compbsitions generally
plot along a 1l:1 slope on the activity-activity diagrams}
These types of trends have been reéognized in other groups of
natural waters, quton, 1974; Garrels and MacKenzie, 1967;
Paces, 1972, and obcur-consistently in numerical simulations.
of irreversible solution-rock reactions. Thesé.trends nor-
mally depict irreversible reaction péths between minerals and
éolutions aiong which there is a simple consumption of hydrogen
ibns as the solﬁtion composition evolves toward equilibration
with the bulk mineralogy of the rocks. However, as a conse-

quence of the variations in temperature and concentrations of

components w1th1n each sample group, these isothermal prOJects

are 1nadequate to fully 1nterpret the nature of the reaction
paths.
_ The samples all appear to be saturated or slightly super-
saturated with respect to quartz at_their'collection tempera-
tures, figure 9. Samples from both Euganei and Bérici'groups
might have been saturated with quartz at temperatures higher

than collection temperatures, and the supersaturation effect
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would then be the result of cooiing from tﬁe‘higher tempera-
ture. Based on this hypothesis, the predicted saturation
temperatures range from 10 - 30?C'higherfthan the tempera-
“tures at the collection point, figure 3. The Abano samples,
however, are saturated with.quartz at their collection tem-
peratures.

Tﬁe<temperature range‘ofpﬁhe samples does not permit the.
variations ip sample compositions to be adequately interpreted.
Therefpre, activity diagrams are also constructed to represent
' temperature variations along the reaction line defined by the
systematic trends in sample compositions on the acti?ity dia-
grams. These ‘trends are represented by: |
7a2.)? /a

)T+ (log a

2 1/2
" ]

= [{log qcat+ Mg++ H+)
figures 10 - lIL

'The relationship between the stability.fields for alumina
silicate minerals apd the solution compositions, figure 6, indi-
cates'that the Abano solutions are in equilibrium with the
montmorillonite and kaolinite wheéreas the other samples are
equilibrated with only kaolinite. A few Berici and Eﬁganei
samples suggest a temperature-concentration trend toward the
‘montmorillonite-kaolinite phase bqundaries.. Temperatures that
were predicted on the basis of the qaarrz saturation surface
and 5H4Sio4 in the samples would place all.these samples closer
to the phase boundary.

Six of the eight Abano samples'are saturated with respect

to anhydrite, and the other two are undersaturated with respect
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to anhydrite, by about 15 - 20°C, figure 12. These same two

samples are also supérsaturated(_by about lOOC, with respect
to quartaz. Therefore, they also cah probably be qonsidered

to bé’éaturated with anhydrite within the error limits of the
data. However, all the Berici and Euganie sample compositions

have log(a values one to two log units less than

.2
sog (@)

the value necessary for anhydrite saturation at the respective

values. 'Only a few samples

2
temperatures anq log aCa++/aH+

from each of the groups are close to or saturated with respect
to calcite and dolomite, figure 11, because Of the relatively

low P values in the majority of the'samples.

COo

Conclusions

. The combined isotopic and major componeht data suggeét,
the waters in the generél region have been derived from both
local meteoric and groundwater sources, fiéures 2 and 4. Sys-
tematic shifts in compositions can clearly be attributed to
fluid~-rock reactions along pathiines at depth and mixing of
fhese waters ih shallow and deep aquifers. Major element com-
positions of the waters indicafe the mineralogic composition
of the subsurface aquifers through which the waters flowed,
and‘isotopic compositions indicate the sources of the water.

Sources of the watérs in the region are partially defined

180, -llo/oo, values of the

by the 6180 values. The very low §
Abano and some of the Berici and Euganei-A samples require that
these waters were ultimately derived from meteoric waters at

A 1.5 km elevations. These elevations are realized in the
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pre-Alps northwest of the region and, therefore, is probably
the'soufce region for these waters, figure 13, large circle

Ab. Local sources in either the Berici or Euganel hills for

18O values, circa -9.5 + -8 /oo

and in the intervening valley for samples w1th the lowest 618

the samples with 1ntermed1ate )

Values -7.5 /oo are postulated, figure 13.

| Several fluid pathlines are possible from the source re-
gions to‘the spring ot well locations. AThe actual pathlines
are‘cohstfaihed by the mineral-fluid reaction paths and mineral-
fluid equilibrium relationships depicted in figures 6 - 12. |
These relationships require certain mineral assemblages were
encountered along the pathlihes as the Water circulated.from

the sourceregions,to the sample site. Samples from the Abano

thermal wells are saturated. w1th respect to anhydrlte and Ca -
Mg montmorlllonlte and are. supersaturated with respect to cal-

cite and dolomite at temperatures between 50 and 909C. This

feature suggests that at some point dlong their circulation
paths aquifers.containing anhydrite, clay minerals, calcite;
and dolomite were encountered, figure'13._ Rooks of this com-
position occur at 2 km depths below the region. They are Per-
mian evaporites which extend northward into the source regions
ofvthe meteoric water. The fact that the Abano waters'are

supersaturated with the carbonates probably reflects internal

- solution disequilibrium as a result of circulation from low

?Cozteny;ronments below the surface to higher PC02 surface

environments. Samples from Euganei-B and Berici springs are

145



saturated with respect to calcite and dblomite, but undersatu-

rated with anhydrite. These Berici and Euganei-B waters aré
aisb relatively concentrated in SO4, Cl, Ca, and Mg; These
characteristics require flow paths through liméstones and do;o4
mites that contain pore fluids rela;ivély concentrated in SO4
and Cl, or that these latter'cbmponents result from mixing
with Abano type waters. The Mesozoic stratigraphic sgction_
beneath the region consisﬁs of a 1.5 km_ﬁhiék sequence of
limestones and‘dolomités, which accounts for these character-
istics, figure 13.. The Berici and Euganei-B samples thch
tend to have'lowér S0, and.Cl, but high Ca, probably flowed .
fhroughAthe Tertiary marine limestones and volcaniés that.com~,"
prise the Berici and Eugénei hills, figu:e 13. Euganei-C and
local groundwatérs tend to be saturated~with kaolinite, mont-
morillonite, and quartz, but aée undersaturated with respect
to calcite, dolomite, and anﬁydrite, suggesting flow paths.
through the alluvium or volcanic rocks or shale beds.

The circulation.péths for watersnwhich occur in the Abano
area are from sources ih'the pre-AlpS at an elevation of ~ 1.5
km, as evidenced by the 180 data. This meteoric water then cir-=
culates into subsurface aquifers which contain anhydrite, halite,
calcite, and dolomite. The Permian evaporites and Mesozoic car-
bonates near the basement contact, figure‘13, are'fhé aquifers
thfough which these fluids flowed. The fluid pathlines through
the evaporitesvintersect the sﬁrface, primarily in the termes,

whereas those through.the Mesozoic carbonate surface near .
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baSé of the Berici and.Eugénei hills.

The local volcanic roéks are épparently not thé source
of thérmal energy in éhese ﬁéters. Because of théir{TerEiary
ége they have cooledAtoiambient conditions. The thermal ehefgy
appears to be derived from the normal temperature gradient.
Normaligradients of 25°C/km would account for the 75°C maximum
temperatures observed in thé terme'watérs since these waters
circulated from ~ 2 km depth. The heat éontent of these_waé
ters coula also be-augmented by exothermic reactions between
circulating metoeric.waters and anhydrite beds.  The Abano
thermal system is apparently a forcéd conveCtion:system driven
by normal hydrologic artesian loads generated by aqﬁifér re-

charge v 1.5 km above the Abano région.A
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Figure Captions

Figure 1. Topogfaphic and sample location ﬁap for the Abano’

region, northern Italy.

Figure 2. Composition diagram showing relati&e amounts of

| major anions'and cations in samples. Térﬁary
plotslof cations, lower lefti’and anions, lowerA
right, are in terms of mEg percentages.’ Pointé
from ternary plots are projected into central
diamond where points fepresént mEqQ% of both anion
and cation concentration, generélized from'Panichi,
1976. All Abano samples pidt within the very small
label regions on fhe diagram whéreas the samples
from Berici and Euganéi clearly.ﬁave a range in

bulk composition, as indicaﬁed’by the points.

Figure 3.  Temperature histogram for samples from'the Abano
region showing‘numbef,of‘samples-vs. temperature
at which samples were collthéd, solid line, aﬁd
temperature predicted by assuming quartz satura-

tion for each sample, dotted line.

Figure 4. Oxygen isotope map of the Abano region. 6180’

values in o/oo are contoured for both artesian
wells and spring samples. Sample points are also

accordingly coded to bulk composition groups as

180 vaiueS'for meteoric“

defined in figure 2. §
waters. in the Euganei and Berici hills and feor

the terme wells are also indicated.
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Figure 5. Oxygen isotope variations, expressed as 6018;

o/oo, as a function of total chloride chcentra-
tion in water samples, generalized from Panichi
et al., 1976. Systematic increases in 6018

values are noted for each of the sample groups

except Euganei-C samples, which aré not repre-

‘Figure 6. 'TheOretipal activity diagram for the system
CaOi--MgQ-A1203-S102—C02—HZSO4-HC1—H2
presence of ‘an aqueous phase at 75°C, 1 bar,

|

|

| A 4 sented.
O in the
|

and unit activity of H,0 and of the mineral

phases, log a = -3.4 and log P = =2.

Hy 510, Ccoy

Compositions of samples from the Abano Terme

are projected into the equilibrium diagram.

Figure 7. Theoretical activity diagram for the system

CaO-MgO—A1203—S102—C02-HZSO4-HC1-H20 in the

presence .of an aqueous phase at 25°C, 1 bar,
~and unit activity of HZOYand of the mineral

phases, log a = -4.0 and log P = =2,

HyS1i04 COy
Compositions of samples :from the Berici area

are projected onto diagrams in.two groups.

| Figure 8. Theoretical activity diagram for the system

Ca0-Mg0O-Al,0,-Si0,-C0,-H.,S0,-HC1-H,0 in the

’ 273 2 2 72774 2
presence of an aqueous phase at 25°C, 1 bar, -

and unit activity of H,0 and of the mineral

phases, log a -2.

= -4.0 aéd log PC02_=

H4Si04
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Figure 9.

Figure 10.

Figure 11.

tive paths. The log P

‘line is average values of a

system at log a

.in the Ca0-Mg0-Al.0.-Si0.,-HC1l-H

Compositions of Euganei samples are projected

onto diagrams.

Theoretical activity-temperature diagram for

Sioz-Hzo system relating the saturation surface

to the aquéous phase.: for all samples

aH4SiO4
show slight supersaturation with respect to

quartz at low temperatures. ‘Log aH4sio4 vsf T
HySi04 in samples.

Temperature-composition.projection for the
theoretical activity diagrams, figures 6 - 8,

27HC1-H,S0,-C0,~H;0
-107%r - 4.2, 1 bar,

in the Ca0-MgO-Al,0;-5i0

HgSi0g ~
and unit activity of H,0 and the mineral

phases} Compbsitions'of samples are repre-
sented in terms of region from which samples

were collected.

Température—composition projection for the

theoretical activity diagrams, figures 6 - 8,

504—¢02-H20

T - 4.2, 1 bar,

273 2 2

2

system at log a = -10"

H4Si04
and unit activity of HZO'And the mineral
phases. Compositions of:samples which are
saturated or nearly saturated with respect to
calcite and dolomite are represented by respec-
co; value for each sample
appears in the poiht for comparison with the
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Figure 12.

Figure 13.

saturation~surfaces for calcite and dolomite at

log P = -2 and ~1. Other samples are at 1ea$t

CO2
1 log unit undersaturated and are not represented

on. this projection.

Theoretical temperature-activity diagram for
2504-HC1—H2
of an aquéous phase at 1 bar and unit activity of

CaO-H O system at 1 bar in the presence

H,O0 and the mineral phases. The saturation sur-

2

. ' . . . _ _ 2 _ _
face for anhydrite at-log_(asoz)(aH+)-— 18, -17,

and -16 is shown, and the composition of samples’
which are close to saturation with anhydrite are
represeénted by sdquares with their respective

. _ 2
1og<(aSOzX(aH+) values.

4Schematic geologic cross section of Abano’region
from NE tO‘SWAfelatihé geoloéic units and fluid
circulation paths deduced from this study. ~Sources
of‘yarious sample groups are indicated by large
circies with group names: Abano = Ab, Euganei-C =
EC, and Berici low temperature éamples = BC. Path-
lines of fluids are depicted by lines with arrows
and large squates with sample group"lettérs as
above, plus'Euganei—A = EA, Euganei-B = EB,‘Bérici
high temperature = BT, and Berici low temﬁerature
samples = BL. Note subsurface mixing, particularly

of Berici and Euganei-A and Euganei-B samples.
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