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¢ ) MODEL OF STREAMFLOW DEPLETION

| o OF THE JEMEZ RIVER BY GEOTHERMAL DEVELOPMENT
B IN VALLES CALDERA, NEW MEXICO
ki

Introduction

This is a description of the model that was developed to
“estimate streamflow depletion which would result from geothermal
development in the Valles Caldera, described in a report of
March 30, 1977!.

The flow in the Jemez River is partly from thermal sprlnos
located along the River's course. Chemical analysis of this
spring water suggests that a small part of ‘the flow comes from
the 1nter10r of the Valles Caldera. The Caldera contains an
underground reservoir of superheated water suitable for geothermal

~ development. Proposed utilization of this. thermal water Wwould
" 4) lower the hydrostatic pressure inside the Caldera, resulting in
less outflow to the springs.

The purpose of this report is to (1) explain the model that
was written to estimate the streamflow depletion, and (2) give

!

the results obtained u51ng this model. _
The material is organized in such a manner that it is possible

to follow the derivation of the model. The original model, deve-
loped in Mérch 1977, is briefly discussed and details of a refine-
ment of that model are presented. Derivation,of the model is
given as Appendix I, and computational results are presented as

Appendix II.
Original Model

In March 1977, a simplified computer model was used to esti-
mate the leakage out of the Valles Caldera. The model was written
’ ;} for an Olivetti P652 computer. This model and the results obtained
" from it are briefly outlined in the March 1977 report.
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‘ration of Darcy's law.

c

‘D

:_...»_.%‘?addition,

. the Caldera and into the Jemez River was sketched out (Figure 1,

Rl A ad b tocte ol TwaRTREE- N

Subsequent evaluation revealed that this model probably was

over simplified and certain modifications should be made. In
the Caldera dimensions used in the first model were

larger than later determined from geologic maps. The earlier
model also assumed that the head inside the Caldera was approxi-
mately that of the Jemez River where it crossed the Caldera's rim.
Possible recharge from the Jemez River into the Caldera was
ignored. ' '

For these reasons, it was decided to refine the early model
into a more flexible ane, which is the subject of the following

description.

- f

Refined Model of the Valles Caldera

General Equations

Like the first-mbdel, the second was derived from a conside-
(See Appendix I for a complete deriva-

tion of the model.) A generalized diagram of the flow out of

Appendix I) and then, each of the terms in Darcy's law was Solvedsammmem
for in terms of variables in the dlaoram. The final equations
are as follows
l+cos@
1. . d (st D) |
' . (R-Q ) WAt 1
n(r H) . |

‘At time equals "tn", the leakage "Q'", flowing out of one quadrant

of the Caldera and to one side of the River is given by:

_ O T(h(n-’l) (n 1) h gd) (rae+ 'K[d (G-A@)';TA@D I
R - (SO 5
1/ (BT 20 (3n_+)?] f'

Because two quadrants contribute leakage to the River, the

leakage from each quadrant must be computed and added together to

e,

LSS AR

ARG

obtain the total leakage,'QT at time "t ":

4. Q=+ Q
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Where
d
0

RETR g

= change in head inside the Caldeéra due to

= rate of leakage out of the Caldera during the

-transmissivity of the aquifer that conducts: !

. O
st LWL daairns = 7

distance downstream from Caldera rim.

angle (in radians) measured from a line per-
pendicular to the stream, and passing through
the center of the Caldera. (See Appendix . I)

average radius of the Caldera.

leakage out of the Caldera, withdrawal of

water for steam and recharge into the,Caldéra. -
.recharge into the Caldera; this quantity is a T
constant rate, independent of the water pressure

inside the Caldera.

previous time increment.
rate of withdrawal of water for steam‘productioné_rﬂ,
this quantity is independent of the water
prgssure inside the Caldera.

time increment over which Q is evaluated.

L YW oy 3 08 oy ], e e it
Y T 4 T

porosity of the aquifer produc1ng the hot water . 5
initial angle (in radians) for quadrant 1.

the water from the Caldera to the River.
hydrostatic or '"free water'" elevation inside
the Caldera.

elevation of Jemez River as it crosses the

AT A A A Al o F T

rim of the Caldera.

gradient of River channel. i

R

angle increment (in radians).

elevation of the bottom of the caprock.

e

rate of leakage into Jemez River contributed ﬂ

from quadrant 1 (southeast of the River). v !

rate of leakage 1nto Jemez River contributed

v 6“

from quadrant 2 this quantity is computed in

12,

a manner similar to "Q". Quadrant 2 is north-

AR

east of the River,
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Boundary Conditionsw#: ... igizs = ‘ e

Analysis of the groundwater contours around the Valles Cal-
dera indicated that the leakage into the Jemez River came from
quadrant 1, specifically from between the angles of 33° and 90°.

égaQuadrant 2 might have contributed some.leakage from between 74°

and 90°. Consequently, these values were converted to radians

and used .as boundary conditions.

Initial Conditions

The transmissivity of the aquifer was determined by first
-setting the rate of withdrawal for steam production "W" to zero . .gme
(i.e. no pumpage from the Caldera) and then adjustingithe trans-
missivity so that the leakage out of the Caldera equalled the
recharge. Using this adjusted transmissivity, the program was
then run using the desired:value of "W". For purposes of cali-
bration, an initial leakage of 165 gpm was used. This value was
estimated as the contribution of Caldera water to the current -*wfgﬁﬁ?
spring flow using dilution ratios. -

In calibration of the model, two critical assumptions were
made. First, the total leakage from the Caldera is about 165 gpm.
Second, the leakage from the Caldera (and recharge) has been con-
stant with time, with no streamflow depletion until geothermal
development begins. Historical records indicate that this may . mmses
not be true. Renick? indicated that the hot spring activity 4

along the Rio Salado has decreased with time.

Additional Considerations

Three factors strongly influence the results obtained using
this program. They are (1) the porosity of the material inside
the Caldera, (2) boundary conditions, and (3) the size of incre-
ments ysed in the analysis. Other factaors probably influence the
leakage but are not considered in this model. They include a
strongly developed network of faults running south out of the
Caldera, and the effects of superheated water on the hydrostatic

head and on the transmissivity.

-4-
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Porosity of the rock units controls the rate at which the
_ head inside the Caldera is lowered as water is withdrawn. In
 ¢r '> this particular study, decreasing the porosity by a factor of
'AiﬁglO will increase the stream depletion by a similar magnitude.
d It is believed that a porosity of about 10% is correct.
With such a porosity, the streamflow depletion would not be
more than four or five gallons per minute after fifty years of
water use by a 55 MW plant. If a porosity of 1% is used, the
depletion is about ten times this figure, or close to that pro-

~jected using the first model. ‘ e LT
The boundary conditions influence the size of the area 1mﬂmm‘£ |
through which water can flow out of the Caldera. The larger the ,Et
area, the lower the transmissivity will have to be when calibrat-
ing the model. Because of this, the transmissivity partially f |
compensates for changes made in estimating the boundary conditions. 2
The boundary conditions are based on the analysis of shallow water
table contours around the.Valles Caldera. N
Drainage out éfwthe Caldera probably occurs as flow through
(’ () deeper gquifers’or possibly fault zones. Such flow may not’ ;
influence the shallow water table in rock units above it, and |
consequently, boundaries that 1limit flow out of the Caldera are ' {
hard to place. ' . - e |
Two increments were used in the madel. These were a time ‘
An angle increment

increment, 'At", and an angle increment, 'AQ".
of one degree (converted internally in the program to radians)
was used in the final series of calculations. Using an angle
increment of 0.1 degree did not significantly improve the accu-
racy of the model. It did, however, take ten times as long to run.
A time increment of one year (converted internally in the
program to days) caused a constant error of about a half a gallon
per minute. After determining the magnitude of this error, an
increment of one year was used and the results were corrected.
The effects of faulting south of the Caldera are unknown.
Possibly, these faults tap small quantities of water directly
from the Caldera. This water then flows southward until it

-5-
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reaches a location where it can leak into the Jemez River.

The temperature of the water influences two of the quan-
?tities used in this model. (Neither of these quantities has
been adjusted to compensate for the effects of temperature.)
Superheated water has a density of about 43 1bs/ft® at 590°F.
This is only about 70% of the denéity of water at room tempera-
ture (62.32 1lbs/ft? at 68°F). Consequently, a column of super-
heated water exerts less pressure, and has less effective head,

than a column of cool water of the same height. As a result of
this, one would expect less leakage out of the Caldera than is

calculated using uncorrected equations. However, superheated
water (600°F) has a viscosity of about 0.087 cp while cooler
water (68°F) has a viscosity of about 1.0 cp. As a result of

this lowered viscosity, the transmissivity of the aquifer would

"be higher, and more leakage than that calculated would occur.
Consequently, the effects of décreased density are partially
Compensated for by.the effects of incregsed transmissivity. It
is believed that the initial calibration of the model decreases

f’ :) “the magnitude of these apparent differences.

(D

Results

The following two graphs summarize the results of the model

developed to estimate the streamflow depletion of the Jemez River.

The first graph is based on a static head of 8281 feet inside the :

Caldera. The porosities used in the model were 0.10 and 0.01.
It is believed that the depletion using a porosity of 0.01.is
‘too high, although these results do agree with those obtained
using the original model. )

The last graph used a head of 7600 feet abové sea level
'inside the Caldera, and a porosity of 0.10. It is believed

-that this graph is a better estimate of the streamflow depletion.

:Hydrology, Jemez Mountains, NewlMexico, Water Resources
Associates, Inc., March 1977 -

2U. S. Geological Survey Water Supply Paper 620
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APPENDIX I
DERIVATION OF MODEL
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APPENDIX I
Derivation of iodel

Darcy's Law:
1. Q= k@PA= @ = 1§

where:
Q = leakage into Jemez River

st
e tabmi

hydraulic conductivity

hydraulic gradient

i}

discharging area

thickness of aquifer

1]

arc length of Caldera's rim through which discharge occurssme®

'-3520‘3>9—3lg:7<

= transmissivity
Figure 1 illustrates generalized streamlines leaving the Caldera and entering.
the Jemez River. Such streamlines are circular with their centers located on
the alignment of the River. Two adjacent streamlines make a flow tube. Using
Darcy's law, the flow from the Caldera to the River thréugh a given flow tube

can be estimated: it
d. . . h-h.
2. q=T@E M =T(—-fl) (ro+c)
where:
q = discharge through a flow tube.
hn = hydrostatic head inside the Caldera (an elevation)
during the current time increment (at time t ). ‘ -
hj = average hydrostatic head at the discharging end of
) the flow tube; this is assumed to be the average
elevation of the Jemez River channel between the
two streamlines.
L =-average length over which the head drop (hc"ﬁs) '

occurs; i.e., the sum of the lengths of the two
streamlines divided by two.

r = radius of the Caldera.

A© = small incremental angle.

c = a correction factor.
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. streamlines intersect the River chamnel will also be similar.

)

()
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A roseotin
h -h,.

A correction factor "c'" is needed because the quantity (—Ezfl) is the
L

average hydraulic gradient, not the gradient at the Caldera's rim where the
arc segment ''TAG" is measured. Because the flow tube expands, the hydrauiié
gradient is higher at the rim than it is elsewhere. The hydraulic gradient
is lowest where the area of the flow tube is the widest, or near the River.

The average gradient occurs somewhere between these points and has a unique

discharging area associated with it. The correction factor increases the

quantity "'rA@" so that it is the same as this unique area when multiplied by
the aquifer thickness 'b". -

If the streamlines outlining the flow tube are close enough.together, then the

length of each is approximately the same. The average elevation where the

Consequently,

equation #2 can be simplified as follows:

' h -h, , _
3. .q= T(—gi—la(rAe+c) where A® is very sma11 '

where: ST
hj.= elevation where the streamline(s) intersect the
River channel. '
L = length of the streamline(s).

To obtain the total leakage, the discharges through all the flow tubes are

summed : h -h \

« - apred £
By v -

- ‘@M*

4. Q= q = T(—EI—lD(IA@+C) _
The change in head is evaluated as follows: ~ - g@f>;jw_;,fm~
>a. hy = h(n—1)+Ah(n-l)
5b. hj = hr-gd
_(R-Q,__1,-W)At
Sc Ah(n-l) (n l)‘. »
, ' n(Ir?)
where
hn = hydrostatic head (an elevation) inside the Caldera
during the current time ingrement (at time tn).
h(n-l) = hydrostatic head inside the Caldera during the pre-

vious time increment (at time t(n-l))'
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Ah(n—l) = the change in the hydrostatic head inside the Caldera
( ) caused by recharge, leakage and pumpage.
h_ = elevation of the Jemez River as it crosses the rim of

AV gy
-

the Caldera.
g = gradient of the Jemez River channel.
d = distance downstream from the rim to the intersection
of the River channel and streamline.
R = rate of récharge to the Caldera; this quantity is
A assumed to be constant.
= rate of leakage out of the Caldera during the previous

Q(n-l)
time increment.
W = rate of withdrawal of water out of the Caldera for

steam production; this quantity is assumed to be
constant.
At = time increment. ‘
n = porosity of the aquifer inside the Caldera.
Ir? = are#x of the Caldera.
Tne length of each streamline is determined. A streamline has two components -
h_ 1s the change in elévation and LH is the horizontal distance. From geo-

Fe

-retrical considerations it can be shown L, is equal to:

- (H"@)I‘ ' R

6a. Ly = “tans _'
© = an angle (in radians) measured between a line‘passing
through the center of the Caldera and perpendicular
to the direction of streamflow, and a ray eminating
from the center of the Caldera. A streamline begins
where this ray intersects the Caldera's rim. Thus
streamlines are a function of this angle.
The vertical change in elevation is as follows: '
6b. LV = B-(hr-gd) = (B-hr+gd)
where:
B = elevation at the base of the caprock
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( )gﬂﬂe length of the streamline is as follow:

B

e 21,217 = (RS +(B-h red)?)

H Tan®
e distance from the rim downstream to the point where the streamline inter-
sects the River channel is also solved for as a function of the angle 0:

7. dg = T(T5ipg

~ The correction factor 'c'' is then estimated. Analysis of the distribution
of the hydraulic gradients indicated that the average gradient probably occurred
Consequently, the area was weighted so that

L=[L

=

-1)

fairly close to the Caldera rim.
it was nearer to the rim than to the River channel:

8. c= %[d(e)-dce_Ae))-rAG]

The correction factor calculates 0.25 of the difference between the discharging***ﬁﬁ?f

area of the rim and the discharging area in the River channel. This difference

is then added to. the diséﬁg}ging area of the Caldera. As mentioned in the
text, it is felt that the initial calibration procedure of adjusting the.trans-

nissivity will compensate for errors estimating the discharging area.

¢)

Tre final step is to make the required substitutions into Equation #4 so that

the final expression used in the model is obtained: (Note: © is in radians)

o Qn } gl T(h(n—l) (n-1) -h +od)(rAO+¢[ d(O_Ae)-rAO])
’ -0
| /2 [c%m%l)%(ls—h;gd)zri

where:

_ . 1+Cos0
d=rC50e Sin® -1)
R- -W)At *
Ah(n-l) = ( Q(n_l) v) _
n(lir®) x
The computer model uses Equation 49 to compute the leakage "Q ' at time ”tn”.

The leakage into the Jemez River from each of the two contributing quadrants
is computed and added together to get the total leakage at time "t ". Using
this leakage, the change in head ”Ah " computed and the static head inside

the Caldera is then adjusted. U51ng this adjusted static head, a new leakage

“;; for time "t(n+l)" is computed.

ST

8

ESvCie
SF g

»
.3

S g
N P

O EEY SAR L T T Lot D TR
D R TR 2 ol gt "
Bl SR Y G b

B

)
%

ST BT
Yok kG

c AP




e BT 3 -:zf;* P g -

R Rt LT C

Two quadrants are necessary because Equation #9 does not hold when 0 is
(,'\> I/, radians (90°). The model computer leakage by starting at the /. radians

.ﬁﬁgubstrating A0, and using this new angle to generate the first streamline.
FThis process is repeated down to the boundary angle. The leakage for each
flow tube in the quadrant are summed as the program progresses. In a similar
manner, leakage from quadrant #2 is also computed. The calculations for
quadrant #2 are the same since the model is symmetrical about the Jemez
River. Boundary angles are different for the two quadrants. Quadrant #1
ran from I/, to = 0.58 radians (33°). Quadrant #2 went from I/, to CommE

= 1.33 radians (76°) .
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- APPENDIX II
( ) ’ Initial Input Into The Model

"“Radius of the Caldera (r)

The model assumed that the Caldera was circular, with a
radius of 4.58 miles. In reality the Caldera is roughly ellip-
tical, with a major axis diameter of 10.5 miles and a minor
axis of 8 miles. The assumed average radius was derived as
follows: :
~ Area of Caldera = [(10.5x8)+4]xIl = 66 sq. miles
A circle with the same area would have a radius of:

. . 1
v r = (66 sq. miles%H)é = 4.58 miles
Elevation of the Base of the Caprock (B)

The elevations of the base of the Caprock were taken off of - wmmem~
graphs of Temperature vs Elevation in the various Baca test wells:
These elevations were then averaged. For purposes of this model

an average elevation of 6435 feet was used.

(.'»Elevation of the Initial Hydrostatic Head in the Caldera gho)

In two of the runs using the model, the elevations of the R
free water surfaces in the Baca test wells were averaged to obtain
a value used as the initial hydrostatic head inside the Caldera.
This value was 8281 feet above sea level. The last run was based
on an elevation of 7600 feet. This last run used a reduced ele-
vation to simulate the effect of the reduced density of hot water.

3

"Porosity (n)
Information provided by Union Oil suggested the permeability
, (-
of the aquifer in the Caldera was 0.04 to 0.10.. In the first and
third runs, a porosity of 0.10 was used to estimate the effects
of the porosity on the leakage. It is felt that a porosity of

0.10 is a better estimate.
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(' ) Recharge (R)

1 Recharge to Caldera was estimated as 3.176 x 10" ft3/day
Yo about 266 ac/ft/yr. This is 165 gpm which was estimated as
the initial leakage from the Caldera into the Jemez River.

Rate of Withdrawal For Power Production

A 55 MW power plant was assumed to consume 2.206 x 10° ft®/day
or about 1150 gpm. o

The Gradient of the Jemez River

The gradient of the Jemez River below the Caldera's rim was
plotted out; the gradient was calculated as being 0.0639 ft/ft
for the first 18,000 feet downstream and 0.0136 ft/ft thereafter.

The Elevation of the Stream As It Crosses The Caldefa Rim et

An elevation‘of 7600 feet was used. This is roughly the

elevation of La Cuevd Campground.




