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[1] Temperature measurements in deep drill holes on volcano summits or upper flanks
allow a quantitative analysis of groundwater induced heat transport within the edifice. We
present a new temperature-depth profile from a deep well on the summit of Kilauea
Volcano, Hawaii, and analyze it in conjunction with a temperature profile measured 26
years earlier. We propose two groundwater flow models to interpret the complex
temperature profiles. The first is a modified confined lateral flow model (CLFM) with a
continuous flux of hydrothermal fluid. In the second, transient flow model (TFM), slow
conductive cooling follows a brief, advective heating event. We carry out numerical
simulations to examine the timescales associated with each of the models. Results for both
models are sensitive to the initial conditions, and with realistic initial conditions it takes
between 750 and 1000 simulation years for either model to match the measured
temperature profiles. With somewhat hotter initial conditions, results are consistent with
onset of a hydrothermal plume �550 years ago, coincident with initiation of caldera
subsidence. We show that the TFM is consistent with other data from hydrothermal
systems and laboratory experiments and perhaps is more appropriate for this highly
dynamic environment. The TFM implies that volcano-hydrothermal systems may be
dominated by episodic events and that thermal perturbations may persist for several
thousand years after hydrothermal flow has ceased. INDEX TERMS: 1878 Hydrology: Water/

energy interactions; 3210 Mathematical Geophysics: Modeling; 8424 Volcanology: Hydrothermal systems

(8135); 3230 Mathematical Geophysics: Numerical solutions; 1829 Hydrology: Groundwater hydrology;
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1. Introduction

[2] In active volcanoes, multiphase groundwater flow can
be a significant agent for distributing heat from the summit
region toward the flanks. The potential for advective heat
distribution depends on the amount of heat supplied to the
system by the underlying magma, the amount of water
recharged into the system and the permeability structure of
the edifice. Understanding and quantifying the mechanisms
of heat transport in volcano-hydrothermal systems may
provide insight to processes such as epithermal mineraliza-
tion, energy production and solidification rates of magma
chambers and intrusions. High-resolution temperature logs
and water level measurements in deep drill holes on the
summit or upper flanks of these volcanoes allow quantita-
tive analysis of groundwater induced heat transport.
[3] In some deep holes drilled in continental volcanoes

the temperature profiles show relatively cool isothermal
zones overlying zones of steep positive and negative gra-

dients [Sammel, 1981; Blackwell, 1985; Gonzalez-Partida
et al., 1997]. Where temperature gradient inversions are
observed, the high-temperature sections are commonly
assumed to represent lateral flow of hot fluid through thin
aquifers embedded between low-permeability zones [Bod-
varsson et al., 1982; Ziagos and Blackwell, 1986] or in a
fracture that transects the well [Ge, 1998]. Inverse modeling
of such temperature profiles can provide estimates of
groundwater flow rates, heat fluxes, and the time that has
elapsed between the onset of hydrothermal flow and the
temperature measurement [Bodvarsson et al., 1982; Ziagos
and Blackwell, 1986; Lu and Ge, 1996; Ge, 1998]. Quanti-
tative solutions employing analytical or semi-analytical
approaches invoke constant, homogeneous, and isotropic
permeabilities, uniform initial fluid temperature, constant
lateral fluid flux through a thin aquifer, and a fixed temper-
ature or heat flux at the bottom of the simulation domain.
[4] In some cases, these simplifications are likely inap-

propriate. For example, in deep research holes drilled in
Newberry Volcano in the Oregon Cascades [Sammel, 1981],
the Lassen volcanic center in California [Beall, 1981],
Concepcion de Ataco Caldera in El Salvador [Gonzalez-
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Partida et al., 1997], and Kilauea Volcano in Hawaii [Keller
et al., 1979] a relatively thick (>100 m) high-temperature
aquifer unit was found. Further, temperature data obtained
from fluid inclusions in secondary minerals often indicate
that past fluid temperatures in the rock were higher [Keith
and Bargar, 1988; Bargar and Fournier, 1988; Bargar et
al., 1995; Gonzalez-Partida et al., 1997], whereas the
standard interpretations imply temperatures increasing
toward a maximum at steady state. Laboratory experiments
[Summers et al., 1978; Morrow et al., 1981; Moore et al.,
1983; Vaughan et al., 1986; Moore et al., 1994] and
thermodynamic, kinetic, and thermoelastic considerations
imply that in many cases hydrothermal fluid flow under a
horizontal temperature gradient results in rapid mineral
precipitation and rock contraction, decreasing permeability
with time [Fournier, 1987; Germanovich and Lowell, 1992;
Nur and Walder, 1992; Bolton et al., 1996; Martin and
Lowell, 1997; Germanovich et al., 2000; Martin and Low-
ell, 2000; Huertas et al., 2000]. For example, during an
experiment in which heated water was forced through a
cylindrical sample of granite down a temperature gradient
(300�–92�C), the measured permeability dropped by a
factor of �25 in just 2 weeks [Moore et al., 1983]. Volcanic
terrains are also characterized by highly heterogeneous and
anisotropic permeabilities [Souza and Voss, 1987; Ingebrit-
sen and Scholl, 1993].
[5] On the summit of Kilauea Volcano on the Island of

Hawaii a single deep drill hole (Figure 1) funded by the
National Science Foundation (hereinafter the NSF well),
penetrates the hydrothermal system and permits inference
on its dynamic state (Figure 2). Steep thermal gradients and
extremely high heat flow in proximity to a shallow magma
chamber suggest rapid supersaturation of various species
upon cooling of the fluid, likely resulting in mineral
precipitation in voids and cracks [Fournier, 1987; Hurwitz
et al., 2002].
[6] Previous simulation of the temperature profile from

the NSF well concluded that it represents a free-convection

cell within a closed domain [Keller et al., 1979]. That study
incorporated a set of arbitrary boundary conditions that
appears inconsistent with the chemical and isotopic charac-
teristics of groundwater from the well. In a companion
paper we present geochemical data indicating that ground-
water flows from the eastern or northern margins of the
caldera toward Halemaumau pit crater (Figure 1b), where
magmatic gases are condensed, and then toward the NSF
well, implying no major vertical boundaries restrict this
lateral flow [Hurwitz et al., 2002].
[7] Here, we present a new temperature log measured in

the NSF well 26 years after drilling. We use numerical
rather than analytical simulations to interpret the complex
shape of the temperature-depth curve in order to allow
consideration of heterogeneity. As an alternative to the
free-convection model [Keller et al., 1979] we propose
and analyze two different conceptual models: a ‘‘confined
lateral flow model’’ (CLFM) with a continuous flux of
hydrothermal fluid and a ‘‘transient flow model’’ (TFM)
involving a brief advective heating event followed by slow
conductive cooling.

2. Temperature Profile in the NSF Well

[8] The NSF well on the summit of Kilauea Volcano was
drilled in 1973 to a depth of 1262 m from an elevation of
1103 m [Zablocki et al., 1974; Keller et al., 1979]. During
drilling, bottom-hole temperature measurements were made
frequently using maximum-reading thermometers (Figure 2).
In the 24 days following completion of drilling, 12 contin-
uous temperature logs were run using a downhole thermistor
probe. The last of these profiles shows a nearly isothermal
segment between land surface and the water table at approx-
imately the mean annual air temperature, a sharp increase
below the water table, and a high-temperature zone (max-
imum 92�C) to a depth of 720 m (Figure 2). The temperature
then decreases to �60�C between 900 and 1000 m, then
increases again to 137�C at the bottom of the hole.

Figure 1. (a) Map of the Island of Hawaii showing Kilauea caldera, Kilauea’s two rift zones, and the
proposed locations of the 1868 earthquake [Wyss, 1988] and the 1975 Kalapana earthquake [Lipman et
al., 1985]. (b) Inset map showing Kilauea caldera, the Halemaumau pit crater, the location of the NSF
well, and the location of the model cross section (A-A0) in Figure 3.
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[9] Within a few months to years after completion, the
NSF well was plugged by drilling mud. It was partly
cleaned by the U.S. Geological Survey in 1998, and in
May 1999 a new temperature log was obtained with a
downhole 500 ohm platinum RTD, accurate to 0.5�C, that
was lowered at 20 feet min�1 (6 m min�1). The 1999
temperature profile (Figure 2) is similar to the profile
measured 26 years earlier but slightly hotter. For example,
at a depth of 610 m the 1999 temperature was 9�C warmer
than the 1973 temperature log (92�C and 83�C, respec-
tively). However, the modest increases are compatible with
the calculated equilibrium temperatures for 1973 [Keller et
al., 1979]. Thus the relation between the two profiles
indicates that the thermal regime is probably now in a quasi
steady state.

3. Numerical Modeling

[10] As an alternative to the free-convection model [Kel-
ler et al., 1979], we analyzed two different and contrasting
conceptual models. In the first, which is a version of the
confined lateral flow model (CLFM) [Bodvarsson et al.,

1982; Ziagos and Blackwell, 1986], a constant hydrother-
mal flux at a temperature of 92�C was injected into a
horizon representing the high-temperature zone (‘‘aquifer’’)
in the well (490–720 m) and the permeability of that zone
was held constant throughout the simulation. In the second
model, termed here the transient flow model (TFM), a
constant or decreasing hydrothermal flux at a temperature
of 300�C was injected into the horizon representing the
high-temperature zone, and the permeability of that zone
was decreased with time. Whereas the CLFM implies
gradual heating of the aquifer zone toward a steady state
temperature, the TFM implies slow conductive cooling of
the aquifer following a brief advective heating event.
[11] Numerical simulations using the finite difference

code HYDROTHERM [Hayba and Ingebritsen, 1994] for
simulation of transient multiphase flow of pure water and
heat were carried out to examine the feasibility of these
models and quantify the timescales involved. The code
solves numerical approximations to mass and energy bal-
ance equations that are posed in terms of pressure and
enthalpy under a wide range of temperature and pressure
conditions.
[12] The two-dimensional model cross section used to

simulate thermal conditions below Kilauea summit is
depicted in Figure 3, and its location is shown in Figure 1.
The cross section is aligned with the inferred maximum
hydraulic gradient as indicated by the topography and by
geochemical evidence discussed in a companion paper
[Hurwitz et al., 2002]. Stable isotope data indicates that
groundwater in the NSF well originates as recharge along
the eastern or northern margins of the caldera. Groundwater
then flows below Halemaumau pit crater where magmatic
gases are condensed and dissolved and water temperatures
are �300�C [Hinkley et al., 1995; Goff and McMurtry,
2000], and then SSW toward the NSF well. Lacking data
regarding the local geometry of the water table, we invoked
a flat boundary at the top, and a source injecting cold water
on the right-hand side drives the shallowest fluid flow.
[13] The upper and lower boundaries of the domain are

located at the water table, which is at a depth of �490 m in
the NSF well, and at depth of 1320 m, which is 60 m below
the bottom of the well. The domain includes three units with
distinct hydraulic properties (Table 1). Unit 1 is of low
permeability, as suggested by the linear temperature profile
in the deeper part of the NSF well (Figure 2). Unit 2, which
is 220 m thick, represents the layer where hydrothermal
flow occurs (depth interval of 490–720 m in the well), and
is therefore of higher permeability. Unit 3 represents a thin
(10 m) unit of very high permeability dominated by vigo-
rous cold groundwater recharge, which dissipates the heat
conducted from unit 2. Units 2 and 3 are separated by a thin
(5 m) low-permeability unit (properties of unit 1) to account
for the extremely large temperature gradient a few meters
below the water table in the NSF well (Figure 2).
[14] Hydraulic boundary conditions are no-flow at the

base; one atmosphere, representing the water table, at the
top; hydrostatic on the left-hand side; and no-flow (sym-
metry) on the right-hand side, except in two horizons where
a finite flux was specified (Figure 3). The temperature and
magnitude of the cold-water flux into unit 3 (Figure 3) were
25�C and 0.01 kg�1 s�1 m�2, respectively, in all simula-
tions. This flux value represents homogenous recharge of

Figure 2. Temperature and permeability data from the
NSF well on Kilauea summit. Numbered triangles represent
bottom hole temperatures during drilling; the numbers
indicate the number of days since drilling commenced
[Keller et al., 1979]. The dotted and dashed curves represent
the temperature profiles measured 3 and 24 days,
respectively, after drilling was completed. The solid curve
is the temperature profile measured in 1999, and dots
represent core permeability [Keller et al., 1979]. Also
shown are the cased interval of the hole, the water table
elevation (dashed horizontal line at a depth of 488 m), and
the depth interval simulated.
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1 m yr�1 over the entire caldera [Takasaki, 1993], with
homogeneous radial outflow toward the flank. The temper-
ature of the hydrothermal flux into unit 2 is 92�C (max-
imum measured temperature) for the CLFM and 300�C
(inferred temperature beneath Halemaumau) for the TFM.
Thermal boundary conditions are a basal heat flux of 700
mW m�2, based on the thermal gradient at depth in the well
and a thermal conductivity value of 1.82 W (m K)�1 [Horai,
1991]; 25�C at the top boundary; no-flow (insulated) on the
right-hand side; and constant temperature, similar to the
initial conditions (Figure 4), on the left-hand side.
[15] Two initial temperature conditions were considered

(Figure 4). The first (curve 1) consists of an upper segment
at 25�C, representing the ‘‘rain curtain effect’’ caused by
groundwater recharge at mean annual temperature, and a
lower segment with a linear temperature gradient of 560�C
km�1, linked by a smooth transition zone. Similar profiles
have been observed in deep holes in various volcanic
settings [Swanberg et al., 1988; Kauahikaua, 1993]. The
second set of initial temperature conditions (curve 2 in
Figure 4) consists of a 40�C km�1 thermal gradient from
the upper boundary to the bottom of unit 2 and a 380�C
km�1 gradient to the bottom of the domain. This latter
initial condition may be unrealistically hot, based on obser-

vations in Kilauea’s east rift zone [Kauahikaua, 1993] but
was included as an end-member to illustrate the importance
of initial conditions to our results.
[16] In both models the permeability of unit 1 was in the

range of 1 � 10�18 to 1 � 10�15 m2, based on core data
from the NSF well [Keller et al., 1979]. For the CLFM
constant permeabilities in the range of 3 � 10�15 to 3 �
10�11 m2 and anisotropy (kx/kz) between 10 and 100 were
invoked for unit 2. For the TFM the permeability and
porosity (0.1 to 0.01) of unit 2 was decreased gradually
during a single simulation from 3 � 10�11 m2, representing
unaltered Hawaiian basalt [Ingebritsen and Scholl, 1993], to
1 � 10�15 m2, representing altered basalt, slightly more
permeable than core samples from the NSF well [Keller et
al., 1979]. Permeability was decreased at rates ranging from
1 log unit every 70 years to 1 log unit every 3000 years
(Table 1) until the lower-permeability threshold was
attained, and then held constant. Although these permeabil-
ity decrease rates are much lower than rates inferred by
laboratory experiments on granites [Morrow et al., 1981;
Moore et al., 1983], they are within the range predicted by
theory of mineral precipitation kinetics [Bolton et al., 1996;
Martin and Lowell, 2000] and by laboratory experiments on
clay mineral precipitation under hydrothermal conditions

Figure 3. A NNE-SSW model cross section (location in Figure 1b) depicting three hydrostratigraphic
units, the fluid sources, and the location of Halemaumau pit crater and the NSF well. The open circle in
the NSF well is in the cell for which the Nusselt number was calculated (Figure 6).

Table 1. Summary of Parameters Used in the Numerical Experiments

Run Flux, kg s�1 m�2 k(1), m2 kx(2), m
2 kz(2), m

2 T,a years d log k/dtb

CLFM-1 0.010 1 � 10�15 3 � 10�11 3 � 10�12 1000
CLFM-2 0.010 1 � 10�15 3 � 10�12 3 � 10�13 900
CLFM-3 0.010 1 � 10�15 3 � 10�13 3 � 10�14 800
CLFM-4 0.010 1 � 10�16 3 � 10�15 3 � 10�16 800
CLFM-5 0.005 1 � 10�15 3 � 10�13 3 � 10�14 1000
CLFM-6 0.010 1 � 10�17 3 � 10�13 3 � 10�14 800
CLFM-7 0.010 1 � 10�18 3 � 10�15 3 � 10�16 950
CLFM-8 0.010 1 � 10�16 3 � 10�15 3 � 10�16 900
CLFM-9 0.010 1 � 10�17 3 � 10�15 3 � 10�17 950
CLFM-10 0.030 1 � 10�17 3 � 10�13 3 � 10�14 750
CLFM-11 0.100 1 � 10�17 3 � 10�13 3 � 10�14 750
CLFM-12c 0.010 1 � 10�17 3 � 10�13 3 � 10�14 350
TFM-36 0.010–0.001 1 � 10�15 3 � 10�11 to 3 � 10�14 3 � 10�12 to 1 � 10�14 1000 1/300
TFM-37 0.010–0.002 1 � 10�15 3 � 10�11 to 3 � 10�15 3 � 10�12 to 3 � 10�15 900 1/150
TFM-38 0.010–0.003 1 � 10�15 3 � 10�11 to 1 � 10�15 3 � 10�12 to 1 � 10�15 850 1/100
TFM-39 0.010 1 � 10�15 3 � 10�11 to 1 � 10�15 3 � 10�12 to 1 � 10�16 800 1/70

aSimulated period required to match measured and calculated temperature profiles.
bThe rate at which permeability was decreased within the simulation.
cCurve 2 (Figure 4) was set as the initial temperature condition. In all other simulations, curve 1 (Figure 4) was set as the initial condition.
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[Huertas et al., 2000]. The horizontal and vertical perme-
abilities of unit 3, 9 � 10�10 m2 and 9 � 10�11 m2,
respectively, were identical in all simulations and remained
constant throughout a single simulation.
[17] In the CLFM the simulated hydrothermal flux (92�C)

into unit 2 of 0.01–0.1 kg s�1 m�2 was held constant during
a single simulation. In TFM simulations the hydrothermal
flux (300�C) into unit 2 was either constant throughout the
simulation (0.01 kg s�1 m�2), or decreased from 0.01 kg
s�1 m�2 to a minimum of 0.001 kg s�1 m�2 over 5 to 50
years.

4. Simulation Results

[18] Numerical simulations of the CLFM and the TFM
were carried out for a range of parameters, and in both cases
various combinations of parameters enabled successful
matching of measured temperature profiles from 1973 and
1999 (Table 1). The optimal match to the measured curve
was determined by summing the difference between meas-
ured and calculated temperatures at each cell along the
entire profile until a minimum value was obtained. For the
part of the profile representing unit 2, the calculated profiles
were compared with the 1999 profile, rather than the 1973
profile (Figure 2).

[19] Simulation results were most sensitive to the initial
temperature distribution. A steeper initial temperature gra-
dient (560�C km�1) than that measured in the deep part of
the NSF well (380�C km�1) was required for optimal
matching. This steeper temperature gradient implies a
magmatic temperature of 1200�C at a depth of 3.1 km,
rather than 4.0 km as implied by the measured temperature
gradient at the bottom of the well. For the initial temperature
condition represented by curve 1, measured and calculated
profiles matched after 750–1000 simulation years (Table 1
and Figure 5). With the CLFM and the relatively hot initial
temperature condition represented by curve 2 (Figure 4),
measured and calculated profiles matched after �350 sim-
ulation years (Table 1, CLFM-12). We believe that the
initial distribution represented by curve 1 in Figure 4 is
more appropriate because it is based on conditions observed
in several other deep wells [Swanberg, 1988; Kauahikaua,
1993].
[20] Using curve 1 (Figure 4) as the initial temperature

condition in the CLFM, it takes 120 simulation years to
attain a temperature of 92�C throughout the high-temper-
ature zone (unit 2) when the permeability of the unit is 3 �
10�13 m2 (Figures 5 and 6) and 400 simulation years when
the permeability is decreased to 3 � 10�15 m2. At later
times, the temperature within that zone remains constant
(Figure 6). With the TFM it takes 90–180 years to attain a
maximum temperature of 120�–170�C in unit 2, after which
the temperatures cool gradually (Figure 6). The match time
for both the CLFM and TFM (Figures 7 and 8) is controlled
primarily by conductive heating of the deep part of the
profile (unit 1) throughout the low-permeability zone.
Although it takes approximately the same simulation time
to match the measured profile with both models (Figures 5
and 7), the thermal structure at the time of match differs
remarkably (Figure 8). Whereas in the CLFM the high-
temperature plume extends laterally (Figure 8a), the high-
temperature plume in the TFM is limited to a narrow zone
near Halemaumau (Figure 8b). The results also demonstrate
that in active hydrothermal environments even linear, con-
ductive segments of temperature profiles may be transient.
The CLFM requires �2500 simulation years for the temper-
ature inversion to vanish and �5000 years to form a new
steady state profile (Figure 5).
[21] The time-dependent advective heat transport, like the

overall thermal structure, differs greatly between the two
models. The relative magnitude of the advective heat flux at
any time is expressed by the dimensionless Nusselt number
[Nu = (rhu � lrT )/lrT ], where r is water density, h is the
specific enthalpy of the fluid, u is the Darcy velocity, and l is
the thermal conductivity. With the CLFM the maximum Nu
value in the hydrothermal zone roughly coincides with the
maximum temperature, and then, like temperature, remains
constant (Figure 6). With the TFM the Nu value increases to
a short-lived maximum then decreases rapidly because of the
permeability decrease (Figure 6). Temperature decreases
more gradually. However, in the example shown, even the
minimum Nusselt number at later times (Nu � 6) indicates
that some heat is still transported by advection.
[22] The shapes of the profiles calculated with the CLFM

(Figure 5) are slightly different from these calculated with
the TFM (Figure 7). The CLFM curves that best match the
measured profiles have a nearly isothermal front within unit

Figure 4. The initial temperature profiles (curves 1 and 2)
used in the numerical simulations. The measured tempera-
ture profile from 1973 (dashed line) is also shown for
reference.
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2, whereas the TFM results in bell-shaped fronts. The thermal
gradient below the water table in the CLFM is steeper than in
the TFM. This difference in shape results from different heat
transport mechanisms within unit 2 at later times. In the
CLFM heat transport within unit 2 is dominated by advection
throughout the simulation, whereas in the TFM it is domi-
nated by conduction, except at very early times. The curves
calculated with the CLFM better resemble the shape of the
curves measured in 1973 and 1999.

5. Discussion

[23] Implications of the CLFM and the TFM for the
complex temperature-depth curve in the NSF Well differ
significantly from those of the steady state free-convection
model [Keller et al., 1979]. Although free-convection mod-
els can match the measured temperature profile they are not
consistent with other data from the hydrothermal system. In
particular, geochemical data from the NSF well indicate a
lateral flow component, with recharge on the northern or
eastern margins of the caldera and input of magmatic gases
below Halemaumau pit crater [Hurwitz et al., 2002]. These

data strongly suggest an open flow system between the
northern or east margins of the caldera and the NSF well.
Further, the free-convection model cannot readily account
for the apparent cooling of the fluid from 300�C at Hale-
maumau to 92�C at the well.

Figure 5. Calculated temperature profiles along the
column representing the location of the NSF well (Figure
3) in simulation CLFM-6 (Table 1). The curves represent
initial conditions (t = 0), and the temperature profiles after
100, 800, 2500, and 5000 simulation years. The dashed
curve is the temperature profile from 1973.

Figure 6. Calculated Nusselt number (dashed lines) and
temperatures (solid lines) for simulations CLFM-6 and
TFM-39 in the center of the aquifer unit (unit 2, Figure 3) as
a function of time.

Figure 7. Calculated temperature profiles from simulation
TFM-39 (Table 1). The curves represent initial conditions
(t = 0) and the temperature profiles after 100, 800, and 1000
simulation years. The dashed curve is the temperature
profile from 1973.
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[24] The two models invoked in this study provide similar
results in terms of the time required to match the measured
profiles. In each case the timing is controlled by conductive
heating of the low-permeability rocks below the high-
temperature zone and is extremely sensitive to the initial
temperature distribution. However, whereas the CLFM
implies significant advective heat and mass transport toward
the flanks (Figure 8a), the TFM match implies much less
lateral advective transport (Figure 8b). The advective trans-
port in the CLFM increases toward a steady value of 2.5
MW per meter width of aquifer, whereas in simulation
TFM-39, for example, fluxes decrease from a maximum
of 6 MW per meter width after 120 years to 0.3 MW per
meter width after 400 years.
[25] Though the TFM (Figure 7) does not match the

measured profile as well as the CLFM (Figure 5), it may
be more appropriate for this highly dynamic, reactive
environment. The CLFM requires cooling from 300�C to
92�C along the inferred flow path between Halemaumau
and the NSF well, presumably by dilution. This is not
consistent with the stable isotopic composition of the well
water, which indicates recharge along the caldera’s northern
or eastern margins [Hurwitz et al., 2002].
[26] The actual permeability values in the area repre-

sented by unit 2 (Figure 3) pose another key issue for
discriminating between these models and remain somewhat

ambiguous. There are indications of a sharp decrease in
contemporary permeability just below the water table, as the
permeability in cores recovered from the NSF well is
10�16–10�10 m2 above the water table and <10�16 m2

below the water table (Figure 2). Although measurements of
crystalline rock typically indicate that permeability is scale-
dependent [Brace, 1984], thermoelastic stresses, mineral
precipitation, and rock alteration tend to minimize this
scale-dependence due to preferential sealing of cracks
[Vaughan et al., 1986; Moore et al., 1994; Martin and
Lowell, 2000]. Thus, in heavily altered rocks, as in argilla-
ceous rocks [Neuzil, 1994], core measurements and
regional-scale permeability may be similar. Other indicators
of low permeability below the water table are the small
water pressure response of water in the well to barometric
pressure and earth tides (S. Hurwitz, U.S. Geological
Survey, unpublished data, 2002), and the slow decline of
the water table following the removal of the mud cake in
late September 1998. As inferred from manual measure-
ments, the water table declined by 12 m in the first 6
months, and �8 m in the following 2 years. Between
November 2000 and March 2002, water levels have
remained at a depth of 493.0 ± 0.4 m (S. Hurwitz, U.S.
Geological Survey, unpublished data).
[27] Observations during drilling suggest a relatively

high-permeability zone roughly coincident with the water

Figure 8. Temperature distribution after 800 simulation years for (a) CLFM-6 and (b) TFM-39.
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table. At two points during drilling, the mud level in the
well dropped to the water table and then stabilized, suggest-
ing outflow from the hole at that depth [Murray, 1974].
[28] We propose that episodic breaching of the deep

hydrothermal system of the volcano and opening of new
flow paths leads to the ascent of superheated fluid plumes
toward the surface [Fournier, 1999]. Such a mechanism has
been invoked to explain inflation-deflation episodes in
Yellowstone caldera, Wyoming [Dzurisin et al., 1994] and
the formation of hydrothermal ore deposits and mineralized
veins [Cathles and Smith, 1983]. Because of the large
horizontal permeability of unaltered Hawaiian basalt flows
[Souza and Voss, 1987], part of the ascending fluid plume is
channeled laterally at shallow depths where rocks are as yet

unaltered and relatively permeable. This lateral flow causes
thermoelastic expansion [Germanovich et al., 2000], pre-
cipitation of secondary minerals [Morrow et al., 1981;
Moore et al., 1983; Vaughan et al., 1986; Martin and
Lowell, 2000], and alteration of the host basalt, decreasing
permeability and causing a relatively rapid transition from
advection-dominated to conduction-dominated heat trans-
port. Such episodic hydrothermal activity is consistent with
recent observations from mid-ocean-ridge hydrothermal
systems [Baker et al., 1987; Johnson et al., 2000], where
temperature transients were observed over timescales of
weeks.
[29] It seems likely that permeability in the area repre-

sented by unit 2 (Figure 3) has decreased with time.
Theoretical [Bolton et al., 1996; Martin and Lowell, 1997,
2000] and experimental [Moore et al., 1983; Huertas et al.,
2000] studies predict relatively rapid decreases in perme-
ability due to precipitation of secondary minerals in pores
and fractures, an effect that can be augmented by thermo-
elastic expansion [Germanovich et al., 2000]. These studies
are consistent with alteration mineralogy from the NSF well
core, which indicate higher temperatures (<140�C) and
presumably higher flow rates/permeabilities in the past
[Hurwitz et al., 2002]. A permeability decrease at a partic-
ular depth horizon caused by lateral flow of hydrothermal
fluid may later help to control the level of the water table
within the edifice. The general effect of such episodes might
be to elevate the water table position, thereby promoting the
formation of summit crater lakes [Mastin, 1997] and
enhancing the potential for phreatic eruptions.
[30] Using curve 1 in Figure 4 as the initial temperature

condition, the range of calculated results in both models
implies that onset of hydrothermal flow occurred 750 to 1000
years ago (1000–1350 A.D.). This timing is consistent with
new evidence indicating a phase of intensive magmatism
between �1100 and 1400 A.D. that formed a large shield
predating the modern caldera (D. Swanson, U.S. Geological
Survey, oral communication, 2001) (Figure 9). At the well
site the post-1100 A.D. section is probably only 34 m thick,
as indicated by correlation of an ash layer at that depth in the
well [Keller et al., 1979] with an ash layer underlying the
1100 A.D. flows on the western walls of the caldera (D.
Swanson, U.S. Geological Survey, oral communication,
2001). This implies that if the onset of hydrothermal flow
was associated with the onset of the shield-forming volcan-
ism, the lateral plume occurred at depths of several hundred
meters below the ground surface. Other possible triggers
consistent with our simulation results using the preferred
initial condition (curve 1 in Figure 4) include explosive
eruptions that occurred on Kilauea summit at �900 and
1400 A.D. [Mastin et al., 1998] (Figure 9).
[31] Simulation results with the hotter curve 2 (Figure 4)

as the initial temperature condition are consistent with the
initiation of modern caldera subsidence between 1450 and
1500 A.D. [Clague et al., 1999; D. Swanson, U.S. Geo-
logical Survey, oral communication, 2001] as a possible
trigger for the onset of the hydrothermal plume (Figure 9).
The large 1790 A.D. phreatomagmatic eruption [McPhie et
al., 1990; Mastin, 1997], the 1868 ML 7.9 earthquake
[Wyss, 1988] (Figure 1), which was the strongest historical
earthquake in Hawaii, and the 1924 phreatic eruption
[Jaggar and Finch, 1924] are apparently ruled out as

Figure 9. Calculated time frame for the onset of the
hydrothermal plume using initial temperature conditions
represented by curve 1 (horizontal stripes) and curve 2
(vertical stripes) in Figure 4 and the chronology of major
documented volcanic and faulting events in the region of
Kilauea Volcano. These include the shield forming phase
(D. Swanson, U.S. Geological Survey, oral communication,
2001), explosive eruptions (circles) [Mastin et al., 1998],
and onset of the modern caldera subsidence [Clague et al.,
1998; D. Swanson, U.S. Geological Survey, oral commu-
nication, 2001].
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triggers for the hydrothermal plume, because insufficient
time has elapsed. The 1975 ML 7.2 Kalapana earthquake
southeast of Kilauea [Lipman et al., 1985] (Figure 1) and
the major volcanic eruptions of Mauna Ulu and Pu’u O’o-
Kupaianaha in Kilauea’s east rift zone, which began in
1974 and 1983, respectively [Tilling and Dvorak, 1993],
apparently did not leave a thermal signature in the NSF
well, as indicated by the consistency between the 1973 and
1999 profiles (Figure 2).
[32] Brief episodic events such as those invoked in the

TFM imply that temperature inversions may be observed in
some volcanic systems a few thousands of years after flow
has essentially ceased (Figure 5) and cannot always be
attributed to active circulation [e.g. Bodvarsson et al., 1982;
Ziagos and Blackwell, 1986]. In this regard, our results may
provide guidance for interpreting complex temperature
profiles affected by hydrothermal flow. Where data are
derived mainly from a single drill hole as at Kilauea,
independent knowledge of permeability distribution, fluid
chemistry, and volcano history may be essential in order to
distinguish between models and arrive at unique interpreta-
tions. Because the models imply very different deep thermal
structures (Figure 8), multiple deep drill holes would often
be diagnostic.

6. Summary and Conclusions

[33] We present and interpret a complex temperature log
from the only deep well on the summit of Kilauea Volcano,
Hawaii. The profile measured in 1999 is consistent with
equilibrium temperatures estimated in 1973, implying that
the thermal regime is in a quasi-steady state. We propose
two alternatives to the free-convection model [Keller et al.,
1979] previously invoked to interpret the temperature pro-
file. The two models have very different implications for
heat and mass transport. The first is a variant of the confined
lateral flow model (CLFM) [Bodvarsson et al., 1982;
Ziagos and Blackwell, 1986], in which a continuous flux
of hydrothermal fluid heats a high-temperature zone by
advective transport. Results of this model imply significant
ongoing advective heat transport. The second, transient flow
model (TFM) invokes decreasing permeability due to min-
eral precipitation and thermoelastic expansion. In this model
slow conductive cooling follows a brief, advective heating
event. Results of this model imply that advective heat
transport away from the summit area is currently negligible.
[34] Results for both models are highly sensitive to the

thermal initial conditions. Under what we consider the more
realistic conditions it takes 750–1000 simulation years to
match the observed temperature profiles. This implies that
the hydrothermal event recorded in the NSF well data may
have been triggered by shield-forming magmatism between
1100 and 1400 A.D. On the basis of other data from the
hydrothermal system (fluid chemistry, core permeability,
and paleotemperatures) we believe that the TFM is more
appropriate for this highly dynamic, reactive environment.
This model implies that negative temperature gradients may
be observed in some volcanic systems >103 years after flow
has essentially ceased and cannot always be attributed to
active circulation.
[35] Both models invoke vertical ascent of a hydrother-

mal plume triggered by opening of new paths at depth, with

lateral flow into unaltered and (initially) permeable basalt
flows at shallow depths. Permeability decreases caused by
hydrothermal alteration along particular depth horizons may
later influence the position of the water table within the
volcanic edifice.
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