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Abstract. We present evidence for pore water flow through the sediment of Crater Lake,
Oregon based on systematic variations in pore water chemical compositions and thermal
gradients. Pore water was extracted from sediment by centrifugation and diffusive exchange
using a gravity corer deployed from a surface vessel and a box corer and peepers deployed
from the submersible Deep Rover in a known geologic context. Depth profiles of sediment
temperature were measured using two probes deployed from the submersible. One probe was
connected to the submersible whereas the other was self-contained and deployed for 7 days.
On the basis of measured and calculated depth profiles of pore water Na, Ca, Mg, K, Li, and
temperature, we show that pore water upwells in zones of focused upflow at speeds of meters

to hundreds of meters per year. These zones of focused flow are patchy and usually cover
several square meters to hundreds of square meters and are marked by iron-manganese-rich
crusts, bacterial mats, and saline pools. In contrast, most of the lake floor consists of
sediment derived from the caldera walls and has a low heat flow with pore water velocities of
millimeters per year. The chemical composition of the pore water that upwells through the
sampled section of the sediment column differs from core to core. This difference results
from mixing a hydrothermal fluid in igneous basement below the lake with lake water before
the final ascent through the sediment column. Elemental ratios of this thermally and
chemically altered fluid in basement match those calculated based on mass balance
considerations. Calculation of mass balance and geothermometry constrain the temperature
in basement and ultimately the power output, which is about 30 MW. This power output is in
agreement with two other estimates that were calculated using temperature data from the

water column and measurements of sediment heat flow.

1. Introduction

Crater Lake, Oregon is located in the southern section of the
Cascade mountain range (Figure 1) in the completely enclosed
caldera of Mount Mazama, an andesitic volcano. Crater Lake
formed shortly after a cataclysmic eruption roughly 6850 years
B.P. [Bacon, 1983] and volcanic activity continued for several
thousand years with the last eruption about 4000 years B.P.
[Bacon and Lanphere, 1990]. These eruptions formed Wizard
Island, Wizard Platform, and Merriam Cone (Figure 1). This
volcanism was accompanied by hydrothermal activity as
indicated by the alteration of andesitic stockwork [Barber and
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Nelson, 1990]. Recent evidence supports the hypothesis that
chemically and thermally altered water relative to lake water is
presently issuing into the lake. Evidence includes anomalously
high concentrations of Cl and sulfate in Crater Lake relative to
concentrations in neighboring lakes [Van Denburgh, 1968],
chemical and physical data from the water column [Simpson,
1970a,b; Dymond et al., 1989; Dymond and Collier, 1990;
Collier et al., 1990a,b; McManus et al., 1992, 1993, 1996],
measurements of heat flow [Williams and Von Herzen, 1983],
and calculations of mass balances [Nathenson, 1990].

All of the above work provide indirect evidence for input of
chemically and thermally altered water into Crater Lake. In
1989, submersible operations were employed to find sites of
active venting of hydrothermal fluids, such as water issuing
from chimney-like features, mud volcanos, shimmering water,
or non linear profiles of sediment temperature. In this paper we
present direct evidence for hydrothermal pore water flow
through the sediment of Crater Lake based on systematic
variations in pore water chemical compositions and thermal
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Figure 1. Location of gravity cores (GC) in Crater Lake, Oregon. Bathymetric contours are 100 m. The box

defines the area represented in Figure 2.

gradients. These pore water data provide a measure of the speed
of pore water flow through the sediment, constrain the pattern
of fluid circulation through the sediment and underlying
basement, and allow us to estimate the composition of the fluid
in basement and the flux of dissolved chemical species, heat,
and water from basement to the deep lake.

2. Benthic Setting

Crater Lake, Oregon, is enclosed by caldera walls, which rise
hundreds of meters above the caldera floor and are composed of
basaltic andesite [Bacon and Lanphere, 1990]. These walls
define the drainage basin, obstruct surface outflow, and restrict
sedimentary inputs. Sediment in Crater Lake is mostly
aluminosilicate debris. Net accumulations of aluminosilicate
debris, biogenic debris from the euphotic zone, and iron-
manganese-rich precipitates from input of hydrothermal water
at the lake bottom [Dymond and Collier, 1990] differ from tens
of centimeters on the slopes of the caldera walls to several
meters on Wizard Platform to about 100 m in basement depres-
sions [Barber and Nelson, 1990].

Most of the lake floor is covered by a smooth layer of
aluminosilicate debris that is undisturbed by benthic organisms.
In the South Basin, other sedimentary and biological features
were observed. For example, we located and sampled
iron-manganese-rich crusts that contain about 35 weight per
cent (wt %) Fe and less than 1 wt % Al. These crusts form multi
colored pavements (ochre to dark brown) that cover tens to
hundreds of square meters, fields of pebbles that also cover tens
to hundreds of square meters, and multiple ochre-colored layers
that are visible in areas of sediment slumping [Dymond and
Collier, 1990]. Other features that were sampled include
bacterial mats, which are 2 to 20 m in length and several meters

across and are mostly composed of iron-oxidizing, sheath-
forming bacteria of the genera Gallionella and Leptothrix
[Dymond et al., 1989] and saline pools, which have salinities
and temperatures that are greater than that measured in the
surrounding lake water. A more detailed physical, chemical,
and thermal description of the mats and pools is given by
Collier et al. [1991].

3. Methods

Sediment and pore water was sampled using a gravity corer,
a box corer, "peepers," and two temperature probes to character-
ize profiles of the chemical composition and thermal gradient of
pore water and to quantify sediment physical properties.
Gravity cores (GC) up to 170 cm in length were collected from
a surface vessel. These cores were used to target general areas
of interest where longer sediment sections were desired. Box
cores (BC), "peepers" (letters A through H, Figure 2), and
temperature probes were used to target specific sedimentary
features in a known geologic setting using the submersible Deep
Rover. Niskin bottles also were deployed from the submersible
to collect water from mats and pools on the lake floor and are
reported as lake floor spring samples herein.

Sediment samples for pore water extraction were taken from
14 gravity cores (Figure 1) and 8 box cores, which were 0.06 to
0.2 m in length (Figure 2). Gravity cores were packed in snow
and transported to a van, held at 3° -5°C where they were split,
described, and sampled for sediment physical properties and for
pore water extraction by centrifugation within 12 hours of
retrieval. Box cores were retrieved using a miniature
Soutar-type box corer that was developed for deployment by a
submersible [Soutar et al., 1981]. These cores were packed in
snow and sampled immediately by whole-core squeezing
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Figure 2. Location of box cores (BC), peepers (Letters A through F), and TTT deployments with respect to
bathymetry (20 m contours). The location of Eagle Point is shown in Figure 1. Two of the eight box cores were

collected out of this area.

[Bender et al., 1987]. In addition, discrete sediment samples
were taken near the base of these cores and stored in snow for
3-15 hours until they could be centrifuged.

Supernatant from centrifuged sediment and pore water
extracted by whole-core squeezing were filtered through 0.45
um filters and subsampled into several aliquots. Aliquots for
Cl and sulfate were sealed in glass ampules. Aliquots for Na,
Ca, Mg, K, and Li (4-6 mL) were spiked with 10 pL of redis-
tilled 1 N hydrochloric acid and stored in acid-washed, high-
density polyethylene bottles. An additional aliquot was stored
in polystyrene test tubes for analysis of nutrients, pH, and total
CO,, all of which were measured within 1 to 2 days of core
retrieval. Some of these data are omitted in this paper because
they do not provide additional arguments for the principal
hypothesis of hydrothermal circulation in Crater Lake, Oregon.

Pore water was collected with "peepers” to obtain samples
that were not chemically altered by sampling procedures.
Peepers were made from 1.27 cm thick polycarbonate sheets in
which cavities 1 cm in length were milled every 2 cm down the
length of the sampler. These cavities hold about 4.5 mL of
water, and two cavities were milled at each sample depth.
Cavities were filled with deoxygenated distilled water and
covered by a 0.45 pm dialysis membrane. Peepers were stored
in deoxygenated distilled water until they were inserted into the
sediment. A plastic T handle was attached to the peeper to aid
in deployment, and the bottom edge of the peeper was beveled
to cause minimal sediment disturbance. Four peepers with 20
cavities and one peeper with 36 cavities were deployed for
about 1 week (Figure 2), during which time water in the cavities
equilibrated with adjacent pore water via diffusion. Aliquots of
pore water from the peepers were taken upon retrieval and

stored in vacutainers. One aliquot was spiked with 10 pL of
redistilled 1N hydrochloric acid and analyzed for several metals.
Si was measured on a different aliquot.

Dissolved silica was measured using a standard colorimetric
technique [Parsons et al., 1984] with a precision of about 2%
(1o). Concentrations of Cl were determined by ion chromatog-
raphy with a precision of <2% (1¢). Atomic absorption
spectrometry techniques were used to measure concentrations of
Na, Ca, Mg, K, and Li with precisions of less than 5% and
typically less than 2% (1¢). Some sampling and/or storage
artifacts exist. For example, the concentration of Na increased
by 0.3 mM in all of the peeper samples, which were stored in
glass vacutainers. This result is based on a systematic offset
observed in plots of Na versus Li for peeper samples versus box
core, lake floor spring, and gravity samples, which were stored
in plastic. Similarly, concentrations of K are 0.02 mAf higher in
pore water processed by centrifugation relative to those from
peepers and lake floor springs as indicated by a positive offset
of 0.02 mM K in the upper-most samples from gravity cores.
This artifact probably results from ion-exchange reactions that
occur as a result of changes in temperature and pressure during
sample handling [de Lange et al., 1992].

Two temperature probes were used, one of which is 60 cm in
length with thermistors mounted at 20, 40, and 60 cm along the
probe. The resolution of each thermistor is 0.01°C with an
accuracy of + 0.2°C, and the thermistors were calibrated against
known resistance values periodically throughout the sampling
program. This probe was connected to an Omega Model 5830
Thermistor Thermometer in the submersible. Temperature
measurements were recorded on the video record of the opera-
tion. This record was then used to determine the depth of
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penetration. Forty-eight temperature measurements were made;
however, 28 of these measurements were made with only one
thermistor inserted into a particular feature. Impenetrable crusts
or underlying rocks are the likely causes of incomplete penetra-
tion of the probe.

We also used a Sea-Bird Electronics SeaCat SBE 19 Temper-
ature Profiler (TTT) with three thermistors epoxy-potted inside
a 61 cm long, 0.635 cm diameter stainless steel tube. When
fully inserted into the sediment, thermistor depths are 35 and are
5 cm below the sediment-water interface and 5 cm above the
sediment-water interface. The SeaCat profiler recorded temper-
ature profiles 2 times a second with a resolution of 0.001°C and
an accuracy of £0.01°C over a temperature range of -5°C to
35°C. All three thermistors registered identical temperatures
during descent. Only after the initial penetration did the
temperature readings diverge in response to thermal gradients
within the sediment. All three thermistors registered identical
temperatures during transit to the second site and during ascent.
The TTT recorded data continuously at one site (TTT-1) for 3
days and at a second site (TTT-2) for 4 days (Figure 2).
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4. Models for Pore Water Data

Pore water depth profiles of Na from representative cores are
shown in Figure 3. Profile shapes of Ca, Cl, Mg, Li, K, and Si
concentrations in pore water from box cores and peepers parallel
the shape defined by Na data. Likewise, chemical profile
shapes of pore water data from gravity cores generally parallel
Na profiles. The clear exception is Si (Figure 3). For example,
the profile of Si from GC 1 is curved, but the Na profile is
linear, suggesting that different processes control the shape of
these profiles. Chemical and thermal profiles of pore water are
influenced by time-dependent, diffusive, advective, and reactive
processes. For the one-dimensional case a mathematical
representation of these processes is

A®C)/at = A$D,(5CIz))/oz - gvC)loz + ER, ()

time = diffusion + advection + reaction

where ¢ is porosity, C is concentration, ¢ is time, D, is the
sediment diffusion coefficient, z is depth (positive down core),
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Figure 3. Profiles of pore water Na and Si from representative cores. Curves shown in plots with the Na data
were calculated from equation (5), and speeds of pore water upwelling are identified. Lines connect the Si data.

Note the difference in the depth scales.
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v is velocity (upwelling is negative), and ZR includes all terms
related to biogeochemical interactions influencing a particular
solute or temperature [Berner, 1980]. This model is simplified
by evaluating the relative importance of each term and eliminat-
ing insignificant terms. In the following discussion we present
arguments that support an advection-diffusion model for
chemical species that are "conservative" in the sediment column
and for temperature and an advection-diffusion-reaction model
for Si, which is non conservative in the sediment section
collected with gravity cores.

4.1. Chemical Profiles

The diffusive term is a function of the sediment diffusion
coefficient, which varies with temperature, tortuosity, and
electrical effects [Berner, 1980]. For calculating the diffusive
term, we used the temperature of bottom lake water, even
though the maximum temperature recorded in hydrothermal
features is about 4° to 15°C above ambient (Table 1). Our
rational for using lake water temperature is that no measure-
ments of temperature were made where gravity cores were taken
and the maximum temperature where box cores were retrieved
from specific geologic features was less than 10°C. This
difference in temperature results in an increase in the sediment
diffusion coefficient by at most 40% [Li and Gregory, 1974).
Because gravity cores were not collected from geologic features,
the temperature would be less and thus have less of an effect on
the diffusion coefficient. In contrast to the temperature effect
the down ¢ore change in tortuosity, which is a function of the
formation factor and porosity and is numerically estimated by
Archie's law [McDuff and Ellis, 1979], results in a decrease in
the sediment diffusion coefficient. This decrease, which is
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about 24%, stems from a decrease in porosity from about 0.85
near the sediment-water interface to about 0.65 at 1.7 m below
the lake floor. Electrical effects, which cause the more mobile
ions to diffuse slower and the less mobile ions to diffuse faster
[Berner, 1980], are produced by gradients of charged ions
generating an electrical potential while maintaining
electroneutrality. This effect was not included in the calcula-
tions, because the lack of a calculated charge balance resulting
from incomplete analyses and errors in using pH and total CO,
data to estimate alkalinity in some samples makes these correc-
tions equivocal. Because of the uncertainties in estimating
changes in temperature and porosity and calculating charge
balance, we used a uniform sediment diffusion coefficient with
depth based on the coefficients listed by Li and Gregory [1974]
adjusted to the temperature of deep lake water (3.7°C) and
accounting for Archie's Law with a uniform porosity of 0.85.
Using a uniform diffusion coefficient does not alter the general
results or conclusions based on the model calculations.

We simplified (1) further by examining the need for a time-
dependent term. For example, if we assume that the concentra-
tion of lake water changed from 4 mA/ Na to its present value of
about 0.5 mM for a range of times before present, then calcu-
lated profiles based on diffusive and time-dependant terms can
approximate measured profiles (Figure 4). However, a range of
timescales is required, inconsistent with a well-mixed lake with
a stable chemical composition for the past 50-100 years
[Nathenson, 1990]. We also have calculated profiles in which
the concentration of Na in the basement fluid has changed.
These calculated profiles do not match measured profiles
(Figure 4b). Thus time-dependant processes have been ex-
cluded from the models,

Table 1. Temperature Profiles Obtained From Specific Geologic Features Using the Temperature Probe

Y,

Dive Sample X, T, Z, Ty Z,, 17, Z,, Velocity,
Type m m *C cm *C cm °C cm cmyr’
bottom water 3.74
CD 216 sediment 609 1431 4.46 40 4.54 60 -3000
CD 217 sediment 978 1664 3.78 20 3.96 40 4.08 60
CD 218 sediment 1040 1253 416 10 5.86 50
CD 222A sediment 924 1337 5.55 30 6.35 50 6.92 70 -1000
CD 222B sediment 949 1438 421 20 4.72 40 5.33 60
CD 222C sediment 945 1361 5.00 25 5.85 45 6.65 65 -400
CD 223 sediment 539 1207 3.80 15 4.05 35 424 55
CD 226 sediment 1062 1363 5.30 20 7.90 40 10.20 60
CD 228A sediment 2884 6062 4.60 2.0 10.20 22 10.80 42 -6000
CD 228B sediment 2917 5954 3.68 -5.0 6.10 15 8.85 35 -500
CD 228C sediment 3.68 -10 5.80 10 9.77 30 -200
CD 228D sediment 3.69 -5.0 6.37 15 9.66 35 -300
CD 207 mat 843 1528 7.56 30 7.76 56 8.10 70 -3000
CD 215 mat 951 1150 9.00 10 9.60 30 -14000
CD 226 mat 999 1327 7.50 12 11.08 32 12.90 52 -2200
CD 228 mat 2884 6062 5.60 15 7.15 35 8.11 55 -1600
CD 230 mat 612 1421 4.84 10 5.75 30 6.00 50 -4000
CD 211 pool 634 1452 435 20 445 40 -6000
CD 228 pool 2907 5984 4.60 20 5.00 40 5.60 60 -500
CD 230 pool 618 1420 430 10 5.00 30 5.21 50 -3000

Fluid velocities are estimated by fitting the data to manipulations of equation (9). Upwelling is negative. Negative depths are
distances above the sediment-water interface. X is the distance north of Eagle Point, and Y is the distance east of Eagle point.
No entry denotes either no navigation or inconclusive results, which could in part be a result of a pore water velocity that is

less than several hundred centimeters per year.
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Figure 4. Representative profiles of Na plotted with profiles calculated with a time dependent-diffusion model.
Calculated profiles at several time increments are shown that represent (a) a change in a uniform pore water
profile of 4 mM Na to the present-day concentration of 0.5 mM Na in bottom lake water and (b) a change in a
uniform pore water profile of 0.5 mM Na to a concentration of 4 mM Na at a depth of 5 m. Although measured
data fit calculated profiles in Figure 4a, no changes in the Na concentration of the lake waters have been
observed in recent years [Nathenson, 1990]. Changes in the composition of the basement fluid generate concave
up profiles in contrast to the many observed profiles with concave down shapes. Therefore time-dependant
processes have been eliminated from models of pore water in Crater Lake, Oregon.

Is there a need for a reaction term? Terms for reaction are
typically included for profiles of dissolved chemical species that
are influenced by sediment-water reactions. For example,
dissolution of amorphous silica in sediment increases the
concentration of Si above values in deep lake water. Once
steady state is reached, the concentration of Si remains uniform
with depth [e.g., Boudreau, 1990; Wheat and McDuff, 1994].
Similar profiles of Si as well as other dissolved ions (e.g., Na,
Cl, Mg, Ca, Li, and K) were observed in Crater Lake (Figure 3).
If we assume that these profiles are governed by only diffusive
and reactive processes with a reaction term that is first order
with respect to the degree of undersaturation (4(C-Cgg), where
k is the first-order rate constant and Cg is the steady state
concentration), then calculated rates of reaction for Na, Cl, Mg,
Ca, Li, and K range from about 10 s” in GC 1, to 10® s in
GC 11,t0 10% s in GC 8 and GC 13, to 10 s in box core and
peeper samples. Rates of reaction vary with temperature and
mineral assemblages. Yet, this calculated range is not consistent
with a temperature change of at most 15°C and a single sedi-
mentary source (primarily weathered andesite from the caldera
walls). Furthermore, calculated chemical fluxes from the
sediment using this model are orders of magnitude greater than
measured values of burial fluxes (Table 2). Thus models of ion
profiles must include an advective term.

Although sediment-water reaction may exist in some cores
for some ions (i.e., Si in gravity cores), no reaction term is
included in the following analysis. This does not preclude low-
temperature water-rock reactions below the sampled section or
reactions in the sediment section. The analysis presented above
confirms that the resulting flux generated by any sediment-water
reactions, which must be relatively uniform over the area
sampled, is negligible for some elements (e.g., Cl, Na, and Li)
relative to advective fluxes in some cores.

In the text that follows, we will use the pore water chemical
data to calculate upwelling speeds. We will show that the cores
listed in Table 2 have upwelling pore water speeds that range
from several to hundreds of centimeters per year. As suggested
by Table 2, the advective flux is orders of magnitude greater
than a flux that could be generated from reaction. Thus we
conclude that the pore water with the fastest upwelling speed is
the least altered relative to the original composition of the fluid
that entered the sediment section and that this original pore
water at the base of the sediment section exhibits "conservative"
mixing with lake water. Therefore, by eliminating the reaction
term and avoiding elements that are highly reactive (e.g., Si), we
can use the pore water data to calculate pore water upwelling
speeds and to constrain the composition of the fluid below the

Table 2. Pore Water Chemical Fluxes From the Sediment to the
Overlying Water Column Based on a Reaction-Diffusion Model
and Compared with Burial Rates

Chemical BC 8 PD BC 6 GC 13 Burial
Species Rate®
Na* 200 83 25 18 14
Ca?* 50 19 5.7 2.7 0.87
Mg?* 8.2 29 53 2.5 0.82
K* 19 82 49 28 0.38
Li* 2.3 9.1 0.46 0.29 0.0058
Si 32 17 8.5 4.6 14

Values are given in pM em2yr',
*Dymond and Collier [1990].



WHEAT ET AL.: HYDROTHERMAL INPUTS TO CRATER LAKE, OREGON

9937

Table 3. Vertical Fluid Velocities Estimated From the Pore Water Data and Manipulations of Equation (5)

Chemical Species

Best
Core Na* Ca®* Mg cr K* Lit Estimate
GC1 +0.05 -0.6 +0.05 +0.05 +0.05 +0.05 +0.05
GC8 -9.5 5.2 4.0 -11 -16 -10 9.0
GC 11 -3.1 -1.5 -1.4 -3.6 3.6 -1.5 -3.0
GC 13 -13 -9.6 -8.0 -12 -7.0 -11
PD -130 -100 -80 -200 -110 -120
BC6 =210 220 -220 -240 -220
BC8 -110 -150 -120 -80 -120

Upwelling is negative. No entry for CI” denotes insufficient data. Because of sampling artifacts, no velocities were calculated
for Ca** and Mg?* from box cores. Velocities are given in cm yr™'.

sediment section. Eliminating the term for reaction reduces (1)
° Dy#Claz*) - v(8Claz) = 0. ¥))]
The solution to (2) given the following boundary conditions:
Cc=2¢C, z =0, €)
C = Cp Z =Zpg (CY)

©)

is
C= CO - Al + Al €xXp (VZ/D_‘.),
where
Al = {Cbot - Co}/{ exXp (vzbol/D.\') - 1}’

Cy is the concentration at the base of the core and z,, is the
length of the sampled section.

Velocities of pore water flow through the sediment are
calculated by minimizing the deviation between measured
profiles and those calculated using (5) and a range of velocities
(Figure 3 and Table 3). A measure of the uncertainty in these
velocities is estimated by the value of the reduced x2, which is
the sum of the deviations squared divided by the variance. The
best fit to the data results when the reduced x? is less than the
5% value, which means that the parameters used in calculating
a profile have a high probability of being the correct set of
parameters that describes the observed profile. Two examples
are shown in Figure 5 for a range of upwelling speeds and
sediment diffusion coefficients. These examples illustrate the
uncertainties in modeling chemical profiles from areas with pore
water upwelling speeds of the order of centimeters per year
compared with larger uncertainties when estimating velocities
of hundreds of centimeters per year. Note that at the slower
velocities the estimated velocity is well constrained. For faster
upwelling speeds the larger uncertainty results from having
fewer data in the curved portion of the profile. In addition,
uncertainties are greater for higher upwelling speeds because
diffusion after core retrieval and disturbance of the sedi-
ment-water interface will alter the upper several millimeters of
the profile [Wheat and McDuff, 1995]. Diffusion and distur-
bance tend to decrease the in situ gradient resulting in calculated
velocities that are minima. In areas where pore water upwells
at speeds greater than several hundred centimeters per year,
better estimates of velocity are obtained using profiles of
temperature.

Table 3 presents pore water velocities that were calculated
using data from six different chemical species. Differences in
calculated velocities result from uncertainties in the calculated
diffusion coefficient, the quality of analytical measurements, the

number of measurements from the curved portion of the profile,
the presence of sediment-water reactions in the sampled section,
and artifacts induced by sampling techniques. For example,
dissolution of carbonates in GC 1 causes the calculated

GC 11
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Figure 5. Contour plots of reduced y? as a function of the
sediment diffusion coefficient and upwelling speed for Na data
from two representative cores: GC 11 and BC 6. The 5%
reduced x? value is 1.8 using a variance of 0.0021 mM? that is
calculated from concentrations of pore water in uniform sections
of profiles. Values greater than 1.8 represent a low probability
for the given parameters to be the correct parameters for the
model. These plots illustrate the larger uncertainty in estimating
upwelling speed at speeds greater than several hundred centime-
ters per year, primarily because of continued diffusion after core
retrieval [Wheat and McDuff, 1995] and the lack of data in the
curved portion of the profile.
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upwelling speed based on the Ca profile to be an order of
magnitude greater than the speed estimated from the other ions.
Similarly, whole-core squeezing causes an increase in the
concentration of Ca and Mg relative to Na because of dissolu-
tion or adsorption-exchange reactions that occur as pore water
is forced through the overlying sediment [Bender et al., 1987].
Further, the analytical uncertainty is smaller for Na than for Cl
or Li, and we have greater down-core coverage for Na than for
these other elements. Because of the varied quality and quantity
of data from which these velocities are calculated, an average of
the calculated velocities is not appropriate, and the best estimate
that is reported in Table 3 is heavily weighted to the Na result.

4.2. Temperature Profiles

Data from 28 temperature profiles are presented in Table 1.
These data are compared to profiles calculated from the follow-
ing advection-diffusion equation in one dimension:

D{&*T/ez%) - v(8T/az) = 0, 6)
where 7 is temperature (in degrees Celsius) and Dy is the
thermal diffusivity (2 x 10 cm? s! [Williams and Von Herzen,
19831). Given the following boundary conditions:

T=T, z =0, )

T = Ty Z = Zipop ®)
the solution to (6) is

[T-ToV[Toe - Tol =1 - exp(vz/DpV/[1 - exp(vzoo/ D). (9)
Pore water velocities are estimated by minimizing the

squared deviation of the data to calculations of (9) that employ
a variety of velocities and a T, of 3.74°C (Figure 6 and Table 1).
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Figure 6. Representative profiles of temperature plotted with
calculated profiles using equation (9). Upwelling pore water
speeds are listed.
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T, differs by at most 0.3°C in the deep lake, based on
conductivity-temperature-pressure measurements from the
submersible [McManus et al., 1993] and by recordings of the
TTT thermistor probe that rests 5 cm above the sediment-water
interface (Figure 7). Calculated velocities range from less than
several hundred centimeters per year to greater than 10,000 cm
yr™'. Uncertainties in the depth and angle of penetration and the
possibility of having lake water seep into the sediment during
insertion of the probe affect the precision of calculated veloci-
ties. For example, if the depth of penetration of CD 222 or CD
230 (Table 1) is £3 cm or the angle of penetration is 30°, then
the calculated velocity is £ 25% of the value listed in Table 1.
Errors in the depth and angle of penetration are less than those
listed above.

Twenty-eight other attempts to obtain temperature profiles
resulted in having only one thermistor penetrate the sediment.
Eighteen measurements were made in bacterial mats where the
highest temperature recorded was 18.9°C, and six of the 18
measurements were greater than 10°C at a depth of less than 20
cm. Nine measurements were made in iron-manganese-rich
sediment where temperatures range from 10.5° to 11.2°C. The
remaining measurement was made in a pool at 6.45°C. No pore
water velocities were calculated from these data, but they
probably are faster than speeds reported in Table 1.

The TTT temperature probe was deployed for 1 week (Figure
7). Measured temperatures were uniform for the first 2 days of
deployment, but on the third day, higher temperatures were
recorded by the two thermistors near the sediment-water
interface, reflecting either a change in the upwelling speed or a
change in the depth of penetration produced by the probe
settling into the sediment. After 3 days the TTT probe was
moved 30 m away to an area where higher temperatures were
recorded in the water column and in the sediment where it
remained for 4 days. During these 4 days the three thermistors
recorded temperatures that were about 0.8°C warmer than those
recorded during the first 3 days of deployment. These warmer
measurements for the uppermost probe, which is normally 5 cm
above the sediment-water interface, are greater than the mea-
sured range of deep lake water temperature (3.5° to 3.9°C).
This is not an instrument offset, because all of the thermistors
measure 3.56°C when they were exposed to deep lake water
both before and after deployment. Instead, this difference is a
product of the probe penetrating deeper into the sediment than
was planned. The depth of penetration was adjusted based on
visual observations and a bottom water temperature of 3.9°C
[McManus et al., 1993] in calculations using (9) for minimizing
the least squared deviation to the data (Table 4).

5. Pattern of Fluid Circulation

5.1. Pore Water Flow Through the Sediment-Water
Interface

The spatial distribution of pore water flow from the sediment
to the deep water of Crater Lake is characterized by two distinct
settings. One setting covers much of the lake bottom where
measurements of heat flow are relatively low (about 0.14 W m™
[Williams and Von Herzen, 1983]) and sediment pore water
velocities are tenths of a centimeter per year. In contrast, the
other setting consists of sites several square meters to several
hundreds of square meters with iron-manganese-rich crusts and
bacterial mats, high heat flows of tens of watts per square meter,
and pore water velocities that range from tens of centimeters per
year to greater than tens of thousands of centimeters per year.
Further, pore water flow from these sites differs markedly over
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depths that the probe penetrated.

distances of only 50 m. For example, GC 13 and BC 6 are
located within 30 m of TTT 1, but the calculated velocities from
the three measurements differ by three orders of magnitude
(Tables 3 and 4). Another example is illustrated by BC 8, D,
two gravity cores (GC 10 and 14 with pore water upwelling
speeds of 3 and 8 cm yr*', respectively), and three temperature

Table 4. Average TTT Measurements for Each Day of Deployment and
Calculated Velocities

Probe Temperature, °C Velocity,

Date Area -5cm 5cm 35cm cmyr’!
Aug. 24,1989 1 3.80 435 5.62 -4000
Aug. 25,1989 1 3.95 443 5.60 -3700
Aug. 26,1989 1 4,03 443 5.6 -2900

Probe Temperature, °C Velocity,

Date Area 1lem® 2lcm®  51cm?® cmyr”
Aug. 27,1989 2 4.68 5.22 6.44 -1100
Aug. 28,1989 2 4.68 5.22 6.44 -1100
Aug. 29,1989 2 4.75 5.27 6.45 -1400
Aug. 30,1989 2 4.63 5.19 6.44 -1000
Aug. 31,1989 2 4.63 5.19 6.44 -1000

Negative depths are the distance above the sediment-water interface.
Upwelling is negative. The adjusted depth accounts for the depth that the
probe over penetrated.

? Adjusted depth.

profiles (CD 216 sediment, CD 230 mat, and CD 230 pool)
(Tables 1, 3, and 4). These examples are consistent with the
patchy nature of observed hydrothermal features (i.e., mats,
pools, and crusts).

Most of the cores provide evidence for pore water flow from
the sediment to the deep lake, but only one core (GC 6) has
chemical profiles that are concave up. These profiles are
consistent with lake water that downwells through the sediment
section [e.g., Mottl, 1989]. A downward speed of about 1 cm
yr ! in (5) provides the best fit to the data with an advection-
diffusion model. Redmond [1990] suggests that the average
speed of pore water downwelling across the surface area of the
lake floor is about 130 cm yr ', based on mass balance calcula-
tions. Because GC 6 is located near other cores where upflow
exists, we suggest that this downward moving pore water is part
of a local circulation cell and does not represent a pathway for
mass seepage. Local circulation cells may develop from
heterogeneities in lateral pressure gradients resulting from
differences in heat and pore water flow [Wheat and McDuff,
1994]. An alternative and less likely hypothesis is that the
profiles from GC 6 are a result of a recent increase in the
concentration of dissolved chemical species near the base of the
core (e.g., Figure 4), presumably a product of opening and
closing pathways for fluid flow.

Pore water velocities were calculated from data collected
during a 7-day deployment of the TTT probe to access the
degree of temporal variability in hydrothermal flow. A similar
time series was recorded by Leinen et al. [1987] in the Mariana
Mounds, a ridge-flank hydrothermal system. Both data sets
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suggest that flow through the sediment is uniform for a period
of at least several days. Similarly, Schultz et al. [1992] mea-
sured velocities of diffuse flow from a mid-ocean ridge-axis
hydrothermal system in which the average velocity was uniform
for periods of several days, but hourly values fluctuated with the
tidal cycle. Land-based hydrothermal systems also may be
affected by tidal and barometric changes [Rinehart, 1972].
None of these low-frequency effects are evident in the data, but
some temperature fluctuations were recorded by the deepest
thermistor. Pore water flow in Crater Lake must be fairly
uniform for periods of at least several years, based on thriving
bacterial mat assemblages that were observed during successive
years. In addition, pore water chemical and thermal profiles
suggest that focused flow may be maintained for tens of years.
At least several tens of years are required to generate a steady
state chemical profile where pore water upwells at a speed of 10
cm yr™ through a theoretical 5 m thick sediment column, More
time is required if upwelling speeds are slower or if the sedi-
ment column is thicker. Because sediment thickness is not
known in the exact locations where cores were taken, the
temporal variability of flow through the sediment is uncertain,
but it must persist for decades (centuries) in areas with pore
water velocities on the order of tenths of centimeters to several
centimeters per year.

5.2. Fluid Flow Within the Upper Basement

We define the upper basement as the region where fluids
develop their chemical signature before upwelling and diffusing
through the sediment. This definition allows the upper base-
ment to be either a permeable sedimentary layer (several meters)
or igneous basement (tens to hundreds of meters) below the
sampled section. Knowledge of the composition of the fluid in
the upper basement provides constraints for the source or
sources of thermally and chemically altered fluids that enter the
lake. The composition of these fluids is estimated by extrapolat-
ing chemical profiles throughout the sediment column by fitting
the data to calculations of (5) where z,,, is sediment thickness
based on the seismic data of Barber and Nelson [1990] and v is
the best estimate listed in Table 3. Cy,, is then varied for the
best fit to the data [e.g., Wheat and Mortl, 1994]. Given
velocities greater than several centimeters per year, Cy,, is
simply the asymptotic concentration. Calculations of C,, differ
by a factor of 4 for several cores (Table 5). This difference is
consistent with a reservoir model for the southern portion of
Crater Lake in which lake water flows downward into basement,
reacts with basement, upwells, and mixes with more lake water
before entering the sediment section.

The downward seepage of lake water is probably regulated
by the bulk permeability associated with fresh lava flows in the

Table 5. Projected Concentrations for Pore Fluids at the Base of
the Sediment Column

Chemical Bottom
Species BC6 BCS8 PD GC8 GC13 Water
Na* 0.85 24 2.1 44 38 0.455
Cr 0.57 1.2 2.1 2.0 0.274
Ca®* ~0.2 ~0.8 0.68 091 0.92 0.17
mg?* ~0.2 ~1.0 0.90 0.98 0.94 0.11
K* 0.11 0.19 0.14 0.43 0.42 0.044
Lit 0.014 0.035 0.025 0078 0.075 0.0066
Si 0.59 0.88 0.79 1.1 12 0.32

No entry denotes lack of data. Values are given in millimolars.
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northeast section of the lake or by fracture permeability associ-
ated with the ring fracture zone in the caldera [Bacon and
Lanphere, 1990]. In the basement reservoir the extent of
chemical alteration is directly related to temperature. The
composition of this fluid in basement must be uniform for a
period of at least tens to hundreds of years, and it is saltier and
warmer than lake water, based on pore water data and the
models presented above. When this fluid upwells, it mixes with
lake water below the sampled sediment section. Mixing may
occur at different depths and with different ratios of the two
sources, basement and lake waters. Thus different mixing ratios
result in different concentrations at the base of the cores (Table
5), yet elemental ratios of water in zones of focused upflow will
be maintained because lake water is much more dilute than the
fluid in basement, and advective fluxes are orders of magnitude
greater than reactive fluxes. This reservoir model supports a
single trend in plots of one chemical species versus another in
zones of focused upflow. Deviations from this single trend
result from non conservative behavior in a portion of the
hydrothermal system in which fluid velocities must be much
slower; thus fluxes from reaction may be a significant portion of
the total chemical flux for these cores. Whereas the reservoir
model supports a single trend, a multiple reservoir and/or
reaction model support a family of trends in plots of one
chemical species versus another. The range in these trends is
defined by that from the different reservoirs as indicated by data
from zones of focused upflow (>100 cm yr ') and from areas
with slow flow (<0.1 cm yr-).

A plot of Cl versus Na illustrates a single trend for pore water
from zones of focused upflow (e.g., samples collected with the
box corer, solid triangles in Figure 8) and thus supports the
reservoir model. Assuming Cl is conservative, deviations from
this trend result from low-temperature reactions at depth that
increase the concentration of Na as the fluid ascends to the
sampled section. Similar Cl/element linear relationships exist
in data from cores with pore water upwelling speeds that are
greater than tens of centimeters per year. Because of the paucity
of data for Cl, we have plotted Li and K versus Na to illustrate
these singular mixing trends in cores from zones of focused
upflow (Figure 8). Note that for cores with pore water velocities
less than tens of centimeters per year, several element/Na
relationships may exist (e.g., Li/Na from GC 1, 2, and 3 in
Figure 8). GC 1, 2, and 3 present examples of the effects of
low-temperature water-sediment reactions in Crater Lake, and
any pore water flow associated with these cores is a likely result
of sediment compaction. These reactions add Na to the pore
water, but concentrations of Li remain unchanged. With the
exception of Cl, Li is the most conservative element that we
measured in pore water from Crater Lake.

The reservoir model does not preclude other "reservoirs"
being present under the lake. All of the data used to illustrate
the presence of a single reservoir are from cores with pore water
that upwells at speeds greater than about 10 cm yr ' in the
southern basin. Thus other reservoirs may feed hydrothermal
systems in the East and North Basins. In fact, one sample with
anomalously high concentrations of Na (Figure 8) was recov-
ered by the submersible in the North Basin, but the hydrother-
mal system that generated this sample must have a minimal
impact on heat and salt fluxes to the lake [McManus et al.,
1993].

6. Hydrothermal Fluid and Chemical Fluxes
Hydrothermal fluid and chemical fluxes for Crater Lake are

calculated using a mass balance equation of the hydrologic
budget which is
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of the data are shown.

precipitation + runoff = evaporation + net seepage, (10
where each term represents a measured fluid flux. Net seepage
of water from the lake is defined by

net seepage + mixing =

total seepage - hydrothermal + mixing. (11)
The mixing flux accounts for water that seeps into the upper
basement, mixes with hydrothermal fluids, and upwells through
the sediment column into the lake. Although the mixing terms
cancel in (11), they are included because they are important in
conceptualizing fluid flow through the basement. Chemical
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Table 6. Fluid Flux and Chemical Parameters for Mass Balance
Calculations

Water Fluid Flux  Li*, Na', K, cr,

Budget 10'miyr!  uM mM mM mM
Spring runoff 2° 1 0.1 0.025  0.015°
Precipitation 11* I° 0.013°  0.006* 0.014°
Evaporation 6.3¢ 0.1°  0.0013° 0.0006° 0.0014°
Net Seepage 6.7¢ 6.7 0455 0044 0274
Hydrothermal 0.14 290 19 1.1 12

*About 85% of the fluid input is from direct precipitation [Nathenson,
1990] for a total input of 13.1 m® yr ™' [Redmond, 1990].
Simpson [1970a].
Assumes no water-rock interaction in stream runoff, thus equal to
the value in stream runoff.
Redmond [1990].
®Estimated to be one tenth of that in precipitation.

fluxes in the lake are defined by combining (10) and (11) and
accounting for the chemical composition of each fluid flux:

Yhydro [ Chydro = Clakel = Clake Vnet seepage +

Covap Ve

evap G

precip 4

vap " precip ~ Crunoff Vrunots  (12)
where C is concentration and V is volume flux. For Na, Cl, Li,
and K we assume that (1) no terms are required for diagenetic
reaction as the hydrothermal fluid upwells into the lake, (2)
there are no dissolution, precipitation, adsorption, or desorption
reactions in the water column, and (3) there are no dominant
biogenic sources or sinks of these elements. Given the concen-
trations and water fluxes in Tables 6 and 7, we reduce (12) to a
series of equations for each element. For example,

Vhydro [ Nanydro - Najakel = 2.7 x 10 mol Nayr'. (13)

The dominate term in (12) is the term for net seepage, which is
equal to the volumetric net flux of water to basement multiplied
by the composition of lake water. The composition of lake
water is known to within a few percent; however, the volumetric
net seepage is probably only known to within 10-20%
[Redmond, 1990]. Cl, Li, Na, and K fluxes from hydrothermal
sources are 8.8, 2.5, 7.9, and 1.6 times, respectively, greater
than the combined fluxes from precipitation and runoff. In the
calculations above we assumed that diagenetic and burial fluxes

Table 7. Parameters for Mass Balance Calculations

Parameter Value
Volume of lake® 17.3 km®
Area of drainage basin® 67.8 km?
Area of lake® 53.2 km?
Area of lake deeper than 350 m 22.3 km?
Power output below 350 m, MW 15t031° 23+89 30+5°
“Redmond [1990].
b phittips [1968].

“The conductive power output that is not associated with the reservoir
fluid is at most 3 MW [Williams and Von Herzen, 1983].

dptcManus et al. [1993].

This work.
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were not significant for these elements. For example, the
diagenetic flux of K to the lake based on the diffusional gradient
of pore water concentrations from GC 1, 2, and 3 and the
surface area of the lake is about 9% of the hydrothermal flux,
whereas the depositional flux of K to the sediment-water
interface is 11% of the hydrothermal flux. Similarly, the
diagenetic and depositional fluxes for Na are about 4% and 3%,
respectively, of the hydrothermal flux. These fluxes for Li and
Cl are less than 2% of calculated hydrothermal fluxes.

We can then combine any two of these equations (e.g., (13))
to determine mixing relationships between the hydrothermal
fluid in basement and lake waters (Figure 8). Provided there is
primarily one source of hydrothermal fluids to the lake, the
composition of the end-member hydrothermal fluid must fall
along this line. Samples that best fit these linear relationships
are those from box cores and peepers, which have pore water
upwelling speeds that are at least an order of magnitude greater
than that calculated from gravity core data. These faster flows
allow less time for water-rock/sediment reactions to occur, and
fluxes from these reactions are small relative to transport fluxes;
thus changes in concentration are less likely to be observed
[Wheat and McDuff, 1994]. The fit between these data and
mixing lines support earlier conclusions that most of the
hydrothermal input to the lake is in the southern basin
[McManus et al., 1993] and suggest that we located the sites of
active venting that account for the observed changes in the
water column. [on-ion relationships shown in Figure 8 further
illustrate the effects of low-temperature water-rock/sediment
reaction on the upwelling pore water. If we assume that Cl is
conservative during upwelling from basement, then these low-
temperature reactions add Na, Li, and K to pore water. We
expect these reactions to occur below the sampled section in an
environment which is warmer than lake water, because the
products of these reactions are much different than those defined
by GC 1, 2 and 3 from areas with low heat and pore water flow
and where flow is probably restricted to that from sediment
compaction.

Equation (12) also provides a means to calculate the resi-
dence time of ions in the lake. The calculated residence time for
Na, Li, K, and Cl is about 250 years. Note that these calcula-
tions are independent of the particular volume flux or concentra-
tion of the hydrothermal fluid; however, these parameters do
provide some constraints on the residence time of water in the
lake. For example, if the hydrothermal fluid has a concentration
of 4.6 mM Na, the highest concentration measured in pore water
samples, then the hydrothermal fluid flux is at least 5% of that
from precipitation and runoff, and the residence time for water
in the lake is about 130 years. If the concentration of Na were
higher, then the hydrothermal water flux would be lower, but an
additional flux of lake water is required to dilute this hydrother-
mal fluid to concentrations observed in the pore water data. The
overall effect of this dilution will produce the same net result as
described before. Much of the hydrothermal fluid that upwells
into the lake is probably diluted to a concentration of 2.3 mM
Na, which is consistent with results from BC 8 and D, or
possibly as low as 0.85 mM, as observed in BC 6. This varia-
tion results in a calculated range of water residence times from
90 to 130 years and water fluxes (hydrothermal plus mixing)
from 6.85 x 107 t0 0.65 x 10" m® yr™'. This net water flux from
the sediments (hydrothermal plus mixing) is consistent with
submersible observations of the extent of pore water flow in the
southern basin. If most of the pore water flow from the sedi-
ment has a concentration of 2.3 mM Na and is upwelling at a
speed of 200 cm yr', as calculated from profiles of box cores
and peepers, then an area of 7 km? is required to vent the
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upwelling hydrothermal fluids. This area is about 33% of the
area below 350 m and is larger than expected based on observa-
tions. In contrast, pore water that flows through bacterial mats
and manganese crusts has measured upwelling speeds in the
range of 1000 to 14,000 cm yr~'. On the basis of this range of
velocities the area through which pore water must flow is about
1.5 km? (6.7%) to 0.10 km? (0.45%). A smaller area is required
if flow is more focused. Considering the areal extent of mats
and manganese crusts in the southern portion of the South Basin
and the many high temperature measurements at less than 20 cm
depth that reflect faster speeds of upwelling than the results
presented herein, we can account for all of the pore water flow
from the sediment, but the portion of this flow that originates as
pristine hydrothermal fluid from deep within the basement is
equivocal.

7. Constraints on the Composition
of the Hydrothermal Fluid

The composition of the fluid in basement is constrained by
the composition of the most altered pore water, elemental ratios
from sites that have the fastest pore water velocities, and mass
balance considerations. In this section we use these composi-
tions and ratios in conjunction with empirical geothermometers,
which are based on measured temperatures and chemical
analyses of fluids from a range of land-based hydrothermal
settings [e.g., Fournier and Rowe, 1966; Fouillac and Michard,
1981; Fournier, 1981, 1990; Giggenbach, 1988; Kharaka and .
Mariner, 1989], to place limits on the maximum extent of
chemical alteration of the hydrothermal fluid and to estimate the
temperature at depth in basement. Determining thermodynamic
boundaries for mineral phases is not in the purview of this
paper, which focuses solely on the subsurface flow regime as
constrained by pore water chemical and thermal data.

Two geothermometers use concentrations of Li and Na
to predict fluid temperature [Fouillac and Michard, 1981]:

Log (Na/Li) = -0.38 + 1000 /[ T (°C) + 273.15],  (14)

s

where concentrations are in molar units. Another geothermo-
meter is based on Na/K. We used Truesdell's [1976] equation:

(16)

where concentrations are in units of milligrams per kilogram,
because it provides the best fit to data below 250°C, yet it
provides a poor measure if temperatures are below 150°C. We
chose these three geothermometers because (1) our samples are
from surface expressions of venting that are susceptible to
chemical alteration while upwelling into the lake, in contrast to
samples from boreholes that provide a means for collecting
pristine fluids from basement and are the basis for
geothermometers and (2) they include the least reactive ele-
ments in pore waters from box cores and peepers collected in
the Crater Lake system from which a geotemperature can be
calculated. Measured concentrations of Li substituted into (15)
result in calculated temperatures that range from 65° ta 135°C.
These temperatures are minimums because dilution of the
hydrothermal fluid with lake water lowers the concentration and
thus the calculated temperature. By substituting Li/Na and
K/Na ratios defined by mass balance calculations (equation
(13)) into (14) and (16), calculated temperatures are 166°C and
197°C, respectively, Low-temperature water-rock/sediment

Log (Li) = 1.44 - 2258 / [ T (°C) + 273.15],

Log (N&/K) = - 0.8573 + 855.6 / [ T (°C) + 273.15],
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reactions in Crater Lake result in lower Li/Na and higher K/Na;
thus 160°C is likely to be a lower bound, and 200°C is likely to
be an upper bound. If we use the average temperature of 180°C
in (14) through (16), then the end-member hydrothermal fluid
has a composition of 19 mM Na. Given a 19 mM Na hydrother-
mal fluid and the mass balance equation (13), the composition
of the hydrothermal fluid is 0.24 mM Li, 1.2 mMK, and 12 mM
Cl. Mixing lines between this fluid and lake water fit the pore
water data from box core and peeper samples (Figure 8). As
noted above, these samples represent the most pristine fluids
from basement.

Other geothermometers such as Si [Fournier and Rowe,
1966, 1977], Na-K-Ca-Mg [Fournier and Potter, 1979], K-Mg
[Giggenbach, 1988], and Na-K-Mg [Fournier, 1990] have been
developed but are inappropriate for use with samples from
Crater Lake, because the rate of reaction of Si, Ca, and Mg
within sediment and basement is fast enough and too complex
to reduce the data to a single trend that can then be used in
calculations for the temperature at depth.

Given a temperature of 180°C in the reservoir and the
geothermometers listed in (14)-(16), we calculated a basement
reservoir concentration for Li, Na, and K. By substituting this
concentration into appropriate equations that are similar to (13),
we calculate the volumetric hydrothermal fluid influx to the
lake. This fluid flux coupled with a temperature of 180°C
results in a total power input to the lake of 30 + 5 MW. This
calculation is based solely on geothermometers and general
hydrologic mass balance data and is consistent with (1) elemen-
tal ratios of pore water concentrations from zones of focused
upflow; (2) Williams and Van Herzen's [1983] estimate of 15 to
31 MW, based on 62 measurements of sediment heat flow and
temperature profiles in the water column; and (3) McManus et
al’s [1993] estimate of 23+8 MW, based on the water column
thermal inventory. The agreement between these three estimates
is significant, because all three estimates are based on different
data sets and techniques. Further, this agreement provides
credibility to our estimate of the temperature and composition
of the hydrothermal fluid. In addition, our calculated tempera-
ture, which is about 10 times the highest measured temperature,
is in the range of that predicted by Williams and Von Herzen
[1983], who estimated a temperature of 100° to 200°C at a
depth of 1.5 to 2 km; dilution with cold lake water and loss of
heat via conduction lowers the temperature to measured levels.
Alternatively, if the end-member fluid is represented by the
most altered pore water (4.6 mM Na), then (13) allows one to
calculate the volumetric hydrothermal flux, and the temperature
of this fluid must be 39°C to generate 30 MW or 31°C to
generate the 23 MW reported by McManus et al. [1993]. These
temperatures, which must be considered lower limits, are much
lower than temperatures estimated from the data and the
geothermometers listed above (equations (14)-(16)). Further,
concentrations of Li in pore water and the positive Eu anomaly
observed in spring samples suggest a much higher temperature
[Collier et al., 1991]. Taking these caveats into consideration,
we reiterate that the three geothermometers used above coupled
with mass balance considerations are in and of themselves
independent of the pore water, heat flow, and water column data
and that a temperature of about 180°C provides the best fit to
the data and constraints.

8. Conclusions

On the basis of systematic variations in pore water chemical
and thermal properties, we have presented evidence that
supports the input of hydrothermal fluid into Crater Lake,
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Oregon. Pore water issues from the lake floor at speeds of
tenths of a centimeter per year to tens of thousands of centime-
ters per year and are derived from mixing deep lake water with
thermally and chemically altered fluids from basement. We
have estimated a hydrothermal end-member temperature and
composition based on geothermometers and mass balance
calculations. When these compositions are substituted into flux
equations (e.g., (13)), a volumetric hydrothermal flux is
calculated.

This study illustrates the power of pore water chemical data
and thermal profiles in sediment to constrain the pattern of fluid
circulation in a hydrothermal setting. Similar studies have been
conducted in hydrothermal systems on the flanks of the mid-
ocean ridge axes [e.g., Wheat and Mottl, 1994; Wheat and
McDuff, 1995], and the same techniques employed herein are
applicable to groundwater flow into fresh and estuarine water.
One of the most important parameters that is elucidated by these
techniques is an estimate for the chemical composition of the
fluid in basement. This composition then constrains the path for
fluid flow, the extent of reaction in basement, and mass,
thermal, and chemical fluxes from fluid circulation.
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