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Mixing Processes in Crater Lake, Oregon 

JAMES MCMANUS, 1 ROBERT W. COLLIER, AND JACK DYMOND 
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Subsurface hydrothermal activity dominates the heat and salt budgets of the deep water column in Crater 
Lake, Oregon. From a time series of conductivity-temperature-depth data and data from a thermistor chain 
mooring, we estimate that the net hydrothermal heat flow is -1 W m -2 and the corresponding salt flux is -5 gg 

2 s F s a r d•s u m' ' . Thi p pe ' c sses the observation of these fluxes and the mechanisms and time scales of mixing 
re.spo. nsible for the redistribution of these properties through the water column. Free convection and wind 
mixing homogenize the upper 200 m of the lake twice annually. Deep-lake ventilation occurs during early 
winter and to some extent during late spring. However, since the deep lake does not reach atmospheric 
saturation with resEect to dissolved oxygen at any time during the year, ventilation of the deep water appears 
to be incomplete. t.•uring periods of seasonal stratification, the active input of hydrothermally enriched fluids 
produces heterogeneities and instabilities in the density structure of the deep lake that may drive deep-lake 
mixing. As a result of these and other mixing processes, Crater Lake remains relatively well mixed, despite 
its great depth. 

INTRODUCrION 

Crater Lake, the deepest lake in the United States, is a caldera 
lake with a surface area of 53.2 km2. It is situated at an 
elevation of 1882 m above sea level and has a volume of 17.3 

kin3 [Phillips, 1968]. The lake level has been nearly constant 
since at least the turn of the century [Redmond, 1990]. Water 
enters the lake primarily through precipitation, 78.5% of 
which falls directly on the lake's surface, at a rate of 4.2 m3 
s-l, with half of that total being removed by seepage (2.1 m3 
s-l) and the remaining balance of the water being removed 
through evaporation [Redmond, 1990]. The lake has two 
semi-enclosed basins, one in the northeastern portion of the 
lake (referred to here as the north basin), which has a maximum 
depth of approximately 590 m, and the second in the 
southwestern section of the lake, which has a maximum depth 
of approximately 485 m (South Basin, Figure 1). 

An understanding of the physical processes that redistribute 
heat and salt in Crater Lake is essential to modeling the 
biogeochemical cycling of elements in the lake. There are 
only a few studies of Crater Lake's physical limnology. Kibby 
et al. [1968] reported surface current observations as well as 
the vertical and horizontal distribution of temperature in the 
upper water column. Radioisotope data from Simpson [1970a, 
b] and Volchok et al. [1970] indicate that the characteristic 
timescale of deep-lake ventilation is approximately 1 to 2 
years. Neal et al. [1971, 1972] provided temperature 
microstructure measurements that demonstrated the 

hyperadiabatic nature of the thermal gradient of the deep lake. 
The term "hyperadiabatic" refers to the fact that the thermal 
gradient below 350 m in the deep lake is at least 2 orders of 
magnitude greater than the adiabatic gradient (Figure 2). 
Williams and Von Herzen [1983] identified two areas of high 
heat flow along the lake floor: one in the north basin near 
Merriam Cone (Figure 1), and a second in the south basin, 
where their highest heat How measurements were recorded. 
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Assuming a homogeneous salinity distribution, they discussed 
the apparent vertical instabilities and convection that would 
accompany the observed temperature distribution. Although 
the work of Williams and Von Herzen [1983] served as a 
catalyst to the current work, a lack of high-precision salt 
determinations limited their ability to interpret the 
temperature microstructure of the deep water in Crater Lake. 
Our research has provided both the high-precision temperature 
and salinity data that are necessary for the accurate 
determination of the physical properties and the mixing 
dynamics of the lake [McManus et al., 1992]. 

Although, to a first approximation, Crater Lake is well mixed 
with respect to major ions [Collier et al., 1990a; Nathenson, 
1990; Thompson et al., 1990; Nathenson and Thompson, 
1990; McManus et al., 1992], our measurements document a 
salinity gradient below 200 m at all times (Figure 2) 
[McManus et al., 1992]. Because of the active input of 
hydrothermal fluid and the transport of this fluid throughout 
the deep lake, both the salinity and temperature gradients of 
the deep water column exhibit spatial and temporal variability. 
The primary source of the thermally and chemically enriched 
fluid appears to be located deep within the south basin 
[Williams and Von Herzen, 1983; Dymond et al., 1989; 
Collier et al., 1990a; McManus et al., 1992]. 

In this paper we will define the magnitude of the 
hydrothermally derived heat and salt fluxes to the deep lake by 
using a time series of temperature and salinity measurements. 
In addition, we will discuss how this heat and salt are mixed 
throughout the deep lake. Toward this end, we will briefly 
examine mixing processes in the upper lake during seasonal 
changes in stratification. We will then estimate the degree to 
which water is mixed from the surface layer to the deep lake 
during periods of minimum surface stratification, and we will 
present data that suggest a mechanism for deep water renewal. 
Finally, we will discuss how the hydrothermally enriched 
waters are mixed throughout the deep lake during periods of 
seasonal stratification. 

METHODS 

Temperature, pressure, conductivity, and light transmission 
were measured using a conductivity-temperature-depth- 
recording instrument, or CTD (SEACAT model SBE19, Sea- 
Bird Electronics, Inc.) modified for low-conductivity waters 
and equipped with a 25-cm-pathlength light beam 
transmissometer (Sea Tech, Inc.). The CTD records all data 
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Fig. l. Bathymetric map of Crater Lake with geologic features. Large dots represent approximate locations of 
monitoring stations: station 23 located in the south basin; station 13 located in the north basin; station 11 
located in the northwest portion of the lake. The bathymetry is taken from Byrne [1965]. 

internally at 2 scans s -1. Temperature resolution is 
+0.0005øC, and based on laboratory triple-point calibrations 
of the temperature sensor, the absolute accuracy of the 
temperature sensor was better than 0.001øC from 1987 to 
1989. Laboratory calibration of the conductivity sensor 
allowed us to obtain an expression for salinity as a function of 
in situ conductivity and temperature [McManus et al., 1992]. 
Salinities calculated from our expression are -25% greater than 
would be predicted from strong electrolytes alone. This is 
because silicic acid accounts for approximately 25% of the 
total dissolved solids in the lake. The details of the 

experiments and further explanation of the effects of silicic 
acid on the density of Crater Lake water are presented by 
McManus et al. [1992]. 

The CTD was deployed on a hydrographic wire lowered from 
the National Park Service (NPS) research boat. The time series 
of hydrographic data presented in this paper was collected in 
the northeastern portion of the north basin (NPS station 13), 
the south basin (NPS station 23), and in the northwestern 
portion of the lake (NPS station 11) (Figure 1). A time series 
of temperature data was also collected using two moored 
thermistor chains deployed in the south basin from September 
3 1989 until July 1990. One chain (TC1084) was located at a 
depth of 50-150 m, and the other (TC8) extended from 350 m 
to the bottom (-450 m). The chains were equipped with 11 
thermistors spaced at 10-m intervals. Temperature data were 
recorded every 3 hours throughout deployment, and the 
thermistors were calibrated at the Oregon State University 
(OSU) calibration facility both before and after deployment. 
The absolute accuracy of the thermistors is +0.010øC, and the 
in-field precision, based on daily temperature measurements 
from the deep lake, is +_0.005øC. 

We determined the dissolved oxygen contents of water 
samples using a whole-flask Winklet titration method with the 
modifications of Carpenter [1965a, b]. The overall precision 

of the oxygen measurement is based on the percent difference 
between duplicate sample analyses and is better than 0.5%. 
We employed the equations presented by Benson and Krause 
[1984] to determine the solubility of dissolved oxygen in 
Crater Lake. The mean atmospheric pressure at the lake surface 
was calculated from the altitude-dependent equation given by 
Mortimer [ 1981 ]. 

HEAT AND SALT FLUX INTO TI-IE DEEP LAK• 

Our time series of CTD data and data from the thermistor chain 

mooring indicate that there is a consistent input of heat and 
salt into Crater Lake's near-bottom regions. The heat flux is 
documented by the gradual increase in deep-lake temperature 
observed during periods of surface stratification (Figure 3). 

Integrated values for the flux of heat and salt are calculated 
from the time series of CTD data. This is accomplished by 
integrating the area under a vertical profile (either salinity or 
temperature) and subtracting the area under a profile taken at 
the same location at an earlier time. For instance, the 
integrated temperature change between July 17 and August 17 
below 350 m (Figure 3) is converted to a net heat flux. It does 
not appear that the hydrothermally derived heat or salt 
penetrates above 350 m in the water column (Figure 3); 
therefore we restrict our calculations to below this depth. Each 
flux estimate represents an average flux for each of the basins 
(Figure 1). 

We can also estimate the rate of deep-lake warming using 
deep-lake temperature data from the thermistor chain moored 
within the south basin. This is accomplished in a manner 
similar to our treatment of the CTD data by calculating the 
change in temperature between 440 and 350 m during periods 
of surface stratification. To demonstrate the warming of the 
deep lake, we show an expanded-scale plot of temperature 
versus time for the thermistor deployed at 410 m (Figure 4). 
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Fig. 2. Salinity and temperature as a function of depth. Data 
were taken from the north basin on January 19, 1990. Note 
the near-uniform salinity of the upper 200 m and the increase 
in temperature and salinity with depth below -350 m. 

The arrows indicate deep-lake warming during periods of upper 
water column stability (fall and late spring or early summer). 
During winter there is some cooling of the deep waters, which 
is associated with deep lake ventilation; this process will be 
discussed later in the text. 

The calculated heat fluxes (Table 1) represent discrete time 
intervals during a given year and the flux values represent 
differences between two profiles separated in time by at least 
several weeks. The temporal spacing between flux estimates is 
necessary to integrate the effects of horizontal variability that 
we observe in the heat and salt distribution within each basin, 
which is discussed later in the text. Our method of calculating 
the net heat flux yields results that agree with those of 
Williams and Von Herzen [1983], who reported values between 
0.7 and 1.4 W m -2. 

Fluid flow (Table 1) is estimated directly from our net salt flux 
values. In calculating the fluid flow, we have assumed that the 
salinity of the hydrothermal fluid is 0.6 g kg -1 as it enters the 
south basin. This salinity value is based on the composition 
of high-salinity and -temperature fluids obtained from 
sediment pore waters (C. G. Wheat, unpublished data) and the 
chemical composition of saline pools that are located in the 
south basin [Collier et al., 1990b]. These latter features 
apparently mark the location of hydrothermal input and the 
sediment pore waters were taken in the vicinity of these and 
other hydrothermal features (i.e., bacterial mats, as reported by 
Dymond et al. [1989]). Our estimates of fluid flow are 
consistent with the range of values of 80-1900 L s -1, 
suggested by Nathenson [1990], who based his estimates on 
individual solute budgets. Because there may be variations in 
the end-member composition, our flow rates should be taken 
only as rough estimates of the net fluid flow associated with 
these inputs, and they will have to be compared with other 
independent estimates of fluid and salt flow. 

Possible sources of error in our budget estimates include the 
loss of heat and salt through the 350-m boundary or through 
the dissolution of solid phases, which would increase deep- 

lake salinity. Although we calculate the flux of heat and salt 
through the direct observation of the accumulation of these 
properties in the water column, it is possible that we are not 
accurately accounting for some fraction of the heat that may be 
lost. The following example will demonstrate that this 
fraction is small compared with the uncertainties in our 
budgets. Assuming a change in temperature of 0.01øC from 
350 to 300 m and an effective diffusivity of 10 -4 m -2 s -1 
(discussed later in text), we obtain a heat loss across this 

boundary of <0.1 W m -2. The dissolution of biogenic debris 
and other solid phases within this oligotrophic system will 
contribute an insignificant amount of salt to the deep lake's 
salt budget. For example, assuming that all of the calcium 
settling out of the euphotic zone dissolves in the deep lake, 
the resulting calcium flux will account for <2% of the observed 
increase in this salt [Collier et al., 1990b]. Here, the Ca flux 
estimate is derived from sediment trap samples [Dymond and 
Collier, 1990] and the hydrothermal estimate assumes a 
Ca:Y•salt ratio of 6.67:104 for the deep lake [McManus et al., 
1992]. Since Ca is more active in the biological cycle and is 
generally more soluble than many of the other solid phases 
found in lake sediments, we view this example as a 
conservative estimate for the amount of total salt added 

through the dissolution of solid phases. This conclusion is 
consistent with the work of Simpson [1970a] and Nathenson 
[1990], who also showed that active hydrothermal inputs are 
required in order to maintain the steady state composition of 
Crater Lake. Without the active input of hydrothermally 
enriched fluids, the lake's salt content would become 
progressively lower owing to dilution with rain water. 

Although the annual fluid input due to hydrothermal activity 
is small compared with the lake volume (17.3 km3), the fluid 
flow rate given in Table 1 (-0.2 m 3 s -1) is significant (-5%) 
compared with the annual input of water due to precipitation 
and the seepage rate, which are 4.2 and 2.1 m 3 s -1 
respectively [Redmond, 1990]. Since the hydrothermal fluid is 
rich in salt relative to precipitation, the input of this high- 
salinity fluid will have a dominant effect on the salt budget 
over the effect of dilution by lake water. We will present a 
more detailed treatment of Crater Lake's geochemical budgets 
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Fig. 3. Time series of temperature versus depth profiles. 
These CTD data were taken from the north basin. The data 

demonstrate the accumulation of heat in the hypolimnion 
throughout the summer months. 
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Fig. 4. Temperature as a function of time from the thermistor at 410 m depth in the south basin from 
September 1989 to July 1990. The figure demonstrates the warming due to the constant input of heat from 
hydrothermal activity and the cooling due to winter mixing. The absence of data apparent in the figure marks a 
period of time of recorder malfunction. 

elsewhere; however, it is sufficient for the purposes of this 
paper to point out that hydrothermal activity is the dominant 
source of salt to Crater Lake. 

Our data represent the first direct observations of the 
accumulation of heat and salt in the deep-water column of 
Crater Lake. Despite the uncertainties in our calculations, our 
method for estimating heat flux, salt flux, and fluid flow 
confirm and refine the previously reported values. 

VERTICAL MIXING OF HEAT AND SALT 

During periods of reduced vertical stability of the water 
column, some deep lake water is mixed with surface water. 
This mixing results in the exchange of hydrothermally 
enriched water from the deep lake with cooler, lower-salinity 
surface water. Since deep-lake water is rich in biochemically 
important nutrients, particularly dissolved nitrate [McManus, 
1992], this exchange is critical to new biological productivity 
in the upper 200 m. Such exchange also carries cooler, 
oxygen-rich waters from the surface to the deep lake. 
Therefore the dissolved oxygen content of the deep lake allows 
us to estimate the degree to which deep-lake renewal has 
occurred. For example, if at any period the entire lake were to 
reach atmospheric saturation with respect to dissolved 

oxygen, we could then conclude that all of the waters have 
come into contact with the surface during a single mixing 
period. 

In the following sections we will examine three stages of 
vertical mixing in Crater Lake: the breakdown of the seasonal 
thermocline, inverse stratification, and the mixing of surface 
water with deep water that takes place during a minimum in 
water column vertical stability. 

Breakdown of the Seasonal Thermocline 

Most temperate lakes undergo three stages of cooling: the 
breakdown of the seasonal thermocline, isothermal overturn, 
and inverse stratification [Carmack and Farmer, 1982]. The 
breakdown of the thermocline is characterized by a decrease in 
the surface density gradient and an increase in the depth of the 
surface mixed layer. In many lakes, continued wind mixing 
and cold-water convection result in an isothermal water column 

having a temperature near the temperature of maximum 
density. This is followed by surface restratification due to 
continued cooling at the surface. However, for very deep lakes 
like Crater Lake, the full water column is rarely isothermal. 
This is because the temperature of maximum density decreases 
at a rate of approximately 0.02øC bar -1 (,-0.002øC m -1). Thus, 

Year/ 
Season* Method 

TABLE 1. Heat Hux, Salt Hux, and Huid How 

Heat Flux Salt Flux Fluid Flow 

W m -2 gg m-2.sec- 1 L sec-1 

1989/S CTD? 0.9 + 0.5 4.2 + 2.5 140 + 80 
1989/1: thermistor • 1.0 + 0.3 NA õ NA 
1990/Sp thermistor • 1.2 + 0.6 NA NA 
1990/ES CTD']' 0.9 ñ 0.2 5.2 ñ 3.0 250 ñ 150 
1990/LS CTD']' 1.0 ñ 0.4 5.7 + 3.0 280 ñ 150 

*S, F, and Sp represent summer, fall, and spring, respectively, where E and L are early and late, respectively. 
']'The heat and salt fluxes derived from the CTD are averages from the three monitoring stations (Figure 1). Basin 

volumes were calculated from the hypsographic curve presented by Byrne [1965]. 
:!:Our thermistor-based heat fluxes are an average from the thermistors below 350 m and above 440 m on the 

chain. The thermistor at 450 m showed a great deal of variability in the temperature record and no consistent 
warming trend. The lack of consistent warming near the sediment-water interface as measured by the bottom 
thermistor is due to the local heterogeneities in the mixing processes at the bottom of the south basin [McManus, 
1992]. 
õNA, not available. 
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waters near their density maximum at the surface will not be 
able to undergo free convection to the lake bottom. The 
maximum depth of complete mixing in deep lakes is therefore 
influenced by the in situ physical properties of lake water, 
which influence the depth of free convection, as well as by 
wind forcing. 

The upper water column of Crater Lake begins to undergo 
destratification in early fall as the density of the surface water 
increases as a result of cooling. The destruction of the 
thermocline is driven by wind mixing at the surface'and free 
convection of the surface water as it cools. Durilag this period, 
the mixed layer reaches depths of at least 200 m in Crater Lake 
(Figure 2). 

The rate of penetration of the mixed layer reflects the stronger 
stratification initially present in the upper 100 m as compared 
to the 100 to 150 m depth range. Using our temperature chain 
data, we calcula.te that for depths between 50 and 90 m, the 
base of the mixed layer descends through the water column at a 
rate of approximately 1 m d -1. The rate of mixed-layer 
deepening then increases to ~8 m d '1 from 100 to 130 m. 
Although the data are inadequate to accurately determine the 
descent rate below this depth, the rate is between 10 and 20 m 
d-1. Carmack and Farmer [1982] found the mixed-layer 
penetration rate in Babine Lake to be -0.4 m d -1 at the surface 
and found it to increase to rates as high as 20 m d-1 during the 

later stages of mixed-layer deepening. It is surprising that the 
rate of mixed-layer formation in Crater Lake, a sheltered near- 
circular lake with a maximum fetch of 10 km, is similar to that 
in Bahinc Lake, which is 150 km long and 4 km in wide,•and 
has a maximum depth of 230 m. The similarities between the 
mixed-layer penetration rates for the two lakes emphasize the 
importance of processes other than wind mixing, one of which 
may be free convection, in controlling the breakdown of the 
seasonal thermocline and formation of the winter mixed layer 
in deep freshwater systems. 

Inverse Stratification 

After the initial breakdown of the seasonal thermocline, 
continued winter cooling causes a gradual decrease in the 
temperature of the upper water column. During the winter of 
1990 this cooling continued until approximately mid-March. 
By early April, spring warming of the water column had 
penetrated to depths of >50 m. Since the surface waters are 
still colder than the temperature of maximum density (Tmd) in 
early April, initial warming produces parcels of water of 
greater density that drive convection. As the temperature of 
the upper lake approaches the temperature of maximum density 
at 50 m (~April 20), the upper water column becomes nearly 
isothermal at about 3.9øC (Figure 5). After this point (~May 
1), rapid warming of the surface water leads to a stratified water 
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Fig. 5. April-May 1990 expanded-scale thermistor chain data (TC1084). Data are from (a) April, 50 m; (b) 
April, 100 m; (c) May, 50 m; (d) May, 100 m. The temperature of maximum density (Tmd) was calculated from 
the equation of state [Chen and Millero, 1986]. Note that spring heating of the water column results in a cycle 
of warmer temperatures during the day and cooler temperatures at night in the thermistor record of the upper 
water column. 
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column, thereby isolating the deeper waters as suggested by 
the near-constant water temperature measured at 100 m until 
approximately May 10. After approximately May 10, large 
variations in the daily water column temperatures are observed. 
These fluctuations are probably driven by a combination of 
st. orms, surface-driven convection due to cooling, strong 
horizontal thermal gradients, and other water column mixing 
processes. 

Of particular importance with respect to deep-lake mixing is 
the r•!ative speed with which the water column undergoes 
restratification in the spring. Once the upper waters are 
restratified, mixing between the upper and deep lake can no 
longer occur. Storms occurring during periods of minimum 
stability, i.e., while the water column temperature is closest to 
the Tmd, as is seen on May 10, may provide the impetus for 
deep mixing, as is discussed in the following section. Climate 
variobility will therefore influence deep mixing in the spring, 
• well as during the fall or winter. 

A more deltailed study of the upper water column-atmosphere 
interactions' •:i•h•uld include thermistors that extend to the 
surface aS•W•!'i'• s detailed meteorological data. In addition, 
future modehng efforts should accurately represent convection 
a•; well as Shear-induced wind mixing. For our purposes it is 
important t6' point out that the upper 200 m of the water 
column in Crater Lake are well mixed twice amnually (winter 
and late spring). During these periods of mixing, both CTD 
measurements and our thermistor data indicate that the upper 
200 m of the water column is isothermal. The exchange of 
water from this well-mixed, well-oxygenated layer with deep 
water will affect the deep-water budgets of dissolved solutes 
and heat, as discussed in the following section. 

Dissolved Oxygen ($.tM) 

lOO 

200 

300 

400 

500 

600 

260 280 300 320 340 360 

Sept '88 

April '89 

April 
•: So!ubilit] 

i i [ i i i 

Fig. 6. Expanded-scale dissolved oxygen as a functi6n of 
depth for September 1988 and April 1989. Note that the 
measured dissolved oxygen is always within -15% of the 
saturated value. The figure demonstrates the increase in deep 
lake oxygen from fall/winter to spring/summer. The line of 
oxygen solubility is for April and is calculated from equations 
presented by Benson and Krause [1984]. Solubility is 
calculated with respect to atmospheric saturation of dissolved 
oxygen at the in situ temperature. 

Mixing of Surfac e Water with Deep Lake Water 

Time series of dissolved-oxygen data, CTD data, and 
thermistor chain data all indicate that some exchange of 
surface water (defined here as water from the upper 200 m) with 
deep water occurs in Crater Lake at least once a year. The data 
suggest that this annual deep water renewal process is likely to 
be incomplete. 

Dissolved oxygen is a useful tool for the study of mixing 
processes in lakes. The details of the oxygen budget of the 
deep lake will be discussed elsewhere; however, for the 
purposes of this paper we point out that deep-oxygen 
Consumption in Crater Lake occurs by two processes. 
Dissolved oxygen is consumed by the decomposition of 
particulate organic material raining out of the euphotic zone 
and by the oxidation of reduced chemical species that derive 
from hydrothermal activity. In Crater Lake, oxygen is 
consumed in the deep waters (at 550 m) at a rate of 0.04 I. tmol 
L-1 d-1. This rate is calculated from a time series of dissolved 
oxygen measurements taken from September 1988 to January 
1990 (J. McManus et al., manuscript in preparation, 1993). 

Convective mixing during the winter and spring saturates the 
upper water column with dissolved oxygen (e.g., April oxygen 
profile in Figure 6). Because annual mixing of deep lake water 
with well-oxygenated surface water is the only mechanism that 
will increase the dissolved-oxygen contents of the deep lake, 
changes in deep-lake dissolved oxygen serve as a 
semiquantitative measure of the extent of vertical mixing in 
Crater Lake. 

Data collected during September 1988 and April 1989 
demonstrate an increase in dissolved oxygen, measured at 550 
m, of nearly 10 gmol L -1 (Figure 6). Likewise, from January 
1990 to July 1990 another increase in deep-lake dissolved 
oxygen is observed, indicating that the deep-water renewal 
process was again repeated during the winter and possibly the 
spring of 1990. This mixing is, however, incomplete, 
leaving the deep lake undersaturated with respect to 

atmospheric saturation of dissolved oxygen at all times 
sampled. Mass balance calculations indicate that for the 1988- 
1989 field season, 30-45% of deep lake water was exchanged 
with aerated surface water. This estimate is based on mixing 
between a winter-time, low-oxygen end-member and surface 
water. This mixture produces the bottom water oxygen value 
observed in early spring. In order to account for the gap in our 
dat a between September and April, we applied the observed 
oxygen consumption rate to our September and April bottom 
water compositions to estimate deep-water oxygen 
concentrations at the time of vertical mixing. Although these 
estimates are rough at best, this calculation implies an average 
age of deep water between 2 and 4 years. This age is consistent 
with that estimated by Simpson [ 1970a], who obtained a value 
of 1 to 2 years based on tritium in the deep lake, and with the 
estimate by Weiss [1992], who calculated an apparent age of 
the deepest water (-550 m) of 3.2 years based on the deep water 
concentration of chlorofiuorocarbons. 

CTD data collected at the same time as the dissolved oxygen 
data and thermistor chain data also provide evidence for the 
exchange of surface water with water from the deep lake. A one 
dimensional approximation of the heat budget in the deep 
north basin from January 1990 to July 1990 (Figure 7) 
indicates that a net loss of heat (225 kcal m -2) occurred 
between January 1990 and July 1990 in north basin deep water 
(depth, > 475 m). This calculation simply represents the 
difference in the heat contents of the deep north basin between 
January and July 1990. This loss of heat is due to the transfer 
of the warmer deep water upward, providing further evidence for 
exchange between surface and deep water. These f'mdings are 
also consistent with the deep-water cooling period evident in 
the thermistor chain data collected from the south basin 

(Figure 4). 
The deep-lake thermistor chain data imply that deep lake 

vertical mixing lasted approximately 1 month during the 
winter of 1990 (Figure 4). Most of the thermistors in this 
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Fig. 7. Temperature as a function of depth for January 1990 
and July 1990. The cooling of the deep water column due to 
ventilation with surface water during the winter results in a 
lower total heat content of the deep water measured in July 
1990. 

chain recorded the maximum deep-lake temperature in early 
February. After this time the deep lake underwent cooling until 
it again began to warm. Water column cooling occurs during a 
period of reduced upper water column stability that is due to a 
reduction in stratification as described in the previous 
sections. During a minimum in water column stability, cold 
waters from the upper 200-300 m exchange with the deeper, 
warmer waters. 

There are two phases of deep-lake mixing, which are 
illustrated in Figure 8: a turbulent diffusion phase, and a sudden 
or episodic convective mixing phase. The gradual decrease in 
temperature between February 1 and 20, over the depth interval 
350 to 420 m (see Figure 8a) is a result of mixing the colder 
water from above with the deeper warm water and can be 
modeled with a turbulent diffusion model: 

F H (z,t)= •z pC (ST[z,t]/St)z dz (1) 

F H (z,t)= -pC K[z,t] (•}T[z,t]/•}z)t (2) 

where F H is the heat flux, JT/Jz and •T/Jt are the slopes of the 
temperature versus depth and temperature versus time 
relationships, respectively [Li, 1973]; and p and C are the 
density and the specific heat capacity, respectively. The 
vertical diffusion coefficient (K[z,t]) evaluated from these data 
is 1.5 x 10 '3 to 2 x 10 '3 m 2 s '1. We will compare this 
diffusion coefficient with the effective diffusion coefficient 
calculated for the deep lake during periods of seasonal 
stratification, later in the text. 

We hypothesize that the majority of the exchange between 
surface and deep water occurs through a mechanism that is 
similar to that proposed by Farmer and Carmack [ 19 81 ], 
Carmack and Farmer [1982], Carmack and Weiss [1991], and 
Weiss et al., [1991]. This mechanism relies on the effects of 
pressure on the temperature of maximum density and has 
therefore been termed "thermobaric instability" [Carmack and 
Weiss, 1991]. Since the temperature of maximum density 
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Fig. 8. (a) Temperature as a function of depth for February 1, 
20, and 22, 1990. (b) Temperature versus depth for February 1, 
22, and 23. In Figure 8a the diffusion of cold water from above 
dominates the mixing process from February 1 to 20. This is 
followed by the development of an unstable deep-water column 
owing to the accelerated (sudden) mixing of cold water from 
above. 

decreases with increasing pressure, colder water overlying 
warmer water may become "conditionally unstable" With 
respect to water immediately below. Wind forcing or internal 
waves displace a water parcel vertically to a depth where its 
temperature is closer to the temperature of maximum density 
than the ambient water at that depth. Once the parcel is 
displaced, it will continue to descend through the water column 
because of its greater density relative to the surrounding water, 
until it reaches a point of neutral stability. 

A requirement for the deep penetration of a water parcel is that 
AS Az '1 (the vertical salinity gradient) be approximately equal 
to zero or be negligible compared to the temperature and 
pressure effects on the density of adjacent water parcels. In 
Lake Baikal, where the results of this process have been 
clearly shown, this requirement appears to be satisfied 
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[Carmack and Weiss, 1991; Weiss et al., 1991; Falkner et al., 
1991]. There, surface water descends through the water column 
to near-bottom depths with a well-preserved surface signature 
in temperature, dissolved oxygen, and other geochemical 
tracers [Carmack and Weiss, 1991; Weiss et al., 1991]. In 
Crater Lake between the depths of 200 and 400 m, the 
approximation of AS Az -1 = 0 may hold; however, the 
increases in salinity below this depth range will increase the 
density of the ambient fluid, making exchange of the colder, 
less salty fluids (upper waters) with the warmer, saltier fluids 
more difficult. 

Using estimates of the salinity gradient and the thermistor 
data presented in Figure 8a, we calculate that the density, 
relative to 400 dbax, of the water above 390 m on February 22 
is greater than that of the water below 400 m. The temperature 
profile for the following day shows that there has been some 
exchange between the colder water from above and the warmer 
water below, with the result that colder waters now underlie 
warmer water (Figure 8b). On subsequent days there axe rapid 
changes in the vertical temperature distribution in this part of 
the water column, eventually resulting in a stable density 
gradient. It is also apparent from the figure that the near- 
bottom waters have not been mixed to the same degree as the 
waters above 420 m. The net effect of mixing dense, cold 
waters from above with warm, salty waters from below is that 
any instability-driven mixing decreases in effectiveness with 
increasing depth in Crater Lake owing to the resisting force of 
the salinity gradient. In addition, the temperature and oxygen 
signal of surface water will simply decrease as it is mixed with 
ambient waters during its descent to the deep lake. 

It is reasonable to expect that the magnitude or effectiveness 
of this type of mixing will vary from year to year. As surface 
waters cool below the temperature of maximum density, the 
upper waters become restratified. The rate of cooling and 
restratification of the upper waters will influence the 
"completeness" of deep-water ventilation. The magnitudes of 
the changes in deep-lake temperature and dissolved oxygen 
suggest that ventilation is more likely to occur during the 
winter mixing phase rather than in the spring. Although 
thermally driven convection will also occur during spring 
warming, calmer weather at Crater Lake typically dominates 
during spring. Thus heating of surface water may occur fairly 
rapidly, thereby making vertical exchange less likely or less 
efficient during this period. Year-to-year climate variations 
will therefore affect the extent of annual vertical exchange. 
This has recently been demonstrated by McCormick [1990], 
who found that circulation models coupled with global elimate 
models predict that during warmer years, Lake Michigan may 
not completely turn over and a permanent thermocline may 
form in the deep regions of the lake. 

The oxygen and temperature data presented here suggest that 
the annual exchange of surface water with deep water is a 
critical process for the vertical redistribution of heat and salt 
in the lake. It is difficult to predict the annual magnitude or 
extent of this mixing process in the water column without a 
yearly time series of data. It is likely that a comprehensive 
model of deep-water ventilation is impossible without detailed 
meteorological data as well as water column chemistry and 
temperature data. Pearl et al. [1975] used the appearance of 
nitrate enrichments in the surface waters to estimate the timing 
of turnover; unfortunately, this approach cannot be applied to 
the Crater Lake system without more frequent collection of 
nitrate data throughout the year. Crater Lake's inaccessibility 
makes this method difficult. Some enrichments in surface 

nitrate have been observed during early April in the upper 
isothermal layer [Larson, 1988]; however, it is not clear if 
these observed surface enrichments are due to bottom water 

upwelling, atmospheric inputs, or some combination of the 
two. 

TRANSPORT OF HEAT AND SALT THROUGH THE DEEP LAI• 

Mixing of hydrothermal fluids from the south basin of Crater 
Lake with the rest of the deep lake during periods of seasonal 
stratification takes place through a variety of horizontal and 
vertical mixing processes. Without an understanding of the 
timescales of this mixing, we cannot place confidence in our 
method for determining the hydrothermal component of the 
deep-lake heat and salt budgets as discussed earlier in the 
paper. This section is therefore primarily concerned with 
understanding the transport of hydrothermal fluids through the 
deep lake, i.e., deeper than 350 m, during periods of thermal 
stratification. 

Significance of Double-Diffusive Convection in the Water 
Column 

In cases where the vertical gradients of temperature (T) and 
salt (S) both increase with depth, "staircase" features in T and S 
axe often observed [Newman, 1976]. These staircase features 
are turbulent layers where T and S are well mixed. The layers 
are separated by sharp density interfaces above and below each 
layer [Turner, 1965]. The flux of heat and salt across these 
density interfaces is dominated by molecular diffusion 
[Huppert, 1971; Marmorino and Caldwell, 1976; Padman and 
Dillon, 1989]. 

In Crater Lake, vertical temperature and salinity profiles do 
not have well-defined staircase features (Figure 2). This 
suggests that double diffusion is not the dominant mechanism 
for the transfer of heat and salt in Crater Lake. To further 

examine the possibility of double-diffusive mixing, we have 
used double-diffusive theory [Turner, 1973; Kelley, 1990], 
estimates of layer heights, and the known heat and salt fluxes 
to calculate theoretical fluxes and the necessary dimensions of 
the staircase features assuming that the heat and salt were 
transported through the water column by double diffusion. Our 
calculations reveal that double-diffusive convection, as a 
mechanism for the transfer of heat and salt through the water 
column in Crater Lake, underestimates the total heat flux by 1 
to 2 orders of magnitude. Further, our calculations indicate 
that if double diffusion were significant in Crater Lake, 
staircase features would clearly be resolvable in our CTD data 
[McManus, 1992]. Double diffusion may, however, be 
important on small spatial and temporal scales and may 
contribute to the T-S distribution near the sediment-water 

interface, particularly in the south basin. This possibility is 
evaluated more thoroughly elsewhere [McManus, 1992]. 

Horizontal Mixing in the Deep Lake 

When the upper water column of Crater Lake is thermally 
stratified, deep-lake mixing is dominated by horizontal basin- 
to-basin exchange processes. This mixing is indicated by 
changes in the vertical distribution of temperature, salinity, 
and other geochemical tracers (e.g., dissolved gases and trace 
elements). 

CTD data taken from the north basin in September 1988 show 
that the vertical temperature and salinity distribution may 
deviate from the normal linear increase with depth (eompaxe 
Figure 2 with Figure 9). We refer to such variations in the 
vertical gradients as "microstructure" features. We propose 
that these features axe due to the lateral flow of hydrothermally 
enriched water from the south basin. As the south basin fills 

with warm, salty water, it will "spill over" into the deeper 
portions of the lake because of its greater density relative to 
nonenriched fluids. The sill depth between these two basins is 
located between 425 and 450 m. This depth corresponds to the 
depth of the microstructure features observed in the south basin 
(near the sediment-water interface) and in the north basin (mid- 
water column) (Figure 9a). The presence of warmer waters in 
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Fig. 9. Hydrographic data taken on September 19, 1988. (a) Temperature as a function of depth for both the 
south and the north basins; (b) salinity as a function of depth for the north basin; (c)00. 5 as a function of 
depth for the north basin; (d)o 0 as a function of depth for the north basin. Densities are calculated from 
equations presented by Chen and Millero [1986] and McManus et al., [1992]. 

both basins at the same depth (-425 m) supports our 
hypothesis that the fluids originated in the south basin. 

In order to accurately assess the stability of the deep-water 
column in September 1988, we computed 00.5, where 00.5 = 
(P0.5 - 1) x 1000 and P0.5 is the potential density of a fluid at 

500 dbar. In deep aquatic systems, o 0 does not accurately 
represent the local "stability" of the water column (Figure 9d). 
This is due to the effect of pressure on the density of a fluid, 
where o 0 is calculated for 1 atto pressure as opposed to a 
pressure more representative of two deep parcels of water under 
consideration (i.e., 500 dbar). Most of the water throughout 
the water column appears to be stable with respect to 500 dbar 
(Figure 9c); however, stability calculations for some 
individual points within the water column suggest that there 
are some unstable parcels of water. These parcels are unstable 

over vertical distances of 5-10 m. Since changes in the 
vertical density structure on this scale approach the resolution 
of our instrument, there is significant uncertainty associated 
with classifying the "stability" of parcels of water over this 
depth range. However, additional observations support our 
contention that these features are indeed unstable or transient 

features; the thermal structure of the deep lake (Figure 9a) 
tends to change shape over periods of hours, and the features 
disappear over the course of a few weeks (based on 
revisitations). 

Measurements of 222Rn and Fe (dissolved and particulate) 
further illustrate the basin-to-basin exchange process. Water 
with high 222Rn and Fe contents overlie water of lower 222Rn 
and Fe content in the north basin (Figure 10). These single 
profiles exhibit the net effect of horizontal exchange. Both 
222Rn and Fe are time-dependent tracers of hydrothermally 
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enriched water. Iron is highly reactive in well-oxygenated 
environments and will be found at high concentrations only 
near reduced sediments or hydrothermal vents. Radon is a 
radioisotope with a half-life of ~3.8 days. It too should be 
found only in close proximity to a hydrothermal vent or the 
sediments in Crater Lake. The horizontal transport of iron 
from the south basin leads to a maximum in dissolved and 

particulate Fe between 450 and 500 m in the north basin 
(Figure 10a). Radon 222 also exhibits a deep-water maximum 
at ~475 m in the north basin (Figure 10b). The net effect of 
the proposed horizontal movement of waters from the south 

2 ne e basin to the north basin is that "younger" (22 R - nrich d) 
waters overlay the "older" (222Rn-depleted) waters in the 
north basin. 

Although the water column features representative of 
horizontal mixing have been observed at various times 

throughout the summer, the most dramatic features are 
consistently observed in late summer/early fall (September- 
October). These periods of more intense horizontal exchange 
have larger thermal anomalies in the north basin than those 
typically observed during the summer. Since September and 
October are periods when the lake is thermally stratified, 
surface disturbances cannot supply the necessary forcing for 
the initiation of this mixing process. 

On the basis of the hydrothermal fluid input rate, our estimate 
of fluid composition, and the observed near-bottom salinities 
in the south basin, we estimate that the south basin could "fill 
up" with a mixture of hydrothermal and ambient water on the 
scale of several weeks. The nonsteady-state nature of basin-to- 
basin mixing in the deep lake results in the relatively large 
uncertainty (lo) in our net heat and salt flux estimates, which 
are based on a few individual vertical profiles (Table 1). 

Vertical Mixing Processes in the Deep Lake 

In addition to horizontal advection playing a large role in the 
transport of heat and salt through the deep lake during periods 
of seasonal stratification, we propose that turbulent diffusion 
coupled with vertical convection also transports heat and salt 
through the deep lake. We base this hypothesis on two 
observations' (1) because the calculated effective vertical 
diffusivities for both heat and salt in Crater Lake are the same 

order of magnitude (10 -4 m 2 s -1) and are many orders of 
magnitude larger than the molecular values (10-7-10 '9 m 2 s '1 
for heat and salt respectively), the mixing process cannot be 
accounted for by molecular diffusion (or double diffusion), as 
discussed earlier; and (2) there are small-scale vertical thermal 
instabilities in the water column which do not appear to be due 
to the horizontal transport of heat and salt described in the 
previous section. 

During periods of thermal stratification, the effective 
diffusivities for heat (KeT) and salt (KeS) can be modeled 
according to a simple diffusion model (see (1) and (2) for the 
development): 

F T = KeT (dT/dz) (3) 

FS= KeS (dS/dz) (4) 

where F T and FS are the measured flux of temperature (degrees 
Celsius-meters per second) and salt (gram-meters per kilogram 
per second), respectively (for dimensional simplicity we use 
F T as opposed to FH, the heat flux). These measurements are 
again based on a time series of CTD measurements (Table 1). 
Our calculations reveal that the effective diffusivities for heat 

and salt are approximately 6x10 -4 to 8x10 -4m 2s '1. If 
molecular diffusion were an important mechanism for the 
transport of heat and salt through the water column, the 
calculated effective diffusivity for heat should be two orders of 
magnitude larger than the effective diffusivity for salt. The 
effective diffusion coefficient calculated here for the summer- 

fall period is approximately a factor of 2 smaller than the 
diffusion coefficient calculated earlier in the text for diffusion 

during the month of February, i.e., ~2 x 10 -3 m 2 s -1. This 
observation suggests that the intensity of deep-lake mixing 
during the winter is greater than during the summer. This is 
reasonable, since the overall stability of the upper water 
column is greater during the summer. However, at all times, 
turbulent diffusion will be smaller in magnitude than the 
instability-driven convection from the upper lake described 
earlier in the text. 

Observations of small temperature inversions through the 
mid-water column suggest the presence of small, buoyant 
"plumes" (Figure 11). Salinity profiles lack the sensitivity of 
the temperature profiles and do not show this effect; therefore 
we cannot accurately calculate the stability of these thermal 



McMANus ST AL.: MDONG n• CRATER LAKE, OREC•N 18,305 

features. Our data suggest, however, that these thermal 
anomalies are transient features that occasionally occur in the 
mid to deep lake. These "plumes" could be caused by either of 
two processes (or some combination of the two). The plumes 
may be caused by direct inputs of buoyant water into the south 
basin. Alternatively, they may be generated by conductive 
heating or double-diffusive development of thermally and 
chemically enriched waters resting at the sediment-water 
interface. These processes could eventually lead to instability 
and formation of thermal convection cells that vertically mix 
the excess heat and salt. 

An additional convective mechanism for mixing heat and salt 
through the water column is suggested as a large temperature 
anomaly in the middle of the water column (Figure 12a). This 
temperature anomaly was measured in the south basin of Crater 
Lake on September 11, 1987, and is greater than 0.1øC 
between 225 and 275 m, relative to the north basin profile. 
This corresponds to a total heat anomaly of 9600 kcal m '2, 
which is a factor of 5 to 10 larger than typical near-bottom 
thermal anomalies measured in the south basin [McManus, 
1992]. Shown with this data (Figure 12a) are temperature 
profiles taken from the south basin approximately 6 hours 
earlier (solid line) and the north basin approximately 3 hours 
earlier (dotted line). Although the two south basin profiles are 
from the same general location, they may be separated in space 
by as much as 500-1000 m. T-S diagrams (Figures 12b to d) of 
the three hydrocasts illustrate the relative magnitude of the 
thermal anomaly. Also, the T-S diagrams of all the CTD data 
show some influence of the warmer, more saline water, 
suggesting that the heat and salt seen in SBE028 may be 
spreading horizontally along a constant-density surface. 

This thermal anomaly (Figure 12) is hydrostatically stable 
with respect to 250 dbar and is buoyant relative to 450 dbar. 
This suggests that perhaps the water column anomaly 
represents a "plume" that originated at depth and has risen to 
neutral buoyancy. Alternatively, there could be a source of 
thermally and chemically enriched water along the caldera wall 
at this depth, which we have not observed to date. 

Our calculations suggest that vertical mixing in the deep lake 
is dominated by turbulent diffusion rather than by molecular or 
double diffusion. However, the mechanism that initiates 
turbulence during periods of seasonal stratification is not 
known. Horizontal advection of hydrothermally enriched 
water followed by vertical mixing and vertical convection also 
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Fig. 11. Examples of vertical instabilities (arrows). Data are 
from September 18, 1990 from the south basin. 

play a role in the vertical redistribution of heat and salt 
through the deep-water column. As would be expected, our 
calculated diffusion coefficients for the deep lake are larger 
than values for the region just below the thermocline (50-150 
m) in Crater Lake (10 -5 - 10 '6 m 2 s'l). Also, the range in 
diffusion coefficients calculated for the deep lake (6 x 10 '4 to 
20 x 10 -4 m 2 s -1) compares well with the range for the deep 
ocean (~1 x 10 -4 to 100 x 10 '4 m2s '1) as derived from 222Rn- 
depth profiles [Sarrniento et al., 1976]. This comparison 
emphasizes the importance of turbulence in the redistribution 
of heat and salt in the deep lake. • 

Many of the physical processes described here appear to be 
directly tied to the active input of thermally and chemically 
enriched waters, and because of these mixing proce•sses, the 
deep lake remains relatively well mixed. 

TtlF. OVERALL INFLL•NCE OF HYDROTIIERMAL ACFIVITY ON TtIE 
PHYSICS OF THE WATER COLUMN 

The deep water in Crater Lake is only marginally stable. This 
is reflected by the buoyancy frequency (N), which for the deep 
lake is ~10 '4 s-1 [Collier et al., 1990a; McManus et al., 
1992]. The turbulent diffusion coefficient ranges between 10 '4 
and 10 '3 m 2 s 'l, which reflects relatively rapid vertical 
exchange throughout the deep lake. 

Without the input of heat into the deep lake there would be no 
destabilizing force acting on the water column. Alternatively, 
if Crater Lake were conductively heated from the bottom (since 
it rests in a caldera) yet there were no saline fluid inputs, the 
lake would be expected to undergo thermal convection 
[Williams and Von tterzen, 1983]. Mixing in this case would 
be more rapid than is observed. If there were no change in the 
vertical salinity gradient, it may, in principle, be easier to 
develop thermobaric instabilities because of a lack of a 
salinity gradient. Convection of air-saturated surface water 
could then carry surface geochemical signals all the way to the 
bottom as in Lake Baikal [Carmack and Weiss, 1991; Weiss et 
al., 1991]. However, because of the relatively small fetch of 
the lake, wind-induced shear or seiching, both of which may be 
necessary for the development of thermobaric instabilities, 
will not occur to the same extent as in Lake Baikal. In this 

case, ventilation of the deep lake may rely on the severity of 
winter storms, as in Lake Tahoe [Pearl et al., 1975]. 

Although it is difficult to precisely ascertain the net effect of 
hydrothermal activity on the physics of Crater Lake, there are 
a variety of unique physical features of the water column t•hat 
can be attributed only to the active input of heat and salt near 
the bottom of the lake. Any change in the hydrothermal 
activity could only alter lake mixing. The active input Of 
hydrothermal fluid generates both vertical and horizo,n•tal 
density instabilities, which contribute to the rapid horizog•al 
and vertical mixing of deep lake water. It follows traen,'•tnat 
hydrothermal activity is important to the relatively rapid 
vertical mixing that occurs in Crater Lake (characteristic 
timescale of deep lake mixing, ~3 years). This mixing returns 
biologically important nutrients from the deep lake to the 
surface lake at least once a year. Without such nutrients 
(principally dissolved nitrate) the new production, which 
relies on these nutrients, would be lower. 

CONCLUSIONS 

Our estimates of the deep-lake heat budget of Crater Lake are 
consistent with the previous estimates of Williams and Von 
Herzen [1983]. Because our methods are independent from 
those of Williams and Von tterzen [1983], who used sedim,•nt 
heat flow measurements, the agreement between the two data 
sets supports our results. Our data provide the first:•i•.•t. 
observations of the accumulation of heat and salt in the",•.•ep 
lake and lead to direct estimates of these fluxes. •:i ?• 
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Fig. 12. (a) Temperature as a function of depth for $BE026 (dotted line, south basin), SBE027 (solid line, 
north basin), and SBE028 (dashed line, south basin). (b)-(d) T-S diagrams for the three hydrocasts. Data show 
the T-S anomaly in all three hydrocasts but is particularly striking for SBE028. 

After the breakdown of the seasonal thermocline, free 
convection, due to continued cooling at the surface, mixes the 
upper 200 m of the water column. This depth of convective 
mixing is achieved again during spring warming. The winter 
mixed layer in deep lakes achieves such great depths, in part, 
because of free convection coupled with wind mixing and 
perhaps other internal processes. 

Dissolved oxygen data, thermistor chain data, and CTD data 
all indicate that annual deep water ventilation is significant in 
Crater Lake. Our data also indicate that this ventilation is 

incomplete, resulting in undersaturation of dissolved oxygen 
at all times in the deep lake. The lack of complete water 
column mixing in Crater Lake may be a consequence of the 
lake's depth and the vertical density gradient within the deep 
lake. Incomplete ventilation is a characteristic of deep lakes, 
and Crater Lake offers a unique environment for the study of 
deep lake ventilation processes. 
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