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[1] Water-, mud-, gas-, and petroleum-bearing seeps are part of the Salton Sea geothermal
system (SSGS) in southern California. Carbon dioxide is the main component behind the
seeps in the Davis-Schrimpf seep field (�20,000 m2). In order to understand the
mechanisms driving the system, we have investigated the seep dynamics of the field by
monitoring the temperature of two pools and two gryphons for 2180 h (90.8 days) in
the period from December 2006 to March 2007, with a total of 32,700 measurements
per station. The time series have been analyzed by statistical methods using cross
correlation, autocorrelation and spectral analysis, and autoregressive modeling. The
water-rich pools never exceed 34.0�C and are characterized by low-amplitude temperature
variations controlled by the diurnal cycles in air temperature. The long-term validity of
these results is evident from a second period of temperature monitoring of one of the pools
from December 2007 to April 2008 (120 days). In contrast to the pools, the mud-rich
gryphons have a strikingly different behavior. The gryphons are hotter (maximum 69.7�C)
and have large amplitude variations (standard deviation of 6.4) that overprint any
signal from external diurnal forcing. Autoregressive modeling shows the presence of
distinct hot and cold pulses in the gryphon temperature time series, with amplitudes up to
3�C. These pulses likely reflect a combination of hydrothermal flux variations from the
SSGS and the local temporal changes in bubbling activity within the gryphons.
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1. Introduction

[2] Seeps in sedimentary basins are commonly related to
vertical migration pathways such as faults, mud volcanoes,
dewatering pipes, pockmarks, and hydrothermal vent com-
plexes [Brown, 1990; Planke et al., 2003; Svensen et al.,
2003; Berndt, 2005]. Seep systems often show large spatial
and temporal variations in temperature, pH, and solute
content of the expelled fluids [e.g., Sturz et al., 1992;
Planke et al., 2003; Svensen et al., 2007]. For these reasons,
temperature time series analysis of expelled fluids represent
a powerful tool for understanding seep dynamics and have
successfully been applied in studying tidal-influenced
spreading axis hydrothermal systems [e.g., Tivey et al.,
2002; Scheirer et al., 2006; Sohn, 2007] and marine gas
hydrate systems [e.g., MacDonald et al., 2005]. In this
paper, we present the results from two periods of temper-

ature monitoring of an onshore seep field (the Davis-
Schrimpf site) in the Salton Sea geothermal system (SSGS).
The SSGS is the result of shallow magmatic intrusions in a
sedimentary basin [e.g., Elders et al., 1972; Younker et al.,
1982] (Figure 1). This makes the area ideal for investigating
the consequences of magmatic intrusions in sediments,
petroleum generation in a rift basin, and seep dynamics in
general [Svensen et al., 2007]. In addition, the constant
activity and the rich variety of surface expressions make this
an attractive area for studying long-term seep dynamics, and
it makes a relevant analog setting for the offshore Guaymas
Basin hydrothermal seeps in the Gulf of California [e.g.,
Simoneit, 1985]. The morphological features of the Davis-
Schrimpf seep field [Sturz et al., 1992; Svensen et al., 2007]
are strikingly similar to seep fields on dormant mud
volcanoes [Jakubov et al., 1971; Delisle et al., 2002; Planke
et al., 2003]. However, the Davis-Schrimpf seeps are not
related to mud volcanism, as mud volcanism normally
implies large-scale mud breccia eruptions and a low-
temperature seep stage (<30�C) (for mud volcano terminol-
ogy, see, e.g., Planke et al. [2003]). The aim of this study is to
use time series analysis to characterize the hydrology of four
seep structures (two pools and two gryphons) with contrast-
ing surface expressions, temperature, and fluid geochemistry.
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A key issue is to determine the connection between seep
morphology and the external (air) and internal (hydrother-
mal) temperature forcing.

2. Seep System

[3] The SSGS is situated in the Salton Trough in southern
California, an area with abundant surface manifestations of
hydrothermal activity. The hydrothermal system in the
Salton Trough occurs in a pull-apart setting where rifting
and associated magmatic intrusions are responsible for a
heat flow up to 600 mW m�2 [e.g., Helgeson, 1968;
Robinson et al., 1976; Lachenbruch et al., 1985; Williams,
1997]. The intrusions cause contact metamorphism and
fluid flow within predominantly Pleistocene fluvial and
lacustrine sediments, giving rise to temperatures exceeding
350�C at a depth of 1400 m [e.g., Helgeson, 1968; Muffler
and White, 1969; Elders and Sass, 1988], and a consider-
able focused and diffuse CO2 degassing [Kerrick et al.,
1995]. Both the salinity and temperature distribution of
hydrothermal fluids from boreholes from the area suggest
the presence of a fluid density interface between deep saline
brines and less saline shallow waters [Williams and
McKibben, 1989; Williams, 1997]. The high salinity of the
deep hydrothermal reservoir fluids (up to 150,000 ppm
total dissolved solids) is attributed to dissolution of evap-
orites modified by high-temperature fluid-rock interactions
[Helgeson, 1968].
[4] Most of the seeps in the SSGS are located along the

southeastern edge of the Salton Sea, with seeps occurring
both offshore and onshore (Figure 1). Onshore seeps include
bubbling mud pools, gryphons, and gas vents and have been
found in the whole Salton Trough area [Ives, 1951]. In the
Salton Sea, seep activity has been observed as gas eruptions
that usually occur in shallow water along a lineament
extending north from the eastern shoreline [Muffler and

White, 1968; Lynch and Hudnut, 2008; V. Signorotti,
personal communication, 2007].
[5] One of the most concentrated and well-expressed

onshore seep fields is the Davis-Schrimpf field, where more
than 50 individual seeps are located in a 120 m � 120 m
area. At this location, gas, mud, and water are expelled from
gryphons, pools, and gas vents (Figure 1) [Ives, 1951;
Muffler and White, 1968; Sturz et al., 1992; Svensen et
al., 2007]. Gas venting from gryphons and pools is
vigorous with a continuous bubbling activity. Water and
mud mixtures are continuously expelled down the flanks
of the gryphons, whereas the pools generally keep the
water confined. On the basis of isotope evidence, it has
been suggested that carbon dioxide produced from devo-
latilization reactions involving sedimentary carbonate is
the main driver for the seep activity [Muffler and White,
1968; Svensen et al., 2007]. Minor CH4 (<1 vol %) and
liquid petroleum is produced from hydrothermal alteration
of organic matter [Svensen et al., 2007]. The individual
seeps typically have different water tables, gas fluxes, and
fluid exit temperatures. Gryphons are mud-rich and normally
hot (22–69�C), whereas the water-rich seeps are generally
colder (<32�C) and form pools. The seep water may have a
shallow meteoric origin with an overprint of surface evap-
oration [Svensen et al., 2007], but a deep saline component
has also been suggested [Sturz et al., 1992].

3. Data

[6] Temperature monitoring of the Davis-Schrimpf seep
field was carried out in the period 18 December 2006 to
19 March 2007. Two gryphons and two pools were
selected for monitoring, representing the two main seepage
modes. For the gryphons, we used HOBO U12 stainless
steel temperature data loggers, valid in the �40–125�C
range, with a reported accuracy of 0.22�C, a resolution of

Figure 1. (left) Location of the Salton Sea and (right) overview of the Davis-Schrimpf seep field and
the logging stations. Figure 1 (right) is a satellite image taken from Google Earth. Google Earth imagery
#Google Inc. Used with permission.
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0.025�C (both at 20�C), and a response time of less than
3.5 min. For monitoring the pools, we used StowAway
TidbiT loggers valid in the �20–70�C range, with a
reported accuracy of 0.20�C, a resolution of 0.16�C (both
at 20�C), and a response time of about 5 min. All loggers
were programmed for temperature measurements every
fourth minute and were placed 1–2 m below the local seep
surface. The total number of individual measurements per
station is 32,700, spanning a period of 2180 h (90.8 days).
One additional HOBO U12 logger was deployed in a
petroleum-bearing pool (the ‘‘oil pool’’) east in the field
(see Svensen et al. [2007] for location) but was destroyed
by corrosion.
[7] We monitored one of the pools (the North pool) and

the air temperature the following winter and spring, from
4 December 2007 to 2 April 2008. The aim was to check
the consistency and long-term stability of the pool temper-

ature trend, and to test for correlations between seep
temperature anomalies and the regional seismicity. The time
series are shown in Figure 4. Furthermore, we monitored the
oil pool using two HOBO U12 loggers placed at two
different depths (30 cm and 150 cm) for 48 h in December
2007. The aim was to measure the vertical temperature
distribution and hence the degree of heat convection within
the pool. We can use these results as indicative of the degree
of convection in the other pools as all studied pools have the
same typical vigorous gas bubbling.
[8] The seep geochemistry (Table 1) was measured in situ

the same day as the loggers were emplaced. Air temperature
was measured simultaneously at one location in the imme-
diate vicinity of the seeps (Figure 1). The HOBO Pro RH/
Temp logger was mounted on a fence post covered by
bushes about 1 m above the ground to minimize the effects
of direct sunlight on the logger. Seep water salinity was

Table 1. Monitoring Station Fact Sheet

Station Latitude N Longitude W
Salinity
(g L�1)

Density
(g cm�3) pH T (deg C)

West gryphona 33�12.0490 115�34.6750 – – – 62.9
East gryphona 33�12.0470 115�34.6640 3.1 1.7 6.27 64.3
North poola 33�12.0840 115�34.6900 17.6 1.2 6.16 19.1
West poola 33�12.0400 115�34.7140 50.3 1.6 5.78 23.1
Air roada 33�11.9830 115�34.7930 – – – –
Oil poola 33�12.0500 115�34.6550 36.4 1.7 5.89 34.6
North poolb – – – 19.4

aMeasured in situ 18 December 2006.
bMeasured in situ 4 December 2007.

Figure 2. Seep morphology at the monitoring stations. (a) West gryphon. The person is included to
show the scale. The arrow shows the logging station. (b) West pool, where the arrow shows the position
of the thermometer. The person is included to show the scale. (c) North pool, with a hammer to show the
scale and an arrow showing the position of the thermometer. (d) East gryphon with a diameter of �1 m.
The logger was placed in the center.
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measured in situ with a VWR EC300 conductivity instru-
ment. The weight of expelled mud and water mixtures of a
known volume was measured by a commercial electronic
scale, with accuracy better than about 2%.
[9] The seep field is characterized by two main seepage

modes: gryphons and pools (Figure 2). The pools are water
dominated and the gryphons have a higher proportion of
mud (Table 1). The gryphons contain lower-salinity water
than the pools. Table 1 gives the density, pH, and salinity
characteristics of the monitoring stations, and Table 2 gives

the key temperature data from the 90.8 days of monitoring.
The 2006–2007 temperature time series are shown in
Figure 3, and the series from 2007–2008 are shown in
Figure 4. The maximum measured temperature in the seeps
is 69.7�C (west gryphon), and the gryphons have higher
standard deviations than the pools (4.0�C and 6.4�C for the
west and east gryphon, respectively). The north pool is the
coldest of the stations, with a minimum of 14.7�C and an
average of 19.7�C. Note the consistency of temperatures in
the north pool between the two different monitoring periods.

Figure 3. Temperature time series from December 2006 to March 2007 from the four seep stations and
air temperature. Note that the differences in the smoothness of the gryphon and pool variations and that
the daily air temperature variations are easily seen in the north pool as well.
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The west pool has the lowest variability of the stations, with
a standard deviation of 1.6�C.

4. Methods

[10] Statistical analyses of the temperature time series
were performed using the PAST software [Hammer et al.,
2001] and MATLAB 7.5.0 (The Mathworks, Inc.), applying
several different methods. In order to quantify smoothness,
we used autocorrelation analysis [Davis, 1986] measuring
similarity of the time series to itself over a range of time
displacements (lags). For an equal-spaced time series Xi of
length n, we used the following estimate R̂ for the autocor-
relation sequence, where m is the sample mean and s2 the
variance:

R̂ kð Þ ¼ 1

n� kð Þs2

Xn�k

t¼1

Xt � mð Þ Xtþk � mð Þ:

[11] A random, uncorrelated (i.e., white noise) signal is
expected to have near-zero autocorrelation values except for

k = 0. A smoother curve will give slower decrease in
autocorrelation as a function of lag time k. For a single
value of k, statistical significance with respect to, e.g., a
white noise model, can be assessed by standard methods
working on the correlation coefficient [e.g., Davis, 1986].
However, two issues arise. First, we are mainly interested
in studying the autocorrelation over a range of lags,
bringing up the problem of multiple testing. Second, and
more fundamentally, for very long time series such as the
ones reported here, statistical significance is nearly always
achieved even for extremely small values of R because of
the high power of the test. Zero autocorrelation can be
rejected at high significance for all autocorrelations
reported in section 5.1, at all lag times. We therefore
choose to report only the strength R of the autocorrelation
itself.
[12] Spectral analysis was applied using the Lomb

periodogram method [Press et al., 1992] after detrending
by linear regression. Spectral analysis involves the esti-
mation of signal power of sinusoids at all frequencies.
Significance levels relative to a white noise null hypoth-
esis were estimated according to Press et al. [1992], even

Figure 4. Temperature time series of the north pool and air in the period 4 December 2007 to 2 April
2008. Note that the apparent trends of increasing and decreasing north pool temperatures (over �2 week
periods) and that the same trends are seen in the air temperature.

Table 2. Monitoring Station Data

Station
Maximum T
(deg C)

Minimum T
(deg C)

Mean T
(deg C)

Standard
Deviation

Maximum dT
(C min�1)

2006–2007, Days 1–90
West gryphon 69.7 48.9 59.9 4.0 0.089
East gryphon 68.9 37.3 56.4 6.4 �0.956
North pool 25.4 14.7 19.7 2.1 �0.003
West pool 34.0 24.1 30.2 1.6 �0.035
Air road 40.6 �4.8 14.2 8.0 0.824

2007–2008, Days 1–120
North pool 24.5 7.7 19.8 1.7 0.012
Air road 36.6 �1.5 17.9 6.7 0.535
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though the relevance of such tests on long time series can
be debated.
[13] For sinusoidal fitting to the diurnal component of

temperature variation we used the algorithm of least
squares and singular value decomposition [Press et al.,
1992]. A period of 1 day was imposed, and the amplitude
and phase of the sinusoid was fitted by computer. This is
a linear fitting problem, as amplitude and phase can be
computed from the amplitudes of a fitted sine and cosine.
We thus obtained the following model for diurnal varia-
tion in air:

T 0ð Þ ¼ A cos wt � eð Þ;

with w = 7.27 � 10�5 s�1, i.e., one period per day, and A
and e the fitted parameters. Assuming a null hypothesis (to
be tested) of heat transport purely by diffusive conduction
down into the water column of the seep structures, we have
the following analytical solution for the steady state periodic
temperature at depth x in a semi-infinite domain [Carslaw
and Jaeger, 1959]:

T xð Þ ¼ Ae�kx cos wt � kx� eð Þ;

where k =
ffiffiffiffiffiffiffiffiffiffiffiffi
w=2D

p
. We used D = 1.44 � 10�3 cm2 s�1 for

the thermal diffusivity of water. Using an observed time
delay of d s, we can therefore compute the corresponding
probe depth x = wd/k under the null hypothesis. Unlike the
amplitude, the delay of the temperature at depth is
independent from possible effects of a constant heat input

from below, making this procedure robust to violations of
the assumed boundary conditions.
[14] Cross correlation [Davis, 1986] was used to quantify

the similarity of two time series X and Y as a function of
relative time displacement k:

r̂ kð Þ ¼ 1

n� kð Þ
ffiffiffiffiffiffiffiffiffiffiffi
s2
Xs

2
Y

p
Xn�k

t¼1

Xt � mXð Þ Ytþk � mYð Þ:

To account for possible drift over time in the statistical
properties of the data, cross correlation was computed
within sliding windows of length n. For each window
position, the maximum correlation value max(r̂) and the
corresponding lag time kmax were extracted, giving an
estimate of the strength of the correlation and of the delay
between the two series. Traditional significance tests against
a white noise null hypothesis for cross correlation at single
lags are invalid in this case because of multiple testing
across lag times and the considerable autocorrelation [Pyper
and Peterman, 1998]. We therefore used a computer-
intensive Monte Carlo method described by Simpson et al.
[2001]. For each window, we generated 1000 random
replicate pairs of the two time series, each with the same
amplitude spectra as the original data but with random
phases. The maximal cross-correlation value across lags in
each replicate was compared with the original maximum in
order to estimate the probability of the observed maximum.
However, multiple testing across moving windows may still
be an issue.

Figure 5. Autocorrelogram of the 2006–2007 time series. One day represents 360 samples. The
diagram shows that within the region of autocorrelation, the temperature dynamics of pools are slower
than those of gryphons.
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[15] The magnitude-squared coherence spectrum was
calculated for the air-north pool pair, in order to emphasize
the cross correlation of the diurnal component in the
frequency domain. The Welch averaged, modified periodo-
gram method ‘‘mscohere’’ in Matlab was used with a
window size of 2048.
[16] As shown by direct inspection and autocorrelation

analysis, the time series are fairly autocorrelated (smooth).
In order to emphasize possible transients, we used autore-
gressive modeling. In such a model, the time series Y is
regarded as resulting from an uncorrelated, stochastic com-
ponent X being filtered (e.g., smoothed) by a simple
recursion relation:

Yi ¼ b1Yi�1 þ b2Yi�2 þ Xi:

In this case, the model is of order 2 and is referred to as
AR(2). The parameters of the AR(2) model were estimated
by maximum likelihood according to Melard [1984]. The

order of the model was established using the Akaike
information criterion, indicating that AR(1) produces
insufficient fit, while AR(3) and higher lead to overfitting.
We plot the residual (error) time series X simply as a
visualization aid to bring out transients, and no statistical
assumptions or inferences are made.

5. Results

5.1. Curve Smoothness

[17] Autocorrelation among the 2006–2007 seep time
series shows that at time scales shorter than about 2 days
(720 samples), the temperature curves for the two pools
are considerably smoother (more autocorrelated) than the
two gryphons (Figure 5). The smoothness is also evident
visually in the temperature time series (Figure 3). At time
scales exceeding 2–3 days, the positive autocorrelation
breaks down in all of the time series. The negative
autocorrelations in Figure 5 arise from the weak, large-
scale �1 week quasiperiodic oscillations. The oscillations

Figure 6. Analysis of diurnal variation in the detrended temperature curve for the north pool, days 66–
90, 2007. (a) Lomb periodogram (power spectrum), p = 0.01 significance level at power 0.0021. The
1-day periodicity and its first harmonic are evident. (b) Data fitted to a sinusoid with a period of 1 day
(dashed line), showing the influence of diurnal air temperature variations on the seep temperature.
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are best developed in the time series shown in Figure 4,
where they appear to be in phase with comparable air
temperature oscillations.

5.2. Influence of Air Temperature

[18] Heat interchange between the air and the seeps can
be assessed using the response to the daily temperature
cycle. This was done by fitting the phase and amplitude of a
sinusoid with a period of 1 day.
[19] For the pools, the identification of a corresponding

peak in the spectrum confirmed the presence of diurnal
periodicity with a frequency of 1 day (Figures 6 and 7). A
peak is also observed for periods on the order of 1 week,
possibly associated with weekly air temperature oscilla-
tions, as remarked in the previous chapter. The amplitude
and wavelength of these larger-scale oscillations seem to
vary over time, showing that the time series is not statisti-
cally stationary, and this low-frequency peak may simply
reflect the autocorrelation present in the data. In addition, air
temperature shows an increasing trend, especially from mid-

January and onward. The procedure was therefore carried
out over three time spans in the 2006–2007 series in order
to study changes over time and in different air temperature

Figure 7. Analysis of diurnal variation in the detrended temperature curve for the north pool, now for
the north pool 2007–2008 monitoring. (a) The 1 day periodicity and its first harmonic event. (b) The
sinusoid fitted data. Again, it is demonstrated that the pools are strongly influenced by the diurnal air
temperature.

Table 3. Results of Temperature-Sinusoid Fitting From 2006–

2007

Peak-Peak Amplitude
(deg C) Delay (min)

Days 1–33
Air 13.88 0
Western pool 0.11 314
Northern pool 0.56 263

Days 33–66
Air 15.92 0
Western pool 0.34 403
Northern pool 0.83 212

Days 66–90
Air 20.00 0
Western pool 0.35 443
Northern pool 1.24 197
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domains (Table 3). The difference in fitted phase between
air and pool series was used to estimate the delay time. The
temperature of the west pool responded to air temperature
with a lag of 314–443 min, whereas the north pool
responded with a lag of 197–263 min. Note that delays
may be 1 or more whole days longer than indicated, as this
is indeterminate using this method alone. With these ob-
served delays, the probe depth expected under a regime of
purely diffusive conduction would be 8.6–12.2 cm in the
west pool, and 5.4–7.2 cm in the north pool. This estimate
is based upon solving the heat diffusion equation, and the
calculated temperature probe depth would be much less than
the actual depth of 1–2 m. Alternatively, delay of an
additional whole day would be unlikely under this model
considering that the corresponding amplitude attenuation
would be much larger than observed, whereas attenuation
estimated from the delay being smaller than observed could
be explained by heat flux from below.
[20] The lack of clear cross correlations between air and

gryphon temperatures (Figure 8a) and the lack of 1-day

periodicity (Figure 8b) discard a diurnal periodicity for the
gryphons. Thus, there is no evidence for a thermal coupling
between air and gryphon probes. The cross correlation
between air and pool temperatures is, however, significant,
and particularly clear for a period of 1 day and its harmonics
(Figure 9). The cross correlogram between air and north
pool temperatures is similar for the three time windows, but
only the results from the first 33 days are shown in Figure 9.
On short time scales, the first peak is found for a delay of
3.3 h (50 samples), in reasonable accordance with the result
from sinusoidal fitting, reflecting heat transport from air to
water driven by daily temperature variations. Given a peak
correlation value around 0.4, the proportion of temperature
variation in the north pool explained by variation in air
temperature is R2 = 0.16.

5.3. Correlations and Delays Between Seeps

[21] Possible thermal couplings and delays between seeps
were evaluated by cross correlation. After day 24, the west
pool seems to follow the west gryphon with a delay of

Figure 8. (a) Cross correlation between air temperature and gryphon temperatures, showing no strong
correlations. This means that the gryphon temperature is not significantly overprinted by the air
temperature. (b) Spectral analysis of East Gryphon (solid line) and West Gryphon (dashed line) detrended
temperature curves, showing no spectral peak for a periodicity of 1 day.
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