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1. INTRODUCTIOR

The emission, transport and dispersion of i
pollutants from energy production areas in com-
plex landforms is a subject of continuing con-

" cern with respect to-asgessments on whether
emitted pollutants may cause a significant im-' -
pact on the general public and environment
through the mechanisms of chemical reactioms,
impaction, dry depositioa and ‘acid precipitation.

A 1imited surface and aircraft sampling
study was conducted in the Geysers-Calistoga
Geothermal Resource Area.{GGRA) to collect ini-
tial data on the short-range (5 to 20 km) trans~
port of pollutant waterials and a sulfur: hexa~
fluoride (SFg) tracer from this geothermal elec~
trical generation area (The Geysers). ' The elec~ .

'trical generating capacity of the Geysers is :
undergoing extensive expansion. Power plant
cooling towers and geothermal wells located on
mountain ridges, slopes and valleys release a
variety of emissions (Martin, etal. 1978).- A
potential environmental issue in this area is
the release of hydrogen sulfide and its trans--
port to surrounding ‘communities and sgricultural
areas. Since these emissions can result in an
odor nuisance if concentrations exceed 30 ppb

- (California Air Quality Standard) it is impor-
tant to assess the transport and dispersion of
the Geysers emissions to surrounding areas.

The Bezteette (PNL) sampling study was 7
" accomplished during the DOE ASCOT. Cooling Tower -
fleld program in August 1981 as part of the day-
time limited mixing experiments (Cudiksen, 1982).
- On August:23 and 24, 'the ASCOT group conducted .’
extensive meteoro}ogical and .tracer experiments

during the daytime hours. In addition to :hese»-: o

‘two days, the PNL aircraft also sampled on
August’ 20 and 21 for gaseons sulfur (st) and
nirborne aerosols. . .

The goals of the PNL study were four fold'
a) to define the types-and quantities of air-
borne materials such as, H3S, B, As, Cd, Pb, Cr
and Hg that are emitted from the geothermal
operations, b) collect data on the location,
- “height and concentration of the airborne materi=
als and SFg tracer, c) examine the role of ver-
tical wind shear in the transport of the H2S and
SFg tracer plumes and d) if possible, estimate
the flux of pollutant material being transported:
from the Geysers. The four-day study, although
clearly insufficient to satisfy these four
goals, nevertheless, was intended to provide
initial data on the short-range (5 to 20 km)
transport of pollutants from an area source (The
Geysers) in complex terrain. The purpose of

*P;W. Nickola passed away August 1982.
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. this paper is to discuss‘the initial data analy-

sis and results in respect to the first three

" goals. - A final analysis and conclusions will be
" reported in the future.r

2, EXPERIMENTAL DESIGN

2,1 Site Description

. The airborne and surface sampling was con-
ducted over the GGRA located approximately 40 km
north of Santa Rosa and about 65 km east of the
Pacific Coast. Figure 1 shows the relative loca-
tion of the GGRA and the major area of geothermal
operations (The Geysers). The Geysers (shaded
area in Fig. 1) are located in the Mayacmas moun-

tains which are oriented in a northwest-~south-
.east direction. The Russian River valley lies to

the west and Clear Lake lies to the north of the

‘Geysers., Prominent mountain peaks in.the area
. are Cobb Mtn. (1439m), Boggs Mtn. (1122m), Mt.
St. Helena (1324m), Mt. Hannah (1212m) and Mt.

Konocti (1280m).
2.2 Instrumentation

2.2.1 Surfgce equipment

. Surface sémplers were used to collect air-
borne aerosols during the same period that the
aircraft was sampling overhead. Standard high-

- volume samplers wére placed at seven different

locations within and in the vicinity of the
Geysers (Fig. 1). Table 1 shows the range in

", --elevations of the sampling €ites. The location

of the sampler sites were dictated by accessibil—

S 1ty and availability of power.

The flow rate of each ssmpler was calibrated
and set at approximately 0.50 m3min=1l. Each

- 'sampler was monitored at the beginning and end of
* ' pach experimental period. Table 1 shows the

average flow rate and total air sampled per day

“for the different sampler locations, The Whatman
" No, 41 filters used in the high-volume samplers
,had an exposed area of 52.8 cmz (dia=8 2cm),

2 2.2 Aircraft Instrumentation

‘ The aircraft sampling was conducted with the
PNL Cessna 411 aircraft which was equipped with

- the following measurement and sampling systems:

a PNL real-time SFg analyzer, real-time sulfur
analyzer (Meloy SA285), an ozone monitor (Bendix
8002), a MRI integrating nephelometer, and a
high-volume filter sampler. Atmospheric state
parameters which were measured included air tem-
perature, dewpoint and pressure altitude. Geo-
graphic coordinates (latitude, longitude) were
obtained from a Global (GNS-500A) navigation
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Figure 1. Géographtc Settzng ‘of the Geysers-
Calistoga Geothermal Resource Area (GGRA), The
Geysers, and Location of Aireraft SampZzng
Flzghts and Surface High-Volume FzZter -Samplers.

TABLE 1

Surface high-volume sampler locatioms, elevations,
average flow rates andvaverage total air sampled.
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system. - These data and the real-time air quality
and tracer data were recorded by a magnetic tape
data acquisition system. The filters used in the ~
airborne high-volume sampler were Zefluor mem-
brane filters with an exposed surface area of
2.2 em? (dia=5.2cm). :

2.3 Experimental Procedures oA

The general flight procedure was to cobtain
background measutements in the morning hours just
west of the Geysers at. approximately 1050 w and
1550 @ (m.s.1.). In the afternoon, the H3S, o
‘serosol, and SFg sampling was conducted east (and
downwind) of the Geysers between 1000 m and .1900.
m., Exceptions to this flight procedure occurred
.on August 20 when the procedure was reversed, and
on August 21 when the background was taken in the
early afternocon before sampling east of : the
Geysers. - The principal sampling transects, shown
in Fig. 1, were 5 to 12 km from the Units 9 and

" 10 power plant within the Geysers. 'These tran-
sects were flown in a race track manner at three
different altitudes for an hour or.more for each
‘altitude. Each transect was flown from three to
five times except for a transect at 18-20 km
which was flown once. On August 21 and 23 the
majority of sampling took place east of Boggs
Mtn. on a northwest to southeast flight track.
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. sampling H2S and SF¢ in real-time was limited by

" urements required flying on a fixed path and
‘altitude for a minimum of one hour in order to
collect sufficient material for analysis.

of afrcraft sampling.

" 2.4 Synoptic Weather Pattern

. the four days of sampling were determined by the L
" subtropical high pressure area off the Califor- T
" nia-Oregon coast and a deep, wintexr-like low

.. an influx of marine air into the GGRA, mainly in
* the afternoons. After August 22, the cold front .

stationary near Vancouver Island.
.8 new low pressure system and weak cold fromt

- layer inland.
. but this cloud layer was dissipated by noon. The

- available rawinsonde winds up to 2000 m for the

"northwesterly upper~-level winds.
7. soundings taken in the experimental area by the

; other three days.

3.1 Composicion and Enrichment of Geysers'

. filters.
. five surface and three airborne samples, was

The range of ‘altitudes and distances for

the altitude sensitivity of the real-time sam-
plers (baseline response varies with pressure)
and the sampling of aerosols. The aerosol meas-

The ‘surface-based high-volume samplers were
turned on at the beginning of the aircraft flight
and operated continuously during the 7 to 8 hours

The synoptic and weather conditions during

pressure area in the northern part of the Gulf

of Alaska. Between August 20 and 22, a ridge of
high pressure on the Oregon-California coast in-
duced a weak onshore pressure gradient and caused

from the Gulf of Alaska low pressure area had
moved to the Washington coast and became quasi-
On August 24,

woved' inland into northern Washington. - The sur-
face front trailed southward through Oregon and
northern California resulting in a slight cool-
ing trend and a stronger influx of the marine

: Alliafternoons of the sampling days were’
essentially cloudless. Extensive morning marine
‘stratus was present over the GGRA on August 23

weak frontal passage during August 24 caused a

few scattered and poorly developed fair weather
cumulus over the northern mountain peaks in the
afternoon. Figure 2 shows a time series of the

four sampling days. Most all aircraft sampling
flights were conducted during southwesterly to
Temperature

tawinsonde and ASCOT tethersondes indicated an
elevated temperature inversion on August 23. The
depth of the inversion increased from 1200 m to
1500 o (m.s.1.) between 1000PST and 1700PST. No
significant inversions were present during the

3.7 RESULTS AND DISCUSSION

Aerosols

The four days of sampling reéulted in 41
An initial selection of eight filters,

RS R

made for X-ray fluoresence (XRF) and neutron
activation analysis (NAA). To date three fil-
ters have been examined by XRF and all eight
were examined by NAA. Of the more than. thirty
elements potentially fdentifiable by XRF and NAA
only fourteen had air concentrations of suffic-
ient magnitude to warrant further consideration.

The crustal enrichment factor (EF¢) was
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thure 2. Horizontal Wind Dtrectzan and Speed

as a Function of Height for August 20, 21, 23

and 24, 1982 at Sawmill Flats. Aireraft eamplzng
heights and times represented by dashed boxes.

B - Backgraund S - Sampling.

calculated for these fourteen elements in the -
eight filter samples. The crustal enrichment -
factor EFc=(Cx/CFe)aerosol/(Cx/Cre)crust ;
expresses the relative enrichment of trace ele-.

‘ments as compared to crustal abundance. A EFe
- less than 1 indicates depletion of an element,

whereas a value greater than 1 indicates enrich=,

ment of a given element relative to the refer- °

enced crustal material Fe. Generally, an enrich-
ment factor of 10 or more is considered signifi-
cant with respect to snthropogenic input to the

atmosphere (Rahn, 1971).. Table 2 shows the cal- -

culated enrichments for-the selected surfnce and

airborne filter samples.

Trace elements of particular interest in

‘geothermal operations are As,Cd,Hg,S,Pb and Cr.

The XEF analysis shows a wide range in enrich--

ments for these elements. The NAA analysis shows

an enrichment for As, Br and Cr and these results
are consistent with the XRF analysis. Cadmimum

and mercury results of the NAA analysis were sub-
. ject to large analysis errors and are not shown.

The enrichment of the near-surface aerosols in.
lead(Pb) and bromine(Br) could be the result of

. ‘gecthermal emissions (Lepel etal., 1978;

Fruchter, -1980) - although observed concentrations
must alsc result, in part, from vehicle emissions
associated with the Geysers operations and sur-
rounding communities. Bromine may also be at - -
least partially of marine origin although sodium
enrichment factors suggest insignificant input
of marine aerosol. The XRF and NAA analysis of

the aircraft filters is incomplete. There may be .

some minor transport of As,Cr,Br and Zn from the.
Geysers based on the three filters snalyzed to
date. .-

3 2 H»S8 (Gaseous Sulfur) Transport from the
Geysers

One of the primary pollutants from the
Geysers is gaseous sulfur in the form of H2S.
Surface and aircraft filter samples indicated

.,sulfut enrichment in the collected serosol. A

TABLE 2

Crustal Eanrichment Factors forFTrace Elements
Detected in Selected Surface and Aircraft Filter

‘Samples in the GGRA.
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low ccncentration but measureable gaseous sulfur
plume was detected on all four days in thé east-
ern quadrants from the Geysers since the winds

.. were generally from westerly directions. The

range in maximum concentrations varied from 6 to

.36 ppb. Concentrations between background levels
.and 25 ppb were detected at elevations between

1700 and 1900 m(m.s.l.), (Table 3). A brief
synopsis of the results from two of the four days
follows:

TABLE 3

‘ Range of Avefage Maximum 20-sec H2S Concentra~

tions as a Function of Elevation for the Four

. - Sampling Days{ppb).

Llevation( & n.3

Pate . 950-1200 3200-1395 1800-1600 "”«‘Mﬁ Baskgreund
August 20 L el 25-36 15=-31 2025
sugust 29 waw L) $=13 (23] lo)
sugust 23 919 oew 310 2.2 2-3

o august 2 =9 5-8 s-10 vee 3-8

On August 20, the ﬁlume was detected between

1200 and 1900m and was found to be moving toward

the north and northeast (Fig.3). Maximum concen-
‘trations varied between 15 and 36 ppb at dis-

" tances 5 to 12 km from the GGRA. A definite HpS

odor was detected in the aircraft at 1500 m about

'.:4 km ftom the Geysers.

On August 24, plume concenttstions were lower
- than observed on August 20 and ‘the plume was mov-
ing to the northeast. . The plume between

950 -and ‘1200 m originated from Anderson Creek

‘south of Cobb Mountain and traveled eastward be-

tween Boggs Mountain and Middletown. The plume
axis between 1400 and 1600 m was located near
Cobb Mountain and moved northeastward. The shift

‘dn the plume axis was epparently the result of

the wind direction backing with height. The
gampling at higher elevations was done with
southwest winds and the sampling in lower eleva-
tions was accomplished during a later period
when wind directions were changing to the north-

'vest.

3.3 SFg Tracer Transport from the Geysers

On August 23 and 24, a SFg tracer was re-
leased from Units 9 and 10 power plant cooling
tower at a rate of 3 gmsec~l from 1300 PST to
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Change in direction of the average
centerline axris with height due to
vertical directional wind shear as depicted by
the aircraft sampling on August 23 and 24, 1981.

Figure 47
SFg pl;Z;

1900 PST. The altitude of Units 9 and 10 is 968
The average maximum plume rise from -

n (n.s.1.). ; ‘
the cooling tower as estimated by aircraft lidar
was about 450 m (1418 m m.s.1.) on August 23 and

L *® .‘
MIDOLETOWN @ 1067m)

detected at the third altitude of 1800 m (m.s.l.).

On these days the wind direction change with

height was around 50 deg and 30 deg, respectively.
The change in direction of the plume axis on
August 23 was 40 deg and on the 24th was around
45 deg. The effect of the vertical wind shear

' was to spread the plume over a wider area than

would happen if the wind shear was not present.

4. . CONCLUSIONS

This four-day study, although clearly in-

. gufficient to define all the aspects of the trans-

port problem for The Geysers nevertheless has

" provided initial data regarding the short-range
- transport of pollutants from The Geysers geo-
_thermal operations. :

- The initial analysis of the data has shown
that a measurable plume of gaseous sulfur (H2S)
is emitted from the Geysers and transported by

o surface and upper-level winds to distances beyond

o Geysers.

20 km.  Only one day had concentrations above 30
ppb and on this day H2S was detected as a distinct
odor at 1500 m (w.s.l.) at 4 km or more from the
The initial data analysis of the HjS
and SFg plume data have revealed the important
role that vertical wind shear plays in changing
plume trajectories with height and enhancing
diffusion of pollutants. Surface and aircraft
sampling of aerosols indicate that small quanti-
ties of trace elements such as, As,Cd,Hg,Pb,Cr
and Br may be transported from the area.

. Acknowledgements '

1100 m (2068.w m.s.1.) on August 24 (Uthe, 1982).

A SFg plume was detected over Anderson Creek
and again east of Boggs Mountain between 1000 =
and 1800 o (m.s.l1.).
were as high as 550 ppt and decreased to 140-280
‘ppt at 12 to 14 km nmortheast of Boggs Mountain.
Between 18 and 20 km, the plume became indistinct
and difficult to detect. . :

The vertical directional wind shear observed
on both sampling days changed the direction of.

Near ‘source concentrations -

the plume axis with height as discussed previous-

ly in regard to the gaseous sulfur plume. Figure
4/ shows the average SFg plume axis as observed
at two altitudes on August 23 and three alti-

. tudes on August 24. On August 23, SFg was mnot
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