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NET PRIMARY PRODUCTIVITY OF PERIPHYTIC ALGAE
IN THE INTERTIDAL ZONE,
DUWAMISH RIVER ESTUARY, WASHINGTON

By LARRY J. TILLEY and WILLIAM L. HAUSHILD,
Menlo Park, Calif., Tacoma, Wash.

Prepared in cooperation with the Municipality of Metropolitan Seattle (METRO)

Abstract.—Net primary productivity of periphyton in the
intertidal zone of an economically important estuary in south
Seattle, Wash., was determined. This productivity, measured
as chlorophyll ¢ concentration in the periphyton on fixed glass
substrates, was 0.11 mg/m? per week. The low productivity
of attached algae on the substrates was attributed to out-of-
water desiccation, and part of the variability in accumula-
tion of periphytic algae was attributed to the time out-of-
water exposure, which varied greatly from week to week ow-
ing to the irregularity of tides in the estuary.

In a comprehensive study of the Duwamish River
estuary, Seattle, Wash. investigations of the amount
of algal biomass produced or deposited in the estuary
included an estimation of the rate of growth of at-
tached algae. A program of the U.S. Geological Sur-
vey in cooperation with the Municipality of Metro-
politan Seattle (Metro) includes determining the
causes and effects of low DO (dissolved oxygen) con-
centrations in the estuary and predicting results on
future DO concentrations of greater releases of sew-
age effluent from Metro’s secondary sewage-treatment
plant near Renton, Wash., river kilometre 20.4. Welch
(1969) and Welch, Emery, Matsuda, and Dawson
(1972) estimated growth rates for the phytoplankton
and periphyton accumulated on floating substrates,
respectively, and related these rates to phytoplankton
blooms and environmental influences.

Periphyton is a biotic community composed of or-
ganisms attached to submerged objects in water; algae
normally represent a significant fraction of this com-
munity. In this study, periphyton was collected on
glass microscope slides because they are a standard,
bare, uniform substrate for periphyton attachment
and chlorophyll ¢ was used to estimate algal produc-
tivity.

Because the banks and bed of the estuary have much
more surface area than do floating objects within the
estuary, they have a high potential to produce more

algal biomass. The growth of algae on floating sub-
strates reflects more closely the phytoplankton than
the periphyton growth rates and, as a result, esti-
mates of attached algal growth on the banks of the
estuary are too high.

Algal growth on fixed substrates in the intertidal
zone is strongly influenced by alternate wetting and
drying, and this effect upon growth rates may be
dominant regardless of quality of water in the estuary.

THE ESTUARY

The Duwamish River estuary, like many estuaries
in urban areas, is undergoing changes in waste-water
input and in its riverbanks. Historically, the junction
of the Black and Green Rivers (river kilometre 19.1)
is considered the beginning of the Duwamish River
(fig. 1, this report; Richardson and others, 1968).
Elliott Bay, an arm of Puget Sound, is between the
river estuary and the sound, which is considered the
Duwamish’s free connection with the Pacific Ocean.

The estuary (fig. 1) is narrow in proportion to
length, and for the greater part its banks are fairly
straight and nearly parallel; only a few shallow side
channels remain from old meanders. It is maintained
as a navigational channel by dredging upstream to
river kilometre 10.0 The bed of the estuary is com-
posed of mixtures of sand, silt, clay, and organic
detritus. The composition increases in sand during
periods of high freshwater inflow and in silt, clay,
and organic detritus during periods of low fresh-
water inflow.

The extent of saltwater excursion upstream depends
on the river discharge and tides. During low river
discharges, tides affect the flow and stage in the Green
River to about river kilometre 25.1. Whether saltwater
intrudes to at least river kilometre 12.4 for discharges
between 17.7 and 28.3 m?®/s depends on tidal height.
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Ficure 1.—Bridge locations used as sampling points, Duwa-
mish River estuary, Seattle, Wash.

Stoner (1967) showed that saltwater intrudes to. river
kilometre 12.4 for river discharges less than 17.7 m®/s
and never intrudes to river kilometre 12.4 for dis-
charges more than 28.3m3/s. For all river discharges,
the water moving into the estuary from Puget Sound
forms a saltwater wedge. In saltwater-wedge estuaries
—as defined by Pritchard (1955)—net movement of
water in the wedge is landward because the water
moving seaward in an overlying layer entrains salt-
water from the wedge..:Therefore, the. salinity of
water in the overlying layer increases in the seaward
direction. e S S
_The freshwater. inflow varies. from. sporadic peak
- flows of 333 m®/s to a minimum of 5-6.7 m?/s in dry
weather. High flows occur in the winter and spring
months, especially when heavy rains follow closely a
period of heavy snowfall in the Cascade Range. Warm
temperatures coupled with the heavy. rains can cause
unseasonable melting of snow. From mid-July through
September, low flows are predominant and are much
less than 16.7 m3/s.

ALGAE, DUWAMISH RIVER ESTUARY, WASHINGTON

Semidiurnal tides in the Duwamish River estuary
are as much as 4 m. A complete tidal cycle takes
about 25-h; and a cycle usually has two high waters
and two low waters. High water is the maximum
height reached by each rising tide and low water is
the minimum height reached by each falling tide.
Heights of successive low waters and successive high
waters usually are unequal. The largest .inequalities
generally are those for the low waters, although large
differences between heights of successive high waters
frequently occur. Dawson and Tilley (1972) further
describe the general circulation patterns within the
Duwamish River estuary.

WATER QUALITY

Inflowing freshwater is a calcium bicarbonate type
water and has small amounts of total dissolved solids,
33 to 71 mg/1 (Santos and Stoner, 1972). However,
the water that reaches the estuary has large amounts
of plant nutrients (Welch, 1969; Santos and Stoner,
1972). DO concentration prior to 1968 never was less
than 4.0 mg/l. at a water-quality monitoring station
established in 1965 at East Marginal Way Bridge,
river kilometre 12.6 (Santos and Stoner, 1972).

Saltwater enters the estuary in the lower layer and
has nearly the same salinity -and temperature as the
water in Elliot Bay, an arm of Puget Sound. DO
concentration near the bottom is always greater at
river kilometre 1.9 than at river kilometre 7.7 (Daw-
son and Tilley, 1972).

DO concentrations as low as 2.0 mg/1 were observed
at river kilometre 7.7 prior to 1971 (Welch, 1969;
Welch and others, 1972). Santos and Stoner (1972),
prior to 1968, measured DO concentrations less than
1.0 mg/1 and suggested that phytoplankton respira-
tion and decomposition after death contributed to the
low.DO levels. Tilley and Dawson (1971) demon-
strated how plant nutrients are trapped by the estuary,
primarily in the area of river kilometre 7.7 where the
lowest DO levels were found.

Because excess algal growths can contribute to low

DO levels in water, it was necessary to account for

all the algae that was potentially available to the

.. Duwamish  River estuary. Algal biomass in the form

of phytoplankton, incoming river phytoplankton, in

“situ periphyton, and periphyton attached to floating

objects was estimated in other studies by Welch and
Isaac (1967), Welch (1969), Santos and Stoner (1972), -
Welch, Emery, Matsuda, and Dawson (1972), and
Tilley and Hauschild (written commun., 1974). A re-
maining source of algae would be the attached algae
In the periphyton of the intertidal zone which this
study estimates.
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SAMPLING STATIONS

Three vertical staffs with substrates distributed over
the tidal range were placed at bridges in the estuary.
Two staffs were at two of three drawbridges in the
dredged part of the estuary: one staff at river kilo-
metre 1.9, the farthest downstream drawbridge, and one
staff at river kilometre 7.7, the farthest upstream draw-
bridge. The third staff was at the first bridge upstream
from the dredged part of the estuary, river kilometre
10.5. Table 1 summarizes the station features and char-
acteristics.

TABLE 1.—Some sampling station features and characteristics,
Duwamish River estuary, southern Seattle, Wash.

River Sampling Streambank features and
kilometre station characteristies
10.5 Boeing Bridge -_____ High mudbanks of intertidal

stream.Grass and weeds in
areas not covered by asphalt
parking lots on both sides of
stream.

No vegetation. Factory on east
bank, mobile home park and
marina on west bank.

No vegetation. Flour mill and
marina on east bank, steel
mill on west bank.

7.7 14th Avenue
South Bridge,
a drawbridge.

1.9 Spokane Street
Bridge, a
drawbridge.

METHODS

Water levels in the intertidal zone of the estuary
vary as much as 4 m during some tidal cycles, and
much of the bank is alternately above and below wa-
ter. To estimate growth of algae that undergo alternate
wetting and drying, periphyton accumulation on sub-
strates attached to removable vertical staffs that were
placed on bridge piers and fenders was observed dur-
ing the summer and fall of 1970.

Glass microscope slides, 25 by 75 mm, bearing iden-
tification numbers etched by a glass-marking pencil,
were used in this study as artificial substrates for sam-
pling periphyton. Advantages of using glass slides
were documented by Slideckovi (1962). The slides
were positioned flat against the vertical staff and only
the periphyton that accumulated on the exposed side
of each slide was analyzed for chlorophyll a. Before
scraping the exposed side of the substrate, the edges
and back side of the slide facing the staff were cleared
of all accumulations. The exposed side of a slide was
scraped with the edge of a clean glass slide, using a
solution of 90 percent acetone as the scraping and
rinsing medium. Disruption of cells and extraction of
pigments were done simultancously during scraping.
The acetone mixture was transferred to a 10-ml centri-
fuge tube, capped, shaken vigorously, and refrigerated
overnight. Tilley (1972) used the scraping procedure
and reported an average recovery of 99.8 percent of
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the accumulated periphyton. Chlorophyll ¢ was deter-
mined by using a spectrophotometer and the techni-
ques described by Strickland and Parsons (1968, p.
185-192).

Seven glass substrates were placed 0.6 m apart along
the length of each staff which, in turn, was so posi-
tioned that the uppermost substrate was just under
water at the higher high tides (approx 3.6 m above
mean lower low water) and the lowermost substrate
was just above water at the lower low tides (approx
0.3 m below mean lower low water). Three substrates
were exposed for each periphyton sample collected to
obtain better representation and, if necessary, to allow
for losses. Substrates were retrieved and replaced
weekly in a manner allowing for the determination
of the periphyton growth for totals of 1, 2, 3, and 4
weeks. Each 4-week-long exposure series did not over-
lap. The three series of exposure were during the low
freshwater flows of July, August, and September 1970.

RESULTS AND STATISTICAL ANALYSIS

The results from the three series of exposure of
glass substrates are contained in table 2. The glass sub-
strates were out of water or under water to a degree
that depended on their elevation (height relative to
mean lower low water). The gross effect of the inter-
mittency of time under water of periphyton biomass is
indicated by the observation that the chlorophyll a
concentrations in periphyton accumulated on continu-
ously wet substrates in the estuary during the summer
and fall of 1969 (Tilley and Haushild, written com-
mun., 1974) was much greater (tenfold) than the con-
centrations on intermittently wet substrates during
summer and early fall of 1970.

An analysis of covariance indicated that differences
in chlorophyll @ concentrations among the three ex-
posure series are no greater than would be expected
by chance alone (95-percent confidence level). There-
fore, the three 1-month series of data were averaged.
Results shown in figure 2 suggest that (1) chlorophyll
a concentration in periphyton accumulations in the in-
tertidal zone increases with exposure time and, (2)
chlorophyll @ concentration at river kilometre 7.7 may
be somewhat greater than that at river kilometres 1.9
and 10.5. However, the differences between concen-
trations at the stations were not significant because
variability in chlorophyll @ concentration was as great
as the differences.

A multiple-regression analysis was used to relate
periphyton biomass, ¥, on substrates in the intertidal
zone to length of exposure time, 7', and substrate ele-
vation, £. The resulting equation for the regression
model is
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PERIPHYTIC ALGAE, DUWAMISH RIVER ESTUARY, WASHINGTON

TABLE 2.—Chlorophyll a concentration, in milligram per square metre, in periphyton accumulations on glass subsirates in the
intertidal zone of the Duwamish River estuary during summer and fall 1970

{1, 2, 3, and 4 are exposure times in weeks for indicated monthly series]

Substrate July August September
elevation 1
(metres) 1 2 3 4 1 2 3 4 1 2 3 4
At Boeing Bridge, river kilometre 10.5
3.45 02 <031 <01 0.2 <0.1 <0.1 0.5 04 <01 <0.1 0.5 0.3
2.85 2 <.1 5 4 4 <1 .8 T 3 <1 4 5
2.25 b5 <1 5 2 1.0 <1 1.3 .8 4 <1 9 2
1.65 9 <1 1.1 3 4 <1 1.8 1.1 4 2 4 4
1.05 239 <1 q 2 8 ———— 1.1 1.1 3 2 B 2
45 1.8 3 1.6 2 2.1 <1 3.5 2.6 4 1.4 3 3
—.15 1.6 1.0 28.2 1.4 5 ——— 2.8 *q 4 q 1.3 2.0
At 14th Avenue South Bridge, river kilometre 7.7
3.45 <01 0.2 0.3 <01 <0.1 <01 <0.1 0.3 <01 <01 0.2 0.2
2.85 <1 .6 <1 3 <1 <1 <1 2 1.2 <1 5 8
2.25 2 1.0 3 1.9 <1 4 3 — 2.1 4 2.0 2.7
1.65 <1 1.1 3 2.2 <1 5 2 N 4 4 9 2.6
1.05 <1 q 5 1.9 <1 1.1 4 8 1.3 1.6 2.0 4.9
45 5 1.7 D 3.6 <1 1.0 N 5.5 .6 1.5 1.7 5.6
—.15 5 2.3 q 3.5 <1 1.9 14 2.2 1.5 5 .8 2.0
At Spokane Street Bridge, river kilometre 1.9
3.45 <0.1 <0.1 <0.1 <0.1 <01 <0.1 0.2 <0.1 <0.1 <0.1 <0.1 <0.1
2.85 <.1 2 <1 3 <1 <1 3 <1 <1 <1 4 2
2.25 <1 1.1 <1 q <1 <1 N Rs} 3 <1 4 3
1.65 <1 D 2 .8 <1 <1 5 1.1 2 2 2 2
1.05 <1 2.1 <.1 1.0 <1 <1 kil 1.4 3 <1 3 .6
45 <1 1.1 <1 1.3 <1 <.1 1.8 2.2 4 <1 <1 2
--15 2 1.8 <1 1.8 <. <1 2.1 3.1 <1 <1 3 <1

1 Zero elevation of substrate equals elevation of mean lower low water.

2 Values found to be outliers resulting from application of the Dixon-criterion (Natrella, 1963, p. 17-3).

Y = 0.90+0.117 —0.30E, (1)
where Y is expressed in milligrams of chlorophyll «
per square metre, 7' is in weeks, and £ is in metres.

The model is restricted to the values of 7' and £ and
to estuary locations given in table 2 or figure 2. Al-
though the relation expressed by equation 1, was sig-
nificant at the 95-percent confidence level, the standard
error of estimate is 0.8 mg/m? which reflects the great
variability within the chlorophyll ¢ data.

Use of a weighted percentage of the time a substrate
was out of water instead of substrate elevation as an
independent variable did not improve the determina-
tion of periphyton biomass. However, a model using
percentage of out-of-water time for substrates is in a
form more directly comparable with results of studies
in other estuaries, so its development is presented
here. Tide stage was recorded every 15 min at river
kilometre 5.5, and from that data cumulative fre-
quency distributions of the high and low waters dur-
ing July through September 1970 were determined
(fig. 3). The few low and high extremes in the tidal-
stage data were not used in computing the cumulative
frequency distribution for each high or low water; the
occasional times substrates were under water during
extreme high waters probably did not aid periphyton
growth on substrates at high elevations nor was growth
on substrates at low elevations deterred much by an

ELEVATION, IN METRES FROM
MEAN LOWER LOW WATER

CHLOROPHYLL @ CONTENT IN MILLIGRAMS PER SQUARE METRE

FIGURE 2.—Variations in average chlorophyll a concentration
in periphyton samples with exposure time and elevation of

periphyton samples from three locations in the Duwamish
River estuary during summer and fall 1970.

occasional brief exposure to air .

The relation of periphyton biomass (as is indicated
by chlorophyll @ concentration, ¥') to exposure time,
7, and the weighted percentage of days that substrates
were out of water, P, were determined from a regres-
sion analysis. First, the cumulative frequency of out-
of-water time for each substrate location was deter-
mined for each high and low water from the data in
figure 3. The weighted frequencies resulting from these
determinations are listed in table 3.
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Fieure 3.—Distribution of frequency of occurrence for high
and low water in the Duwamish River estuary during sum-
mer and early fall 1970. The five highest and five lowest
waters were not included in the analysis for each high
and low water.

TaBLE 3.—Weighted percentage of days substrates were out

of water
Substrate Low tide High tide
elevation Total
(metres) Lower Higher Lower Higher
3.45 100 100 100 54 585
2.85 100 100 35 0 320
2.25 100 79 0 0 218
1.65 100 39 0 0 158
1.05 100 8 0 0 112
0.45 93 0 0 0 93
—0.15 45 0 0 0 45
Weighting
factor __ 1.0 1.5 2.0 2.5 -

Weighting of the frequencies was based on the
reasoning that periphyton accumulation on substrates
under water only during high waters would be much
less than that on substrates out of water only during
low waters. Multipliers of 2.5, 2.0, 1.5, and 1.0, rather
than other combinations of multipliers, were applied
to the frequency percentages for higher high, lower
high, higher low, and lower low waters, respectively
(see table 3), because computed concentrations agreed
most closely with observed concentrations. The equa-
tion for the regression model expressing the relation-
ship among ¥, 7', and P is

Y = 0.81+0.117 - 0.002P, (2)
where ¥ is expressed in milligrams of chlorophyll «
per square metre, 7 is time in weeks (¥ and 7 are the
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same as in equation 1), and P is the accumulated
weighted frequency in percent, at an elevation in the
intertidal zone.

The standard error of estimate for equation 2 1is
0.8 mg/m? The restrictions on variable values for
equation 1 also apply to equation 2.

Equations for models 1 and 2 express periphyton
biomass in terms of exposure time and substrate ele-
vation—or its substitute, the percentage of time a
substrate is out of water. Because of the large vari-
ability within the observed data and the relatively low
amounts of chlorophyll ¢ found growing on the sub-
strates after the 4-week-long exposure series, produc-
tivity can only be poorly estimated by using either
equation 1 or 2. For the 4-week-long exposure series,
the fit of observed chlorophyll @ concentrations to
computed chlorophyll @ concentrations is shown in
table 4. The end points of the ranges in water-surface
elevations are the elevations (within the range sam-
pled) that are exceeded by high and low waters on 5
and 95 percent of the days during the study period.
The data in table 4 indicate a general increase in
periphyton biomass that correlates with a decrease in
the frequency substrates underwent desiccation.

DISCUSSION

Observed chlorophyll a concentrations in the peri-
phyton of the Duwamish River estuary were highly
variable. Tilley and Haushild (written commun.,
1974) show that for 21 replicate observations of chlor-
ophyll @ concentration in accumulated periphyton the
standard deviations averaged 20 percent of the mean
concentration.

Although differences in periphyton accumulation
among the three sampling locations in the estuary
seemed possible, they were not determinable from the
observed data. The large temporal and spatial vari-
ability in chlorophyll @ concentration means that there
were relatively large errors in estimating the concen-
tration from models using time-dependent and space-
dependent variables.

In similar studies along the Oregon coast, Casten-
holz (1961) found that grazers (zooplankton) at
Yoakin Point effectively kept bare areas free of
marine littoral diatom populations during three sum-
mers. Castenholz (1963) later speculated that desicca-
tion was the primary reason for slow repopulation of
marine littoral diatoms on bare areas at Gregory
Point. In the intertidal zone of the Duwamish River
estuary, desiccation of substrates during out-of-water
periods seriously affected periphyton accumulation,
but the degree of any effect attributable to grazing on
the periphyton population is unknown.
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TABLE 4.—Means and ranges of 4-week chlorophyll a concentrations, in milligrams per square metre, in periphyton qccumyla-
tions on glass substrates during summer and early fall 1970 for various ranges of water-surface elevation in the intertidal

zone of the Duwamish River estuary

Range in

water-surface 4-week chlorophyll a concentration

elevation Observed Computed range Remarks
(metres) Mean Range Equation 1 Equation 2 ] '
=3.79 0.2 . 0-0.1 0 Higher high water, was higher than elevation 3.79 m on §
percent of the days during the study period.
3.35-3.79 2 <0.1-0.5 0.2-0.3 0-0.3 Lower high water was higher than elevation 3.35 m on §
percent of the days during the study period.
2.46-3.35 4 <0.1-0.8 0.3-0.6 0.3-0.7 The 2.46 m elevation was below lower high water and
above higher low water on about 95 and 5 percent of the
days, respectively, during the study period.
0.72-2.46 q <0.1-2.0 0.6-1.1 0.7-1.0 The 0.72 m elevation was below higher low water and above
lower low water on about 95 and 5 percent of the days,
: . respectively during the study period.
—0.15-0.72 1.2 <0.1-3.5 1.1—}.4 1.0-1.3 The —0.15 m elevation, the lowest observed, was under

water 95 percent of _1:133 days during the study period.

1 Zero elevation of water surface equals elevation of mean lower low water.

Periphyton accumulation in the estuary varied with
the exposure time and the frequency that substrates
were out of water. Models for estimating variability of
chlorophyll @ concentration in periphyton accumula-
tions were determined from regression of chlorophyll
concentration against two sets of independent variables
and had about equal standard errors of estimates. Con-
centrations determined from the model using substrate
elevation agreed somewhat closer with observed con-
centrations, whereas models using the frequency that
substrates are out of water may be more suitable for
comparison with the results of studies of other estu-
arine environments.

Periphyton both use and contribute to the oxygen
supply in stream water through photosynthesis, res-
piration, and decomposition during their life cycle.
The models that provide a means of. estimating bio-
mass and growth rate of periphyton are an aid to
evaluating the effect of periphyton on dissolved oxy-
gen levels in the Duwamish River estuary.

As determined by this study, the net primary pro-
ductivity of the periphyton in the intertidal zone of
the Duwamish River estuary is too low to be a major
factor in decreasing DO levels in the estuary. The

data suggest that the amount of periphyton that can
be produced in excess of the capacity of the estuary
to rid itself of that algae is negligible. The net pri-
mary productivity of chlorophyll ¢ as determined by
both mathematical models is about 0.1 mg/m? per
week. Welch, Emery, Matsuda, and Dawson (1972)
estimated net primary productivity rates as much as
100 mg/m? per week for algae in periphyton accumu-
lated on floating substrates and as much as 70 mg/]
chlorophyll a for phytoplankton in the Duwamish
estuary. Wetzel (1965) suggested that growth rates
for periphyton collected on floating substrates in a
lake are probably a measure of the potential rate of

growth of phytoplankton algae. However, both esti-
mates of net primary productivity rates in the Duwa-
mish estuary by Welch, Emery, Matsuda, and Dawson
(1972) are much greater than the estimate for at-
tached algae in the intertidal zone determined in this
study. Therefore, it is the phytoplankton, rather than
periphytic algae, that affect DO concentrations in the
estuary through their photosynthesis, respiration, and
decomposition.

REFERENCES CITED

Castenholz, R. W., 1961, The effect of grazing on marine
littoral diatom populations: Ecology, v. 42, no. 4, p. 783-
794.

1963, An experimental study of the vertical distribu-
tion of littoral marine diatoms: Limnology and Oceanog-
raphy, v. 8, no. 4, p. 450462,

Dawson, W. A., and Tilley, L. J., 1972, Measurement of salt-
wedge excursion distance in the Duwamish River estuary,
Seattle, Washington, by means of the dissolved-oxygen
gradient: U.S. Geol. Survey Water-Supply Paper 1873-D,
27 p.

Natrella, M. G., 1963, Experimental statistics: U.S. Dept.
Commerce, Natl. Bur. Statistics Handb. 91 chap. 17, p.
17-3; reprinted in 1966 with corrections.

Pritchard, D. W., 1955, Estuarine circulation patterns: Am.
Soc. Civil Engineers Proc., v. 81, separate 717, 11 p.
Richardson, Donald, Bingham, J. W, and Madison R. J., 1968,
Water resources of King County, Washington, with e sec-
tion on Sediment in streams, by R. C. Williams: U.S.

- Geol. Survey Water-Supply Paper 1852, 74 p.

Santos, J. F., and Stoner, J. D., 1972, Physical chemical and
biological aspects of the Duwamish River estuary, King
County Washington, 1963-67: U.S. Geol. Survey Water-
Supply Paper 1873-C, 74 p.

Sladeckova, Alena, 1962, Limnological investigation methods
for the periphyton (aufwuchs) community: Bot. Rev., v.
28, no. 2, p. 286-350.

Stoner, J. D., 1967, Prediction of salt-water intrusion in the
Duwamish River estuary, King County, Washington, in
Geological Survey research 1967: U.S. Geol. Survey Prof.
Paper 575-D, p. D253-D255.




TILLEY AND HAUSHILD

Strickland, J. D. H., and Parsons, T. R., 1968, A practical
handbook of seawater analysis: Fisheries Research Board
Canada Bull. 167, 311 p.

Tilley, L. J., 1972, A method for rapid and reliable scraping

of periphyton slides, in Geological Survey research 1972:-

U.S. Geol. Survey Prof. Paper 800-D, p. D221-D222.

Tilley, L. J., and Dawson, W. A., 1971, Plant nutrients and
the estuary mechanism in the Duwamish River estuary,
Seattle, Washington, in Geological Survey research 1971:
U.S. Geol. Survey .Prof. Paper 750-C, p. C185-C191.

Welch, E. B, 1969, Factors initiating phytoplankton blooms
and resulting effects on dissolved oxygen in Duwamish
River estuary Seattle, Washington: U.S. Geol. Survey
Water-Supply Paper 1873-A, 62 p.

259

Welch, E. B.,, Emery, R. M., Matsuda, R. I, and Dawson, W.
A., 1972, The relation of periphytic and planktonic algal
growth in an estuary to hydrographic factors: Limnology
and Oceanography, v. 17, no. 5, p. 731-737.

Welch, E. B.,, and Isaac, G. W., 1967, Chlorophyll variation
with tide and with plankton productivity in an estuary:
Water Pollution Control Federation Jour. v. 39, no. 3, p.
360-366.

Wetzel, R. G., 1965, Techniques and problems of primary pro-
ductivity measurements in higher aquatic plants and
periphyton, in Goldman, C. R., ed.,, Primary productivity
in aquatic environments: Ist. Italiano Idrobiologia Mem.,
supp. 18, p. 249-267; printed [1966] by California Univ.
Press, Berkeley, Calif.






Jour. Research U.S. Geol. Survey
Vol. 3, No. 3, May-June 1975, p. 261-271

UPWARD MIGRATION OF DEEP-WELL WASTE INJECTION FLUIDS IN
FLORIDAN AQUIFER, SOUTH FLORIDA

By M. I. KAUFMAN and D. J. McKENZIE, Tallahassee and Miami, Fla.

Abstract—Geochemical data from an industrial deep-well
waste injection system southeast of Lake Okeechobee indicate
a decrease in sulfate concentration concomitant with an in-
crease in hydrogen sulfide concentration, a result of oxidation
of injected organic waste by anaerobic bacteria. Subtle de-
creases in the sulfate-chloride ratio suggest that the waste
migrated upward to a shallow monitor well about 27 mo after
waste injection began and again within 15 mo of the resump-
tion of waste injection after the injection well was deepened.
The possibility of a hydraulic connection between the injec-
tion zone and overlying monitoring zone is implied. The de-
crease in the sulfate-chloride ratio appears to be a sensitive
indicator of waste migration. Potential conflicts exist in the
use of the Floridan aquifer for waste disposal and subsequent
use as a natural resource.

Hydraulic and geochemical data were collected at an
industrial deep-well waste injection system southeast
of Lake Okeechobee near Belle Glade, Fla. (fig. 1),
during 1971-73 as part of the U.S. Geological Survey’s
research program to evaluate the effects of under-
ground waste disposal on the Nation’s subsurface en-
vironment (Kaufman, 1973).

The objectives of this investigation were to under-
stand more comprehensively subsurface geochemical
interactions of injected liquid waste and to determine
the movement and the ultimate fate of these wastes in
a highly permeable saline carbonate aquifer.

During the investigation, anaerobic decomposition
and sulfate reduction were found to result in increased
hydrogen sulfide concentration (Kaufman, 1973;
Kaufman, Goolsby, and Faulkner, 1973). The decrease
in sulfate concentration and concomitant increase in
hydrogen sulfide are attributed to oxidation of the
injected organic waste by anaerobic bacteria. The prin-
cipal source of sulfide is the reduction of sulfate in the
native ground water, the sulfate serving as the oxygen
supply for the bacteria. Since chloride is a conserva-
tive parameter, sulfate reduction is best expressed in
terms of sulfate-chloride ratios.

In discussing the upward migration of the waste,
Kaufman, Goolsby, and Faulkner (1973, p. 532) noted
that “* * * g glight decrease in the sulfate-to-chloride
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Ficure 1.—Belle Glade area and potentiometric surface map
of Floridan aquifer in south Florida (modified from Healy,
1962). Arrows show direction of ground-water movement.

ratio suggest[s] that the waste front arrived at the
shallow monitor well in February-March 1969, about
27 months after waste injection began.” Upward mi-
gration of the waste was first detected by the operators
several months later, during the fall of 1969.

The purpose of this paper is (1) to evaluate subsur-
face geochemical interactions of injected liquid wastes,
(2) to explore the concept that changes in sulfate-
chloride ratios are a sensitive indicator of the migra-
tion of these organic wastes, and (3) to evaluate the
movement and position of the waste front.

In this report values are given in both English and
metric units of measurement. The following table lists
the factors used for conversion of the English units to
the metric International System (SI) units:
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~ Conversion table

English units Multiply by To obtain metric units

Inches (in) __________ 2.54 Centimetres (em).

Feet (ft) oo 3048 Metres (m).

Miles (mi) —__________ 1.609 Kilometres (km).

Gallons _______________ 3.785%10™ Cubic metres (m®).

Million gallons (10° 3,785 Cubic metres (m®).
gal).

Gallons per minute 6.309%X10™*  Cubic metres per
(gal/min). second (m®/s).

Million gallons per .04381 Cubic metres per
day (Mgal/d). ’ second (m®/s).

Square feet per day 0929 Square metres per
(£t2/d). day (m®/d).

Feet per day (ft/d) ___ .305 Metres per day

(m/d).
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ing data and engineering reports on the deep-well in-
jection system.

HYDROGEOLOGIC SETTING AND DESCRIPTION
OF INJECTION SYSTEM

Early Tertiary age carbonate rocks that include sev-
eral highly permeable cavernous zones filled with
saline water and separated from one another by dense,
relatively impermeable carbonate or evaporite beds
underlie southern Florida at depths from about 1,000
to 3,500 ft (305-1,070 m). The upper 1,000 ft (305 m)
of this thick carbonate section is a part of the princi-
pal artesian aquifer of the southeastern United States,
commonly called the Floridan aquifer in Florida
{Stringfield, 1966).

The Floridan aquifer, as defined by Parker, Fergu-
son, Love, and others (1955, p. 188-189), consists most-
ly of limestone and dolomite of middle Eocene to
middle Miocene age. The permeability of the aquifer
and of those Tertiary carbonate rocks underlying it is
variable; in many places the rocks in the intervals be-
tween zones of relatively impermeable limestone and
dolomite are extremely cavernous. Figure 2 shows the
general sequence of permeable and impermeable beds
in a subsurface section from Belle Glade to the Straits
of Florida.

From December 1966 through 1971, hot acid liquid
waste was injected into the lower part of the Floridan
aquifer at the Belle Glade site between depths of
about 1,500 and 1,900 ft (460 and 580 m). The injec-
tion zone is separated from the overlying upper part
of the Floridan aquifer by 150 ft (46 m) of dense car-
bonate rocks. The confining beds above and below the
injection zone and the beds in the aquifer are subject
to attack by the acid waste injected.
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The Belle Glade injection system consists of one
injection well, one shallow monitor well, and one deep
monitor well which is also used as a standby injection
well (fig. 3). The two monitor wells are used to assess
the effects of waste injection on the aquifer.

The injection well was originally cased to a depth of
1,495 ft (465 m) with 12-in (30-cm) casing and was
completed as an open hole to a depth of 1,939 ft (591
m) in the lower part of the Floridan aquifer. Injection
was through an 8-in (20-cm) stainless steel liner run
to the bottom of the casing and set with a packer.

The shallow monitor well 1s 75 ft (23 m) south of
the injection well. The well is cased to a depth of 648
ft (198 m) and is completed as an open hole to a depth
of 1400 ft (427 m) in the upper part of the Floridan
aquifer. The well monitors hydraulic and geochemical
effects within the upper part of the Floridan aquifer
above the confining beds and within the upper 50 ft
(15 m) of the confining beds.

The deep monitor well is 1,000 ft (305 m) southeast
of the injection well and is used to assess effects with-
in the injection zone. It is cased to 1,490 ft (454 m)
with 12-in (80-cm) casing and is completed as an open
hole to 2,067 ft (630 m) in the lower part of the
Floridan aquifer. This well also has an 8-in (20-cm)
stainless steel liner run to the bottom of the casing and
set with a packer.

The injected waste fluids include the effluent from a
furfural plant and from an adjacent sugar mill. Fur-
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Fieure 3.—Industrial waste injection and monitoring system,
as of January 1972 after deepening injection well. Before
deepening, the casing depth was 1,495 ft and the open-hole
depth was 1,939 ft. (Modified from Garcia-Bengochea and
Vernon, 1970.) Chloride concentrations at a given depth were
the same after deepening the well as they were before.

fural is an aldehyde processed from sugarcane bagasse.
The effluent is hot and acidic (=1 percent acetic acid)
and has a large content of organic material.

When injection began late in-1966, it was seasonal;
by 1973 it had become more or less continuous. During
1966-73 more than 1.1 billion gallons (4.16X10° m®) of
waste were injected. Dissolution of the carbonate rocks
is indicated by comparing a borehole caliper log of the
100-ft (30-m) section of the injection well just below
the casing made in June 1966 with-one made in August
1971 (Kaufman, 1973). The logs show considerable
enlargement of the borehole and localized channels in
the carbonate rocks: The injection iridex (injection rate
divided by the difference between bottom-hole pressure
and preinjection pressure) has increased indicating
that the permeability near the well bore has increased
locally.

As indicated by traces of acetate ion, the liquid
waste was detected at the deep monitor well in 1967
shortly after operations started, according to Vernon
and Garcia-Bengochea (1967) -and Garcia-Bengochea
and Vernon (1970)
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An increase in COD and a decrease in pH were
detected by the company in the shallow monitor well
in the fall of 1969, at the start of the fourth operating
season, and indicated upward migration of the injected
waste.

Native ground water near the base of the upper part
of the Floridan aquifer contains about 1,000 mg/l
chloride. A permit for the injection system, issued by
the Florida State Board of Health, limited waste in-
jection into zones of native ground water containing
more than 1,500 mg/1 chloride.

In an effort to confine the waste to the lower part of
the Floridan aquifer, the well was modified. In the
fall of 1971, the well was deepened to 2,242 ft (683 m),
and the liner (inner casing) was extended and ce-
mented to 1,938 ft (591 m) (fig. 3).

During the modification phase, October 1971 through
January 1972, the deep monitor well was used for
waste injection. More than 75 million gal (2.84X10°
m?3) of waste was injected. Injection of liquid waste
into the deepened injection well was resumed in mid-
January 1972,

METHODS OF STUDY

Injected waste, native Floridan aquifer water, and
fluids from the injection zone were periodically sam-
pled for comprehensive chemical analyses and for
determination of dissolved gases and microbe concen-
tration (Kaufman and others, 1973).

To detect and estimate the concentration of anaerob-
ic sulfate-reducing bacteria, a procedure of serial in-
noculation of water from the monitor wells and the
waste into a series of 9-ml sterile vials containing
Bacto-sulfate API Broth (code 0500, Difco Labora-
tories) was utilized: in March 1972. The procedure was
carried out in accordance with the recommended prac-
tice given by the American Petroleum Institute (1959).

Dissolved gas samples were collected from the shal-
low monitor well and deep monitor well in October
1971 and March 1972, respectively. The samples were
collected by use of a Hamilton gastight syringe and
were analyzed by use of gas chromatography.

Comprehensive chemical analyses of the water sam-
ples included 'such ‘determinations as hydrogen sulfide,
pH, alkalinity, acidity, sulfate, chloride, organic car-
bon, turbidity, COD, and specific gravity. Correlations
of specific chemical data were made between the in-
jected fluid and the fluids in the shallow and deep
monitor wells. The movement and position of the
waste front were calculated on the basis of an assumed
porosity and permeability distribution, and chloride
distribution -within the upper part of the Floridan
aquifer was assessed.
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Changes in sulfate-chloride ratios in the monitor
well fluids were evaluated and compared with opera-
tional changes in the injection system. Emphasis was
placed on interpreting observed changes in this ratio
with respect to waste migration. By use of a ratio
rather than absolute concentration, it is relatively sim-
ple to discriminate between changes due to sulfate
reduction associated with waste migration and changes
due to dilution and or mixing of various waters. The
extent of mixing with underlying more saline waters
having a Jower sulfate to chloride ratio may be ascer-
tained from the chloride concentration.

RESULTS AND DISCUSSION

Injected waste

The injected waste is hot (=75°-93°C), acidic
(pH~2.6-4.5), and high in organic and nitrogen and
phosphorus concentrations. The organic carbon concen-
tration exceeds 5,000 mg/1 and suspended solids exceed
1,800 mg/1. The chloride concentration of approximate-
1y 100 mg/1 is more than an order of magnitude lower
than that of the native ground water in the injection
zone. The sulfate concentration ranges from 80 to 190
mg/l. Owing to the higher temperature and relatively
low salinity at which the waste is injected, the waste is
less dense than the native ground water (Kaufman,
and others, 1973).

Backflow of injected waste (from deep monitor well)

The deep monitor well was used for waste injection
from October 8, 1971, to January 12, 1972. After cessa-
tion of waste injection the injected Wastes were allowed
to backflow continuously at about 2 to 8 gal/min (12—
80%10-° m3/s. The fluid was sampled to provide in-
formation on subsurface geochemical interactions,
anaerobic degradation, and the ultimate fate of or-
ganic wastes with residence time.

Evaluation of the chemical data for the backflushed
fluid indicates that the fluid was partly neutralized and
decomposed. The waste was partly neutralized to a pH
of 5.5 within the carbonate environment almost im-
mediately (January 1972), after which the pH gradu-
ally increased until at about a pH of 6.5 equilibriumn
between carbonate and waste was established.

In native ground water, the relation between chlor-
ide concentration and that of several other constituents
present is constant. Therefore, the concentration of
various constituents of native ground water may be
accurately estimated if the chloride concentration is
known, chloride behaving as a conservative parameter.
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Table 1 shows the composition of native ground water
with concentrations of constituents “normalized” to
ground water having a chloride concentration of 1,300
mg/], as compared to the actual composition of injec-
tion zone fluids backflushed from the deep monitor
well and having an equivalent chloride concentration.
Significant changes from the “normalized” composition
indicate subsurface geochemical interactions.

TABLE 1.—Changes in injection zone fluid 75 days after waste

emplacement

Normal Actual
ized composi. Percent
composi tion2 change

tiont (mg/1)
Chloride .__________________ 1,300 1,300 0
Alkalinity (as CaCOs) ______ 100 3,920 43,820
Calcium ______________ 120 1,100 +-817
Magnesium _______._________ 125 700 +460
Siliea . _____ 18 58 +220
Sulfate ____________________ 420 228 —45
S0,:Cl ratio . ________ 0.32 0.18 —44
HeS 4 68 41,600

1 Composition of native ground water with concentrations of con-
stituents normalized to ground water having a chloride concentration
of 1,300 mg/l.

QComposltion of injection zone fluids backflushed from deep monitor
well 75 days after emplacement of wastes.

Alkalinity increased substantially (probably be-
cause of weak acids in the injected waste), as did hy-
drogen sulfide, the latter increase due to sulfate reduc-
tion by anaerobic bacteria. Increases in calcium,
magnesium, and silica are attributed to dissolution of
carbonate and minor amounts of quartz within the
injection zone.

Sulfate reduction with time in the backflushed fluid,
accompanied by an increase in hydrogen sulfide, is
indicated in figure 4. The sulfate-chloride ratio de-
creased from 0.38 to 0.005, the sulfate concentration
decreased from 365 to 4 mg/l, and the hydrogen sul-
fide concentration increased from 3.4 to 87 mg/l. The
increase in chloride concentration during 1972 reflects
mixing with underlying, more saline, native ground
water.

A gas sample collected from the deep monitor well
on March 27, 1972, contained about 75 percent carbon
dioxide, 23 percent methane, and 2 percent nitrogen.
Additionally, the presence of sulfate-reducing bacteria
in the backflushed fluid was confirmed. Hydrogen sul-
fide concentration was 68 mg/1.

Thus, oxidation of the organic waste by anaerobic
bacteria is taking place within the saline subsurface
environment. The principal source of hydrogen sulfide
is the reduction of sulfate which serves as an oxygen
source for the bacteria.

Also, in the process of methane fermentation (reduc-
tion of CO, to CH,), dissolved carbon dioxide could
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Fieure 4.—Sulfate reduction and changes in chloride concen-
tration with time in fluid from the deep monitor well.

serve as an oxygen source for the anaerobic oxidation
of organic matter in the waste, methane gas being one
of the byproducts of bacterial use of the waste. Both
sulfate reduction and methane fermentation are ap-
parently occurring.

In this system the decreased sulfate concentrations
can be quantitatively accounted for by the increased
hydrogen sulfide concentration, which is attributed to
sulfate reduction. However, in other systems some loss
of sulfate might be accounted for by sulfate precipita-
tion as calcium sulfate (gypsum) (D. A. Goolsby, U.S.
Geol. Survey, written commun., Mar. 29, 1974). This
probability is suggested because of the decreasing solu-
bility of gypsum with increasing temperature, coupled
with increased calcium concentration due to dissolution
of carbonate.
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Geochemical effects (shallow monitor well fluids)

Upward migration of the acidic waste to the shal-
low monitor well is indicated by analyses of water
from that well (table 2). The effects by March 1971
include increase in calcium and organic carbon con-
tents, COD, color, and alkalinity; decrease in pH, sul-
fate content, and sulfate-chloride ratios; and genera-
tion of a considerable quantity of hydrogen sulfide.

The reduction of sulfate with time (indicated by
changes in sulfate-chloride ratios) in fluid from the
shallow monitor well is shown in figure 5. Changes in
the sulfate-chloride ratios are compared with opera-
tional changes in the injection system and with pre-
sumed arrival of the organic-rich waste at the shallow
monitor well. During 1969-70 and the first half of
1973, the reduction of sulfate with time is similar to
that shown in figure 4 after the commencement of back-
flow of injected waste from the deep monitor well.
Native water from the upper part of the Floridan
aquifer at the injection site has a sulfate-chloride ratio
greater than 0.40 (table 2) and a hydrogen sulfide con-
centration of about 4 mg/1.

Subtle chemical changes in water from the shallow
monitor well, as indicated by slight increases in caleci-
um and chloride concentration and in alkalinity, and
by a decrease in the sulfate-chloride ratio from 0.41 to
0.35 (fig. 5), suggest that the waste migrated upward
to the shallow monitor well in February or March
1969, about 27 mo after waste injection began. The
operators reported upward leakage of waste at the
shallow monitor well in November 1969. The sulfate-
chloride ratio declined to 0.22 by March 1971. The sul-
fate concentration decreased from 350 mg/1 in Febru-
ary 1969 to 186 mg/1 in March 1971.

Analyses of the three samples collected from March
1971 through March 1972 suggest that the water from
the shallow monitor had stabilized (table 2), probably
owing, in part, to the temporary cessation of injection
of wastes and the deepening of the injection well.

TABLE 2.—Partial chemical analyses—shallow monitor well, Belle Glade, Fla.
[Analyses in milligrams per litre, except as indicated. Jtu, Jackson turbidity units. Color, platinum—cobalt units]

3-14-661 2-5-69! 3-4-69! 3-18-71 10-20-T71 3-28-72 9-28-72 12-15-72 4-19-73 7-6-73
Alkalinity (as CaCOs) __ 118 132 157 902 898 902 845 853 902 925
pH 74 7.85 8.00 6.61 6.61 647  _____ 6.5 6.6 6.4
Caleium _______________ 99 105 118 258 252 250 270 260 280 240
Cop [ 20 1 698 461 1486 1529 1,100 1,100 1410

: *(311) *(1726)

Organic carbon _________  _____ ___.__ _____ 475 480 365 280 334 274 237
Color (units) __________ 1 0 8 50 60 20 40 120 40 60
Turbidity (Jtwu) _______  _____ _____ . .. 20 20 30 110 100 120
Sulfate ________________ 364 350 363 186 218 210 310 380 240 170
Chloride —___________ 855 845 1,025 830 870 940 860 900 900 860
HoS il amim e e 85 98 8 . 72
S0,:Cl1 ratio ___________ 0.48 0.41 0.35 - 0.22 0.25 0.22 0.36 0.42 0.27 0.20

1 Furnished by courtesy of Black, Crow, and Eidsness, Inc.,, Gainesville, Fla. Analysis on or within 1 day of date shown.
2 Analysis 12-12-72. Furnished by courtesy of Black, Crow, and Eidsness, Inc.
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Fieure 5.—Sulfate reduction with time in fluid from the
shallow monitor well.

Hydrogen sulfide concentrations ranged from-83-to

98 mg/1 during that same period. Methane, nitrogen,
and carbon dioxide were present in March 1971, and
the presence of anaerobic sulfate-reducing bacteria was
confirmed in March 1972. -

The slight increase in the sulfate-chloride ratio just
prior to October 1971 is correlated with a plant shut-

down. 'Waste injection into the deepened injection well

began in January.1972. Subsequently, in March 1972,
the sulfate-chloride.ratio in the shallow monitor well
fluid decreased slightly.

From March to September 1972 the ratio increased
from 0.22 to 0.36. Beyond September 1972 it continued
to rise and reached a value of 0.42 by-December .1972.
This increase is correlated with a plant shutdown and
cessation of waste injection from early August through
the end of October 1972. An anomaly (perhaps owing
to residual effects of the previous waste presence) is
the relatively high organic carbon, color, turbidity, and

COD (U.S. Geol. Survey analysis) of the fluid sam- -

pled in December 1972, occurring simultaneously with
an apparent cessation of anaerobic bacterial a(_;tiyity. _
Waste injection resumed in November 1972, after

which the sulfate-chloride ratio decreased from 042 in:

December 1972 to 0.27 in April and to 0.20 in July
1973. The sulfate concentration decreased from 380
mg/1 in December 1972 to 170 mg/1 in July 1973 while
the chloride concentration remained almost constant.
Acidity increased slightly from 1.0 meq/l1 of hydrogen
ions in December 1972 to 3.9 meq/1 in April 1973.

The decrease in ratio suggests a return of the nutri-
ent-rich, organic-rich waste, a return contributing to

increased anaerobic bacterial metabolic:activity:"The

for

UPWARD MIGRATION, WASTE INJECTION FLUIDS, FLORIDAN AQUIFER, FLORIDA

decrease. in the ratio is significant in that it suggests
that the waste migrated upward again to the shallow
monitor well during or before April 1973, within 15
mo of the resumption of waste injection into the
deepened injection well in January 1972. Further, if
the resumption of waste injection in November 1972 is

used -as the base of reference, then a response to injec- -

tion was detected within 6 mo in the shallow:monitor
well. In June 1973 the injection well was shut down by
the operators, and the injection of waste was again
shifted to the deep monitor well.

The upward migration of the waste after resump-
tion of waste injection, in part due to solution of the
carbonate rocks, may also be attributed to increased
effective transmissivity resulting from the higher tem-
perature and hence the comparatively lower viscosity
of the waste fluid with respect to formation fluid. As
discussed in detail later, the apparent hydraulic con-
ductivity of the aquifer at the injection site could in-
crease about 2.5 times because of temperature differ-
cnce alone. ‘

Percentage changes in certain parameters in shallow
monitor well fluids from March 1966 to March 1971
and from December 1972 to July 1973 are given in
table 3. Chloride serves as a conservative parameter
comparison. Calcium concentration increased
markedly from 1966 to 1971, attributed to dissolution
of carbonate rock. Alkalinity also increased, probably
associated with the presence of weak acids in the
injected waste. Sulfate concentration and the sulfate-
chloride ratio decreased because of sulfate reduction
associated with anaerobic decomposition of the waste.

“TABLE-8.—Changes in-shallow monitor well fluids

Percentage changes
Mar. 1966 to Dec. 1972 to

Parameter Mar. 1971 July 19738
Chloride —3 —4
Calcium _ +160 —8
Alkalinity _ +665 +8
Sulfate _____ —49 —55
80,4:Cl ratio —49 —52

From December 1972 to July 1973 calcium and al-
kalinity changed very little, reflecting the residual

-effects of the previous waste presence; however, sulfate .

concentration and the sulfate-chloride ratio changed
considerably, apparently reflecting the greater sensi-
tivity of these parameters to renewed waste migration
with consequent increased bacterial action.

The quick response and apparent sensitivity of the .
sulfate-chloride ratio to operational changes in the
injection system implies the possibility of a hydraulic
connection b