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Figure 1 Process flow schematic. This diagram shows the complete structure of the Living Machine. Water enters from the restrooms (1) to Anaerobic Reactors (2,3) for deamination and anaerobic digestion of organic material to CO2. Nitrification begins in the Closed Aerobic Reactors (4, 5) and aerobic metabolism of organic material to CO2. Nitrification continues in the Open Aerobic Reactors (6). The Clarifier (7) removes bacterial flocs from the water before it enters the treatment wetland (8) to undergo denitrification and removal of phosphorus.

Figure 2 Hydrologic profile of the LM. The wetland is fed with water on the East side (left)  by an Influent Sump. Water flows to the west end around the Open Aerobic and Clarifier tanks before it is collected at the Effluent Sump and drained to a storage tank. Arrows show the direction of through the system.

Figure 3 LM floor plan. This plan view shows the positions of the tanks and other obstructions in the wetland. A reference grid that was used for both sampling and planting along with Row and Column labels can be seen in this view.  Circles at the grid intersection denote location of marsh water sampling ports.  The fiberglass mesh walkway is indicated with a red outline.

Figure 4 A Typical Sample Port.  Sample ports are made of ¾” (1.91 cm) interior diameter PVC pipes cut to 3 lengths. They provide access to water at three depths without requiring disturbance of the wetland surface.
Figure 5 Map of Initial Planting. This figure shows the location and distribution of plant species after the initial planting, September 2001.  Species are indicated in the legend.
Figure 6 Vegetation distribution as of 4-10-03. This map shows the current distribution of vegetation in the wetland. Three species, Juncus spp, Iris spp, and Carex Languinosa have thrived and are spreading in the wetland.
Figure 7 Linear Range of Dye. Results of an experiment to determine the linearity of fluorescence response to concentrations of Rhodamine WT dye encountered in the experiment. These results allowed the TD-700 fluorometer to be calibrated based on the concentration of a single standard.

Figure 8 Early and late T-series from 8-6-02 showing slug. Maps of dye concentration in plan view. These spatial maps of concentration show the motion of a dye pulse introduced into the influent sump through the wetland. Data are interpolated from the sampling ports over the entire marsh area using GIS.  “T1” represents the first time dye samples were collected from the sampling ports, approximately 1 hour after dye was introduced.  The pulse arrives as a very tight packet in T1 near the east edge of OA2. By Time 6, the dye has spread, and appears to follow a path moving to the area between all three tanks, and above OA1 / OA3. 
Figure 9 Max Concentration Maps for 7-26-01 and 8-6-02. GIS maps of maximum concentration suggest preferential paths for dye along the northern half of the greenhouse, and reflect the dispersion effect on dye as it moves from east to west. 

Figure 10 Difference in maximum concentration  (7-26-01 and 8-6-02). This GIS map is the result of subtracting the maps in figure 9 from each other. It shows changes in the amount of dye being delivered to each point. There is an across-the-board increase in measured dye concentration from 7-26-01 to 8-6-02.  This difference is most pronounced near the point of entry for dye.

Figure 11 Depth Profile. GIS maps showing the vertical distribution of dye in the wetland for two experiments. Flow appears to be delivered to the lower depth of the wetland. This is below the root zone for most of the plants.
Figure 12 Time of Peak Arrival. These GIS maps show the time of arrival for peak concentrations, which is an indication of when the dye slug passed a given point.
Figure 13 Difference in Time of Peak Arrival. This is the result of subtracting the two layers in Fig. 12 from each other. This map provides some indication of the variability of flow conditions in the wetland.

Figure 14 Effluent diffusion curves. Peaks arrive with the majority of the dye, and their time of arrival is used to measure retention time for the tracer.

Figure 15 Times of peak and max concentration in effluent. Time of peak arrival shows a decrease as experiments progress in time, which indicates that retention time in the wetland is becoming lower. Meanwhile, the maximum concentration of dye in the wetland is increasing. 
Figure 16 D7 Auto sampler. Dye concentration in a sample port near the influent at the long (91.1 cm) depth  (location D7, see Fig. 3). The location of this port has only one possible approach for dye, and is situated very close to the influent sump. This curve exhibits a sharper peak than that seen in the effluent, and a more regular decline.
Figure 17 Percent Dye recovered. The results of integration of the effluent dye curves. A percentage of material recovered > 100% represents a serious error in the experiment that has not yet been accounted for.

Figure 18 Initial Concentration of dye in wetland. This figure represents background fluorescence in effluent water before dye was added on each day an experiment was conducted.

Figure 19 Effluent nutrients.  Time series of nutrient concentrations in Effluent during the 1/29/03 experiment in which nutrients as well as dye were added as a single pulse to the influent. A peak in nutrients occurs around hour 5 for both NO3 and PO4.
Figure 20 Nutrients in D7 Port. As with the dye, internal wetland sample port D7 shows a cleaner tracer response curve than effluent. PO4 is still sporadic, which is likely due to difficulty in storing and transporting PO4 samples. PO4 sticks to glassware and plastic containers, lessening the accuracy of sample measurements

Figure 21 Percentage of nutrients added to influent recovered in effluent . There is much more than 100% recovery of nutrient inputs, but would include ambient concentrations of these nutrients. 
Figure 22 Depth Profile for NO3. Shows the vertical distribution of NO3 for experiments 7-26-01 and 8-6-02; maximum concentration. Notice the shift in high concentration areas from the right to the left side of the greenhouse. Nutrients are concentrated in the upper zone of the wetland

Figure 23 Depth Profile for PO4. Shows the vertical distribution of PO4  for experiments 7-26-01 and 8-6-02; maximum concentration. A similar shift to the left side as in NO3 is evident. Nutrients are concentrated in the upped zone of the wetland.

Appendix

I. Wetland Experiment Records

Index

1-15-01, 2-point experiment, Effluent and point approx. in center of wetland.

1-31-01, initial dye experiment, L and S lengths w/ nutrients

6-12-01, 3-point experiment, Effluent, C5L, D7L ports

7-26-01, wetland experiment, cross-section sampled for nutrients

12-1-01, small-scale Systems Ecology experiment

1-28-02, wetland experiment, all depths, no nutrients

8-6-02, wetland experiment, all depths, cross-section for nutrients, autosamplers E, C5L, D7L ports.

1-29-03, 3-point experiment with nutrients. Effluent, C5L, D7L ports.

2-point dye experiment, 1-15-01
Dye conc.: 25,000 ppm in 1L slug

Flow Rate: 6.29 gpm

Data Collection: Two ISCO auto samplers were collecting samples at 45 minute intervals for 23 hours (24 samples). One was located in the effluent sump and one in a wetland well (about 1.5 ft deep) located approximately at current position of well C9.  

Procedure:

1) Auto samplers were installed at sampling locations.

2) A regulator was installed on the city line located outside the rear greenhouse door. Max city pressure was estimated (regulator outflow aperture fully closed and pressure dialed all the way up) at 30 psi. City pressure reported to be 40 psi max by Leo Evans. Pressure was set to below 30 psi to ensure a constant regulated pressure. 

1) Flow rate was estimated at a constant 6.29 gpm (24.2 L/min)

2) A slug of dye (4.25mL, in 1 L H2O) was placed into the wetland influent sump at the moment water was turned on.

3) After 24 hours, the samples were removed from the auto samplers and analyzed on a Turner 112 Fluorometer.

4) Equivalent ppm of dye was calculated from the fluorescence of the unknowns (samples) and known standards. 
Winter Term Experiment1-31-01 to 2-1-01

Flow Rate: 6.29 gpm

Dye conc.: 425 uL of dye in 17 L H2O to make .025 ppm (final dispersed concentration) slug.


Procedure

1) A sampling grid was laid out in a 1m sq. pattern, based off of the western entrance to the greenhouse. 


2) The wetland was drained by pulling the standpipe in the collection sump and pumping with a small sump pump (1/2 - 1hp) and then refilled with city water. 

3) A slug of dye to make .025 ppm conc. If diffused to entire wetland was introduced as water flow began, via a regulator.

4) Samples were taken at time 0,1 hour,5, 10 and 15 hours after dye introduction, using the following method. 

5) Samples were withdrawn from only the L and S depth ports. 

Sampling Method

i. There are three types of sample ports at each site. A deep port (labeled with an “L”) which extends roughly 3 feet to the wetland floor, a middle port (labeled with an “M” which is approximately 1.5 feet down, and a surface port (labeled with an “S”) which extends 6 inches. 

ii. To sample each port, take 2 full draws on the syringe to clear the port. Then, use the third draw as a sample draw. The 3rd draw will be ejected into a labeled sample bottle. 

iii. Please mark the samples you have taken at the time interval on the check-sheet. Mark that a sample has been taken by writing in the letter of the port lengths, (L,M,S), you have sampled.

3-point wetland flow experiment (6-12-01)

This experiment is basically a repetition of a previous experiment to test the validity of the 2-point experiment from January of this year.  3 ISCO auto samplers will sample at 45 minute intervals at various sample points and depths in the greenhouse floor while a slug of dye sufficient to make a .25 ppm concentration of concentrated dye in the entire wetland is introduced and water flushed through the wetland at a constant rate of 24.3 L/min. Samples will then be inspected using fluorometry to determine relative concentrations. The objective of the experiment is to see if the pulse of dye can be visualized using these methods. The findings of this experiment will help determine if the effort for a whole-marsh experiment is appropriate using Rhodamine WT and the grid. 

Set-up 

Materials:
3x ISCO auto sampler units




Electrical equipment (charger, battery connectors)




Regulator




Nalgene calibration bucket




Stopwatch




Rhodamine WT dye slug

Preparation:

1) Assemble and clean auto sampler units and sample bottles

2) Prepare dye slug. Slug should achieve 2.5 ppm if distributed in entire wetland

a. Wetland water volume = approx. 17,000 L

b. Target is .25 ppm dye concentration if the dye were uniformly distributed in the 17,000 L of the wetland.

c. 4.25mL dye in 1L water for slug
d. ppm is 1 part of dye concentrate for every 106 part of water

Procedure

1) Bypass wetland at clarifier (screw in PVC cap on pipe on the left as you face E.) and bypass entire LM by switching knife valves at AN1.

2)  Position auto samplers. Two ISCO samplers will measure the “long” (3 ft, bottom) and “short” (6 in, surface) sample ports on grid location C9. One ISCO will be placed in wetland effluent sump, half of the way down. 

3) Program ISCO samplers to sample at 45 minute intervals.

4) Set up regulator on city water source outside greenhouse back door.

5) Dial pressure to below city pressure to ensure constant flow

6) Determine flow rate using “bucket and stopwatch technique”. A container of known volume is filled by the regulated source and timed. (Vol. / time) gives flow rate. Flow should approach 24.2 L/min. (wetland turnover of approx. 12 hours)

7) Program ISCO samplers to sample at 45 minute intervals

8) Set water and add slug to wetland influent sump

9) Optional: calculate time to sample bottle exhaustion. Return and empty samples and replace cleaned bottles to get full 24 sample set (18 hours at 45 minute sampling interval).

10) Return bypasses to normal operating states.

11) Filter samples and store in plastic sample bottles (Label with E, W(L) or W(S) 1-24)

12) Run samples on fluorometer using following procedure:

Wetland Experiment, 7-26-01

Objective:


The objective of this experiment is to determine the flow path of water through the constructed wetland of the Living Machine. This will be accomplished by adding a pulse of fluorescent dye to inflowing water and tracing the concentration of dye within a grid of sampling ports in the marsh over time.

Materials:

Rhodamine WT dye

Miracle Gro / other inorganic nutrient sources (N,P,Br,etc.)

Sample vials, 25mL, # 900

Syringe sampling apparatus

Fluorometer test tubes

Water pressure regulator

Timer / stopwatch

Calibration Nalgene

Preparation:

3) Clean (DI rinse) 25mL sample bottles. 

4) Clean (DI rinse) Fluorometer test tubes

5) Label bottles and test tubes with location and time information.  

6) Prepare dye slug. Slug should achieve 2.5 ppm if distributed in entire wetland

a. Wetland water volume = approx. 17,000 L

b. Target is 0.25-ppm dye concentration if the dye were uniformly distributed in the 17,000 L of water in the wetland. 

c. Prepare slug of 4.25mL dye in 1L water 
1)  ppm refers to 1 uL of dye concentrate per L of water. 

2) Prepare by filling a 1L volumetric flask with DI H2O and pipetting in 4.25 mL of dye concentrate 

d. Add nutrients (quantity to be determined)

Procedure:

13) Bypass wetland at clarifier (screw in PVC cap on pipe on the left as you face E. and pull knife valve in floor) and bypass entire LM by switching knife valves at AN1.

14) Set up the regulator on city water source outside greenhouse back door. Dial pressure to below city pressure to ensure constant flow. 

15) Determine flow rate using “bucket and stopwatch technique”. A Nalgene carboy, marked at the 11L point is filled from the regulated source and timed. (Vol. / time) gives flow rate. Flow should be set to 22 L/min.
16) Begin water flow and add dye slug to wetland influent sump; start clock. 
17) For the next 48 hour period, teams will take samples using sampling scheme below. 
18) Return bypasses to normal operating states.

19) Cross-section of wetland, filter samples and freeze. These will be analyzed for nutrients at a later time. 

20) Run samples on fluorometer. See procedure below.

Sampling Scheme:

Samples are taken from each from each of the 27 sample ports at each of 3 depths. To sample each port, operators will take 2 full draws on the syringe to clear the port, and then use the third draw as a sample draw. The 3rd draw will be ejected into a labeled sample bottle. Bottles are marked with the letter/number of the port and lengths (L,M,S) that have been sampled.

Samples will be taken at 1 hour intervals for 8 hours. After this period, the 3 ISCO auto samplers will be set up to sample at effluent and wetland port ___ at 1 hr intervals for 24 hours. 

Samples in the “5” column (A,B,C) and all samples in the “D” row set will be filtered for ion analysis and frozen. This applies to all hand samples for all time periods. 

	
	Time Interval (hr)
	# samples
	Time for sample set

	
	1 hour
	8
	8 hr

	
	1 hour ISCO
	72
	24 hr

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	Total sample intervals
	82
	

	
	total samples
	882
	

	
	
	
	

	
	Time (clock) 
	
	

	Day 1
	1000
	1 hr
	time 0

	
	1100
	1 hr
	T 1

	
	1200
	1 hr
	T 2

	
	1300
	1 hr
	T 3

	
	1400
	1 hr
	T 4

	
	1500
	1 hr
	T 5

	
	1600
	1 hr
	T 6 

	
	1700
	1 hr
	T 7

	
	1800
	1 hr
	T 8


Notes from Experiment 7-26-01

Time 0 = 10:20 am

Water flow at 18.85 L/min  (35.21 sec. to fill 11 L)

Auto samplers initialized at 20:30 hrs (8:30 pm), 7-26-01 at following locations: Effluent sump, D7(L) and C5 (L). 

Initial DO: 
Influent:  5.6mg/l   22.9 deg C



Effluent:  0.25mg/L   21.9 deg C

Wetland Experiment, 1-28-02

Objective: same as 7-26-01

Materials: same as 7-26-01
Procedure: same as 7-26-01, except did not sample or filter for nutrients. TD_700 Fluorometer

Sampling Scheme

	
	Time Interval (hr)
	# samples
	Time for sample set

	
	1 hour
	8
	8 hr

	
	1 hour ISCO
	72
	24 hr

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	Total sample intervals
	82
	

	
	total samples
	882
	

	
	
	
	

	
	Time (clock) 
	
	

	Day 1
	1000
	1 hr
	time 0

	
	1100
	1 hr
	T 1

	
	1200
	1 hr
	T 2

	
	1300
	1 hr
	T 3

	
	1400
	1 hr
	T 4

	
	1500
	1 hr
	T 5

	
	1600
	1 hr
	T 6 

	
	1700
	1 hr
	T 7

	
	1800
	1 hr
	T 8


Notes for 1-28-02

Flow rate: 35.21 sec to 11L (18.7 L/min)

Auto sampler locations: C5L, D7L

T0 = 0920 hrs.

T8 begin 1720 hrs. 

Wetland Experiment, 8-6-02

Objective: same as 7-26-01

Materials: same as 7-26-01
Procedure: same as 7-26-01 (including nutrients, except no addition of bromide). TD-700 fluorometer.

Sampling Scheme

	
	Time Interval (hr)
	# samples
	Time for sample set

	
	1 hour
	8
	8 hr

	
	1 hour ISCO
	72
	24 hr

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	Total sample intervals
	82
	

	
	total samples
	882
	

	
	
	
	

	
	Time (clock) 
	
	

	Day 1
	1000
	1 hr
	time 0

	
	1100
	1 hr
	T 1

	
	1200
	1 hr
	T 2

	
	1300
	1 hr
	T 3

	
	1400
	1 hr
	T 4

	
	1500
	1 hr
	T 5

	
	1600
	1 hr
	T 6 

	
	1700
	1 hr
	T 7

	
	1800
	1 hr
	T 8


Notes for 8-6-02

Flow rate: 35.22 sec to 11L (18.7 L/min)

Auto sampler locations: C5L, D7L

T0 = 1000 hrs.

T8 begin 1800 hrs. 

Wetland Experiment 1-29-03

Objective: 3-point wetland experiment, to create effluent and wetland response curves for bulk-flow data. Used as a check on methods and to expand bulk-flow data set.

Materials: Same as 7-26-01

Procedure: Same as 7-26-01 except no spatial data collection. TD-700 Fluorometer. 

Sampling Scheme: ISCO auto samplers sampling for 32 hours. (Have to empty after 24 and replace fresh bottles).

	
	Time Interval (hr)
	# samples
	Time for sample set

	
	1 hour (ISCO)
	96
	32 hr

	
	
	
	


Notes for 1-29-03

Flow rate: 35.22 sec to 11L (18.7 L/min)

Auto sampler locations: C5L, D7L

T0 = 1000 hrs, 1-29-03

T32= 1600 hrs, 1-30-03

6.17 kg KNO3 fertilizer

126.7 g Na2HPO4
II. Standards Calculation 


Began with 100 uL of Rhodamine in 1L H2O


250 mL of this solution made up to 1L to give Stock Std. 

Stock Std. 



25 uL in 1 L w/ H2O.

25 ppm


Sol. A



1/10 x dilution of stock std. 



50 mL stock made to 500 mL w/ H2O. 
2.5 ppm


Sol. B



1/10 x dilution of A



50 mL A made to 500 mL w/ H2O. 

.25 ppm


Sol. C



1/10 x dilution of B



50 mL B made to 500 mL w/ H2O.

.025 ppm  

III. Determination of “equivalent ppm of dye” 

Turner 112

Equiv. ppm is the fluorescence of an equivalent concentration of Rhodamine WT dye. In this case, the unknown fluorescence was divided by the blank value to give a percentage. I.e. the percentage of fluorescence the unknown was of the blank. This was then multiplied by a constant. This constant depended on which standard, A, B or C was used to compare the unknown. The constant is the ppm concentration of Rhodamine WT as formulated in the standard.

(unknown value / std. Value) * ppm concentration of std.

TD-700

Standards of known quantity are used to calibrate the instrument, and samples are read in units of raw fluorescence (fsu). Standards are typically calibrated to be 950 fsu, or 95% sensitivity range. To convert fsu readings for unknowns, the following equation applies:

(Unknown fsu) / (950) * ppm of standard = unknown ppm concentration

IV. Fluorometer Procedures

Turner 112 Fluorometer Procedures

The fluorometer should be used in END POINT mode, with the emission filter blind drawn open fully (all the way up). These settings should already be in place, and there is no reason they should be adjusted.

Turn the fluorometer on and allow it to warm up with a DI water blank in the sample chamber for at least 1 hour prior to operation. Turn the lamp on by depressing the LAMP button and holding it for a moment. The little blue light will come on when the lamp is started.

Running Samples

To run a sample:

Place a known standard (C or B, likely) into the sample chamber and close the door. Wait until the machine stabilizes (the red light on the display will illuminate) and use the course and fine ZERO BLANK controls to set the display to 100. 

Next, place a DI water blank into the sample chamber and WITHOUT TOUCHING THE BLANK CONTROLS, record the zero value.

Place the sample to be measured in the sample chamber, close the door, and record the value when the machine stabilizes and the red light on the display goes on.

For the next sample reset the machine to 100 using a standard and repeat.

Notes for the Fluorometer

If the sample being measured reads as HIGHER than the standard, you must change to a less dilute standard. When changing to a high standard, if the machine goes to about 109 and locks, the emission is overloading the photo multiplier.

You must change the shutter on the right side (the excitation lamp) of the chamber. The machine will normally run at 30 or 10 (max. sensitivity), but may need to be dialed to 3 if the standard or sample is very concentrated. There is also an adjustable blind that can be screwed open or closed on the left side of the chamber. This screen is usually set in the fully open position.

Rhodamine WT is very sensitive to temperature differentials. The samples and standards should be kept immersed in a water bath near room temperature to maintain as constant a temperature across samples as possible.

TD-700 Fluorometer Procedures

TD-700 fluorometer was used in Raw Fluorescence mode, calibrated to 1 point. Standard A was typically used, calibrated to 95% (950 raw fluorometry units) sensitivity. Samples were stored in a water bath at 28C.

V. Standardization Method

Concentration for Spatial Studies

To correct for the tendency for the magnitude of dye concentration to increase as time goes on, a standardization method to allow direct comparison of concentration data between experiments was used. Concentrations for each data point were adjusted to the peak concentration encountered in the effluent bulk-flow measurements. This provided a ratio of maxima to relativize the data for each experiment. The following equation was used:

Unknown ppm / ppm dye in effluent = standardized concentration (dimensionless)

Time of Peak for Spatial Studies

To correct for differences in flow rate between experiments, time of peak data for each spatial point was divided by the time of peak in the effluent. By the following equation:

Unknown time of peak / time of peak in effluent = standardized time of peak (dimensionless)

This standardization expresses time as a ratio of the observed retention time as measured in bulk-flow observations. This highlights fast and slow areas of the wetland.

VI. Integration Method

Integration was done using an area approximation. 

Height = Concentration in mg/L (ppm)

Width = dt = 1hr

∑ concentration(mg/L) * flow rate (L/min) * dt(=1 hr) *(60min/hr) = mg

From 0 to last time point

VII. Time Series for Experiment 8-6-02, 1-28-02, and 7-26-01

These images represent frames of time for the 8 hours of spatial data for each experiment.

VIII. Hydraulic Residence Times

HRT = Vol. / flow rate.

 For the wetland at experimental flow rates: 17012 L / 18.7 L/ min = 909.7 minutes = 15.16 hours.

For the wetland at operational flow rates: 6 gallons per day, or .042L/min

17012L / .042 L/min = 4.05* 10^5 minutes = 281.2 days

See attached data files for flow data and wetland volume data.

IX. Data Files

City Water Use.xls- used to determine operational HRT for wetland

Dye Dilutions Chart.xls – record of dye dilutions and recipe for mixing different standards

Fluorometer Intercalibration.xls- used to compare readings on both the Turner 112 and TD-700 fluorometers to determine experimental error from using two instruments for fluorescence determination.

Honors Figures.ppt – figures for this paper

LM Flow Meter Data.xls- minute resolution flow data fro LM hose. Used to check flow rate for experiment 8-6-02 and bucket calibration method.

Long Range Dye Standards Comparison.xls – used to determine the behavior of Rhodamine in wetland samples over time to show effects of storage and time on sample accuracy

Nutrient Data.xls- Ion Chromatograph data for nutrient experiments.

TD-700 Linear Range.xls – shows linear response for TD-700 fluorometer at experimentally encountered dye concentrations.

Wetland Experiment Documentation.doc- record of experimental procedures, materials, and notes for experiments.

Wetland Experiment Data Master List.xls- data file for all dye concentration data and calculations.

Wetland Volume Determination.xls – experimental data for the determination of the volume of pore space in the wetland.

Honors GIS.apr – GIS model for this experiment and associated data files and tables.
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