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Abstract

A complex suite of biogeochemical processes can occur below the sediment surface in aquatic
environments. These processes can produce strong vertical concentration gradients in upwelling
groundwater, and significantly alter the chemical character of groundwater discharging to surface
water. Accurate field measurements of these changes can be important for studies that depend
on estimates of groundwater discharge chemistry and pollutant loading.

This paper presents a refined field method for high-resolution water quality sampling of
porewater in shallow sediments underlying the groundwater/surface water interface. A
programmable syringe pump was coupled with an M.H.E. Inc. PushPoint device to collect
porewater samples using an ultra-low-flow (<2.5 ml/min) approach.

During October 2008, the method was field tested in Lake Whatcom at a location previously
sampled using traditional in-water piezometers. This ultra-low-flow method was successful in
collecting unbiased, depth-discrete porewater samples at a 5-cm resolution, and revealed a
significant reduction in dissolved phosphorus concentration in the uppermost 50 cm of the study
area sediments.

The field method described provides a low-cost, easy-to-use alternative to previous methods
developed for porewater profile sampling. The method can help to reduce uncertainty and
improve the overall accuracy of the Total Maximum Daily Load loading assessments and
numerical modeling efforts conducted by the Department of Ecology’s Environmental
Assessment Program. This technique may also benefit a variety of other projects where
groundwater chemical loading to surface water is of concern.
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Introduction

A growing body of technical literature has highlighted the important role that nonpoint (diffuse)
groundwater discharge can have in sustaining, or degrading, surface water quality and flow
(e.g., Winter et al., 1998; EPA, 1991, 2000, 2008; Jones and Mulholland, 2000). This finding
has prompted significant interest in the field study of groundwater/surface water interactions by
the Washington State Department of Ecology’s (Ecology) Environmental Assessment Program
(EAP).

Over the past decade, EAP hydrogeologists have focused on quantifying groundwater’s
contribution to a number of Washington State surface water systems, both in terms of water
volume and chemical mass. This information has been used to help refine numerical models of
watershed hydrodynamics and pollutant distribution. These models are often developed in
support of surface water loading-capacity evaluations, commonly known as Total Maximum
Daily Load (TMDL) studies.

Groundwater/Surface Water Exchange

In settings where groundwater is discharging to a surface waterbody (i.e. gaining conditions),
estimates of unit area chemical loading via advective groundwater flow are developed by:

Fm=Q*C (1)
where:

Fwm = mass flux of a chemical loaded to a surface waterbody by groundwater discharge
[(mass/time)/unit area].

Q = rate of groundwater discharge [(volume/time)/unit area].
C = concentration of the chemical in the groundwater discharge (mass/volume).

For EAP TMDL studies, flow field analyses using Darcy’s Law or water budget approaches are
the standard methods for developing estimates of the volume of groundwater discharge (Q).
Porewater located beneath (hydraulically upgradient of) the groundwater/surface water interface
(GS)) is typically sampled to estimate the chemical concentration of that discharge (C).

The accuracy of the estimate for each of these terms can have a significant bearing on the
accuracy of an overall loading-capacity analysis. Depending on the volume of exchange, even
small differences in the estimated discharge concentration can significantly modify the final
groundwater loading estimate provided to the surface water modeler (Equation 1). As a result,

it is important that the measurements collected to support these estimates are as representative of
true field conditions as possible.
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Changes in Groundwater Chemistry near the Point of
Discharge

Research advances in recent years have illustrated the dynamic nature of the transition zone or
membrane between groundwater and surface water systems (Constanz, 2007; Winter et al., 1998;
Ford, 2005, Bridge, 2005; EPA, 2008).> A variety of interrelated biogeochemical processes can
be active in this transition zone, including reduction-oxidation (redox)-driven sorption reactions,
microbial and plant uptake, and mixing with overlying surface water. These processes can create
strong vertical solute concentration gradients over short distances and considerably alter the final
chemical character of groundwater discharge (EPA, 2000; Ford, 2005; Laskov et al., 2007).

In many cases, processes active near the GSI will decrease or attenuate dissolved chemical
concentrations as groundwater approaches the point of discharge, potentially by an order of
magnitude or more (Ford, 2005; Duff et al., 1998; Charette and Sholkovitz, 2002). These
attenuation effects can have a significant bearing on the estimated total groundwater-related
chemical load to a surface system, even at a watershed scale (Harvey and Fuller, 1998; Angier
and McCarty, 2008; Kuwabara et al., 2009). Two key nutrients of interest for Washington State
TMDL studies, phosphorus and nitrogen, can be particularly subject to these attenuation
reactions (Charette and Sholkovitz, 2002; Chambers and Odum, 1990; Cox et al., 2005;

Maleki et al., 2004; Fisher and Reddy, 2001; Griffioen, 2006; Di Toro, 2001).

Previous investigators have shown that the majority of these attenuation processes can occur within
as little as 1 to 50 cm of the sediment surface (Chambers and Odum, 1990; Beck et al., 2007;

Berg and McGlathery, 2001; Duff et al., 1998, Martin et al., 2003; Ford, 2005). The monitoring
tools and methods that have been used for EAP groundwater/surface water interaction studies are
not sufficiently accurate for characterizing changes in groundwater chemistry in this depth range.
Without accurate measurements of water quality changes in shallow sediments, EAP estimates of
groundwater chemical loading to surface water can have a relatively high degree of uncertainty
(e.g., Pitz, 2005; Sinclair and Kardouni, 2009). This uncertainty reduces confidence in how
accurately models of groundwater/surface water exchange reflect the natural environment.

Project Objectives

The purpose of this study was to develop and test a high-resolution, porewater sampling method
to improve descriptions of groundwater discharge chemistry, particularly in areas where steep
chemical concentration gradients are suspected near the GSI.

The success of the test method was judged by its ability to produce:

e Porewater chemical profiles at a vertical resolution of 5 centimeters.
e An adequate sample volume for chemical analysis.

e A sample free of surface water cross-contamination.

! In a lake setting such as the one described in this report, this zone is technically referred to as the hypolentic zone
(EPA, 2008).
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e Quality control blanks free of significant contamination.
e Duplicate sample results within acceptable quality objective criteria.
e Water samples in an efficient, low-cost, and field-robust manner.

The study area selected for method testing is currently the subject of an active TMDL nutrient-
assimilation modeling effort (Pickett and Hood, 2008). Phosphorus is the primary nutrient of
concern for that effort. Because the groundwater phosphorus loading estimates developed for
the model did not account for attenuation effects in the upper meter of lake-bed sediment
(Pitz, 2005), the findings generated from this study may benefit that modeling work.
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Study Area Site Description

During October 2008, method testing was conducted approximately 15 meters off the western
shoreline of Lake Whatcom, in Whatcom County, Washington (Figure 1). The site is located
immediately downgradient of an active golf course, with moderate-density suburban
development further upslope. Prior to development of the golf course in the 1970s, the property
adjacent to the lake was used for livestock farming.

Austin Creek flows into the lake less than 100 meters from the test site. The creek drains
approximately 5000 acres of the western portion of the Lake Whatcom watershed, and is
probably a major source of the sediment observed at the study location.

Surficial sediments at the site are poorly-graded sands with silt (Pitz, 2005), supporting scattered
growth of the aquatic macrophyte Elodea canadensis. Prior to testing the sampling system, a
piezometer-based, constant-head injection test (Pitz, 2006) was conducted at approximately

1.2 meters below the sediment surface. The test results indicate a moderate permeability
condition for sub-surface deposits (~ 4.2E-03 centimeters/second). This permeability value
suggests the deeper sediments at the study location are similar to sediments observed near the
surface.

A 1.4-meter-deep tubing piezometer (LWGW-09) was installed and monitored at the study
location during 2002-2003 as part of a Lake Whatcom TMDL support study (Pitz, 2005). The
deep piezometer is constructed with a ~15-cm long screened interval. Porewater at this depth
has historically exhibited a positive (upward) vertical hydraulic gradient, indicating a
groundwater discharge condition in the study area.

Water quality samples collected from the deep piezometer revealed a high dissolved phosphorus
concentration in upwelling groundwater, accompanied by sub-oxic to anoxic conditions

[<1-2 milligram/liter (mg/L) dissolved oxygen, elevated dissolved iron]. Ammonia as nitrogen
(ammonia-N) averaged ~0.3 mg/L, and dissolved organic carbon was highly elevated, averaging
>20 mg/L. Negligible levels of nitrite + nitrate as nitrogen (nitrate-N) were measured at this
depth (<0.1 mg/L). This piezometer was left in place at the end of the 2002-2003 study, and was
used again for the current project to provide boundary conditions for data interpretation.

These conditions suggested the potential for a significant reduction in the phosphorus
concentration of discharging groundwater as it moves to shallower portions of the sediment
column.
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Washington

Figure 1. Lake Whatcom Study Location.
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Study Methods

A variety of techniques have been used for collecting samples representative of shallow
porewater solute gradients (Krupa et al., 1999; Bridge, 2005; Kalbus et al., 2006; ITRC, 2006;
Hesslein, 1976; Doussan et al., 1998). Examples of these techniques include permeable
membrane diffusion samplers (a.k.a. peepers), porewater extractors, in-situ chambers and probes,
and at-surface seepage or benthic flux chambers. These methods were evaluated against the
project goals, with a particular focus on finding a low-cost, field-efficient procedure.

The approach ultimately adopted for this study is an ultra-low-flow purge and sampling method
using the M.H.E. Inc. PushPoint device coupled to an automated pump. This is a modification of
techniques developed and described by Duff et al. (1998), Henry (2003), Zimmerman et al.
(2005), Ford (2005), and Berg and McGlathery (2001). A controlled,

ultra-low-flow [<2.5 milliliter/minute (ml/min)] approach was used to minimize the disruption

of natural concentration gradients that could lead to cross-contamination of closely-spaced
sample intervals. A schematic of the sampling system is presented in Figure 2.

Tubing clamp

Luer tubing lock 60 ml syringe
1/8" ID Pharmed®
tubing

NA

Ring clamp Sample for
CHEMetrics® OP, TDP
u , ,
o . DO & ferrous iron NH4, and CI
Syringe pump _| field analysis lab analysis
I

Battery

}\_//—\/

Stabilizing plate

/ Sediment Surface
#I 0.45 pm filter

PushPoint sampler —3.2t0 6.3 mm ID,
5-50 cm 4 cm open interval length
/ Pre-preserved
Sample container

> <«
> <«

Figure 2. Schematic of the Study Porewater Sampling System.
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A full description of the methods used during this project is presented in Pitz (2008). Vertical
profiling of porewater quality conditions was focused on the uppermost 50 centimeters (cm) of
site sediments (5, 10, 15, 25 and 50 cm intervals). A 3.175 millimeter (mm) interior-diameter,
61 cm long PushPoint was used for the 5 and 10 cm depth intervals; a 6.35 mm interior-diameter,
91 cm long PushPoint was used for the 15, 25, and 50 cm intervals. Both models of the
PushPoint device have a 4 cm long slotted open interval; the mid-point of this open “screen’ was
used as the position point for each depth interval. Samples were collected in October 2008;
water depth at the time of sampling was approximately 3 feet.

PushPoint Installation and Measurement of Hydraulic
Gradient

A surface plate was used to stabilize and seal the PushPoint device during insertion into the
sediment column. After installation, the PushPoint interior guard rod was removed and a flexible
tube was attached to the top of the PushPoint. The hydraulic head observed in the tube was
compared to the surface water stage to establish the vertical hydraulic gradient for the various
depth intervals, using Equation 2:

. dh
by = al 2

where:

iy = vertical hydraulic gradient (dimensionless).
dh = the difference in head between the lake stage and PushPoint water level (L).2
dl = the distance from the lakebed surface to the mid-point of the PushPoint open interval (L).

where (L) is length. By convention, negative hydraulic gradient values indicate potential loss of
water from the lake to groundwater, while positive values indicate potential groundwater
discharge into the lake.

Water Quality Sampling

Porewater samples were drawn from the PushPoint using a programmable syringe pump
(New Era Pump Systems Inc., NE-500) modified for field use. Samples were collected after
purging and discarding a minimum of 1.2 times the interior volume of the sampling system.
Depth interval samples were collected a minimum of 10 cm apart laterally to avoid cross
contamination. Additional samples of lake water from immediately above the GSI, and
porewater from the original deep piezometer (140 cm - LWGW-09), were collected to provide
boundary conditions for the transition zone.

2 If the surface water stage is below the PushPoint water level, [dh] is recorded as a positive value. If the surface
water stage is above the PushPoint water level, [dh] is recorded as a negative value. The [dI] term is always
recorded as a positive value.
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Due to time limitations, the surface water sample, the deep piezometer sample, and the 50-cm
PushPoint sample were collected one day apart from the remaining depth intervals. The time
difference between samples is assumed not to significantly alter the results or conclusions
presented here.

All contact sampling equipment, including the PushPoint device, was cleaned between sample
intervals by triple rinsing using a pressure sprayer and laboratory-grade, de-ionized water. All
samples were filtered and preserved at the time of collection. Analysis of porewater samples
included:

o Field analysis for: dissolved oxygen, ferrous iron, temperature, and specific conductance.
e Laboratory analysis for: orthophosphate as phosphorus (OP), total dissolved phosphorus
(TDP), nitrogen, and chloride.

All samples for lab analysis were submitted to Ecology’s Manchester Environmental Laboratory
following standard sample preservation and handling procedures.
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Project Quality Assurance

Cross-pumping

Cross-contamination is a significant concern when collecting close-interval samples of
porewater, particularly near the sediment surface. Cross-contamination can directly result from
two main processes:

e Pumping-induced vertical movement of porewater from a higher or lower sediment horizon
into the sampler intake.

e Introduction of surface water into the sample during pumping by leakage down an annular
space adjacent to the porewater collection device.

The key field controls for both of these problems are maintaining an ultra low-flow pumping
rate, and limiting total withdrawal volumes. These steps help to minimize disturbance of in-situ
hydraulic and chemical gradients and limit the spatial extent of the three-dimensional capture
zone. Control of annular leakage, probably the problem of greatest concern, can be addressed by
packing fine sediments around the entry point of the sampling device into the sediment surface,
or using a sealed stabilizing plate to deter downward leakage (Figure 2). Vertical movement of
porewater between sediment horizons is also limited by the strong horizontal to vertical
permeability contrast typical of deposited sediments (Duff et al., 1998).

To examine the adequacy of these controls in preventing cross-contamination, an annular
leakage test was performed at an adjacent location prior to sampling (Pitz, 2008). After
installing the PushPoint device and stabilizing plate, hydraulic head and field water chemistry
were measured and compared between the underlying porewater and overlying surface water.
Measuring a distinct difference in these conditions at the end of an initial purge (intended to
remove surface water introduced during the installation of the sampling tube) is considered a
reliable indication of hydraulic isolation.’

The leakage test was performed at three depth intervals (5, 10, and 25 cm). After measurement
and comparison of equilibrated hydraulic head conditions, the PushPoint device was purged
using a peristaltic pump (Figure 3).* The sample stream was directed through a small-volume
flow cell to allow instantaneous measurement of temperature, pH, specific conductance, and
dissolved oxygen. Equilibrated, end-of-purge measurement results are presented in Table 1; the
end-of-purge field parameter results for the original piezometer (LWGW-09) are also included
for comparison.

% If there is substantial leakage of surface water down the annular space and into the PushPoint open interval,
hydraulic and chemical conditions would quickly equilibrate to match (or nearly match) surface water
measurements.

* Use of a peristaltic pump for the leakage tests probably provides a worst-case condition for leakage since the
minimum pumping rate is greater than the rate for the syringe pump used for sampling. A peristaltic pump was
employed for the leakage test to allow the use of a metered flow cell.
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The test data indicate that annular leakage was not a significant problem for the sampling system
at the test location. Maintenance of a positive hydraulic head difference and distinct specific
conductance and dissolved oxygen values between porewater and surface water suggest the
PushPoint open interval was hydraulically isolated from the surface even at the 5 cm depth. This
conclusion is also supported by water quality data collected during the sampling described later
in this report.

12V battery

¥4" ID Pharmed® tubing

1/8” ID Pharmed® tubing /\

Ring clamp
\. Peristaltic pump R
e
S P
]
vy

Stabilizing plate

/ Sediment surface
' ' Low-volume flow block

PushPoint sampler — 1/16" ID,

A\

Waste line

/ < 1.5” open interval length Reducing
connector
>l
>l
Figure 3. Schematic of Leakage Test System.
Table 1. Leakage Test Results.
Sediment Vertical hydraulic Tem H Specific Dissolved
depth gradient (i) (C,C)p ' (Sp U.) conductance oxygen
(cm) (dimensionless)® o (uS/cm) (mg/L)®
Base of surface NA 16.0 6.18 58 9.4
water column
5 0.01 15.6 6.06 175 1.40
10 0.05 15.6 6.13 170 1.28
25 0.08 15.7 6.17 173 0.68
140 (LWGW-09)© 0.03 15.8 6.05 399 1.77

™ Positive values indicate an upward vertical hydraulic gradient.
® Dissolved oxygen measured by electrode probe.
©Measured separately.
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Equipment Bias and Decontamination

The use of ultra low-flow techniques and limited sample quantities requires minimizing the
interior volume of the equipment used to collect close-interval porewater samples. This can
make decontamination (decon) of equipment between sampling sets more difficult, potentially
leading to an indirect source of cross contamination. Low pumping rates also limit the total
sample volume that can be collected in a reasonable timeframe. The smaller the volume of
sample collected, the greater the influence of equipment contamination on the final sample
results.

To quantify bias introduced into the project results by both sampling materials (including the
PushPoint device, tubing, syringes, filters, sample containers, and preservatives) and decon
procedures, a total of six blank samples were collected and submitted to the laboratory for
analysis. Detailed discussion and results from these tests are presented in the Quality Assurance

Appendix.

All blank samples collected during the project were reported by the laboratory as non-detect.
The results indicate that no measurable positive bias was introduced into the sample results by
leaching from sampling materials. The results also indicate that the decon procedures adopted
for the sampling method were successful in preventing indirect cross contamination between
stations.

Field Split Replicates

To evaluate overall sampling and analytical precision, split-replicate sample sets were collected
and submitted as blind samples for analysis. Split samples were collected from three of the
sampling intervals (10, 25, and 50 cm). A detailed comparison of the replicate pair results is
presented in the Quality Assurance Appendix. All replicate pairs were well within the target
percent relative standard deviation for all parameters (Pitz, 2008), indicating excellent project
data precision.

Laboratory Quality Assurance

All analytical results reported by Manchester Laboratory were subject to quality assurance
testing and review by a laboratory chemist prior to delivery to the author. With the exception of
the ammonia-N results, all sample concentrations were reported without qualification. Due to
the use of excess preservative relative to the small sample volume collected, ammonia-N results
were reported as estimates by the laboratory (potentially biased low by matrix interference
effects). The qualification of the ammonia-N values does not significantly change the
interpretation of the final data results.
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Results

Table 2 presents a summary of the project field and laboratory measurements. The October 2002
results for the deep piezometer LWGW-09 are included in the table for comparison purposes.
Figure 4 presents vertical concentration profiles for the tested water quality analytes.

The results show a consistently positive vertical hydraulic gradient (i,) between 10 and 140 cm
below the GSI, indicating the potential for upward transport of porewater solutes to the lake

by advective flow. Reducing conditions are present from depth to within 5 cm of the GSI, as
indicated by limited dissolved oxygen (<1 mg/L), elevated dissolved ferrous iron, and nitrogen
occurring as ammonia. Surface water immediately above the GSI, by contrast, exhibited well
oxygenated conditions (>8 mg/L dissolved oxygen, <1 mg/L ferrous iron), and no detectable
concentrations of OP, TDP, or ammonia-N. Results from the deep piezometer (LWGW-09) are
consistent with those observed during the 2002-2003 period (Pitz, 2005).

At depth, both OP and TDP concentrations are highly elevated with respect to surface water,
but both parameters decline by two orders of magnitude between the 140 cm and 5 cm depths
(Figure 4). OP concentrations represent between approximately 8 to 17% of the TDP in
porewater, indicating phosphorus occurs primarily in an organic form in this phase.” Chloride,
a conservative tracer, exhibits a concentration decrease between the deep piezometer and the
surface, with a slight increase in the concentration gradient above 50 cm. The concentration
profile for ammonia-N is less uniform than the other parameters, showing both increases and
decreases with position. There is a distinct ammonia-N concentration peak between 5 and

15 cm.

*The concentration of the organic phosphorus fraction observed at this site is significantly higher than observed in
organic-rich sediments located in less-developed areas of the lake (Pitz, 2005). Possible origins for the unusually
high dissolved organic phosphorus presence include breakdown of phosphorus-containing organic pesticides, animal
manure sources, or deposits of organic plant matter incorporated into the sediment matrix (Turner et al., 2005).
Austin Creek has likely played a role in delivering organic material to this area of the lake.
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Table 2. Field and Laboratory Project Results.

Ve Dissolved | Ferrous Total
. Depth Sample Hydraulic Orthophosphate-P Ammonia-N | Chloride
Station ID Lo Oxygen Iron © Phosphorus © ©
(cm) Date Gradient (iy) mg/)® | (mg/)® (mg/L) (mg/L)© (mg/L) (mg/L)
(dimensionless)

SW-01 Surface water | 10/13/08 NA 8.5 0.5 0.0030 U 0.010U 0.020 UJ 2.50
HR-PP-05 5 10/14/08 NM 0.4 9 0.0031 0.038 1.14] 3.01
HR-PP-10 10 10/14/08 0.05 0.25 >10 0.0057 0.056 1.287 3.26
HR-PP-15 15 10/14/08 0.02 0.5 >10 0.0409 0.236 1.297 4.04
HR-PP-25 25 10/14/08 0.08 1.0 >10 0.0360 0.227 0.362J 4.48
HR-PP-50 50 10/13/08 0.1 0.8 >10 0.0910 0.736 0.829 6.07
LWGW-09 140 10/13/08 0.03 1.0 >10 0.192 2.13 0.4111J 7.02
LWGW-09 140 10/15/02 0.007 2.54) 35.7 0.298J 2.18 0.272 3.27

NA - Not applicable

NM — Not measurable
U — Analyte not detected at or above the reporting limit.
J — Result considered an estimate.
Apissolved oxygen measurement by CHEMetrics® low-concentration colorimetric analysis.
®Ferrous iron measurement by CHEMetrics® colorimetric analysis.
©All samples field-filtered @ 0.45 pm.
®)pissolved oxygen measured by membrane dissolved oxygen probe.
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Dissolved Oxygen Ferrous Iron

(mg/L) (mg/L)

0 2 4 6 8 10 0 2 4 6 8

Lake | [ | ..'l—,

5 llll--“--
10

15 A

25—

50—

Depth below GW/SW interface (cm)

‘IIIIlllIIIIIIIIllIllllllllll.llllIlIlllIII

140

=smmi D.O. by colorimetric analysis

10

>0

Orthophosphate-P*
(mg/L)

0 0.04 0.08 0.12 0.16 0.2

Total Dissolved P* Ammonia-N Chloride
(mg/L) (mg/L) (mg/L)
0 05 1015 2.0 25 0 03 06 09 1.2 15 0 2 4 6 8
N I

*Note difference in concentration scales for OP and TDP
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Discussion

Method Testing

The results demonstrate that the proposed sampling method was successful in meeting all of the
criteria outlined in the Project Objectives section. Results indicate that the method is capable of
retrieving an adequate volume of porewater sample, free of cross-contamination, to within 5 cm
of the GSI.

Quality Control

Field quality control testing indicated no significant bias due to cross-pumping of surface water
into the sample stream. Additional measures such as replicate testing and blank sample analysis
further establish that the samples collected were within acceptable quality control limits for
precision, material bias, and decon “carryover’. The ultra-low flow rates were an effective
control on sample turbidity, and 1 or 2 small volume (25-mm) syringe filters were adequate for
filtering samples prior to analysis.

Field Application

The sampling system is judged to be portable, low cost, and simple to use. Total equipment and
fabrication cost for the system depicted in Figure 2 was approximately $650. The time required
for sample collection from each sampling interval is dictated by the low pumping rate and the
number of analytes of interest (which dictate the total volume of sample required for analysis).
Purge and sample collection for each depth interval took 30 to 45 minutes. To speed the overall
process, a multi-channel syringe pump and sampler frame could be substituted for the equipment
described in this report to allow simultaneous collection from multiple depth intervals (similar to
Duff et al., 1998).

The simplicity of the method compares favorably with the cost, level of effort, and equipment
and handling requirements of approaches used by other authors (e.g., Krupa et al., 1999;
Hesslein, 1976; ITRC, 2006). The approach is also considered to be better suited for
characterizing shallow solute gradients in settings where solute transport is dominated by
advection (vs. diffusion) (Duff et al., 1998).

The small diameter and wall thickness of the PushPoint device would probably make the device
too fragile for installations in very coarse-grained or well-consolidated sediments.® Capillary
action and air trapping can make accurate observations of hydraulic head difficult with the
smaller diameter (~3-mm) PushPoint device; the larger diameter (~6-mm) PushPoint could be
installed separately for this purpose. Due to the need to handle the equipment and attach tubing,
use of the PushPoint is best suited for shallow-water settings. Deeper water installations would
require snorkeling or diving equipment (true for nearly all other techniques).

® Due to higher fluid velocities and smaller relative contact surface area, coarse-grained settings are also less likely
to exhibit strong porewater concentration gradients and attenuation affects.
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Although the sample volume collected for each laboratory parameter (15-20 ml) is significantly
smaller than normally requested, Manchester Laboratory was successful in analyzing all
samples, while still providing low-limit detection levels. For future projects, the amount of
preservative used in the sample containers should be decreased to avoid the matrix interference
problems encountered during the study. Momohara (2008) recommends using 15%-20% of the
normal preservative volume when submitting low-volume samples to Manchester Laboratory.

The sampling procedure described in this report is intended to complement, rather than replace,
the field monitoring conducted using deeper (3-8 feet), larger-diameter piezometers. While the
PushPoint device is well suited to highly detailed measurements of porewater quality conditions
near the GSI, larger-diameter piezometers probably provide more accurate measurements of
hydraulic gradient conditions, at least at depth. Larger diameter piezometers also allow the use
of additional instrumentation and testing not possible with the small diameter equipment
described here (e.g., thermistors, hydraulic testing).

The sampling system described here can be used for rapid reconnaissance measurements of
porewater quality conditions near the interface at multiple locations. This approach may be best
for cases where researchers are most interested in mapping groundwater discharge conditions
over large areal scales. Alternatively, the method can be used to provide highly detailed
descriptions of vertical concentration gradients at a limited number of locations to help
determine specific mechanisms of solute attenuation. Depending on sediment character, it may
be possible to collect porewater samples from even shallower intervals than attempted for this
study, if the total length of the PushPoint open interval were reduced.

While this study focused on characterizing high-resolution porewater nutrient conditions, the
techniques are easily adapted to the study of other water quality constituents such as metals,
chlorinated solvents, and petroleum products that may undergo changes at the end of the
groundwater flow path (e.g., Zimmerman et al., 2005; Ford, 2005, Dean et al., 1999).

Profiling Data Results

Profiling results indicate the presence of a strong vertical concentration gradient in porewater
phosphorus in the upper portions of the test area sediment column. While natural heterogeneity
may explain some of the data variation, the observed gradient is interpreted primarily as the
result of dilution by mixing, and immobilization or uptake of phosphorus below the GSI.

Dilution and Mixing Influences on Porewater Concentrations

In the vicinity of the GSI, porewater concentration reductions may be attributable, in part, to
dilution by mixing of overlying lower-concentration surface water with underlying higher-
concentration porewater. Mixing itself may be the result of a combination of factors, including
diffusion exchange with the water column, advective movement of surface water into sediments
during hydraulic gradient reversals, and burial of surface water during reworking and deposition
of sediments. The concentration of upwelling porewater may also be diluted as a result of an
increase in the bulk water content of sediments at increasingly shallower depths.
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To determine the extent of these influences on the observed phosphorus concentrations, the
results from Table 2 were evaluated using a one-dimensional mixing equation for a chemically
conservative tracer (Walecka-Hutchison and Walworth, 2005; Schuster et al., 2003).” This
model can be used to determine the proportion of one water type in a mixture of two distinct
end-point water types by:

C.,=C,X+C,(1-X) (3)
where:

C, = initial tracer concentration of water type A (mg/L-chloride in lake water, SW-01).

C, = initial tracer concentration of water type B (mg/L-chloride in groundwater, piezometer
LWGW-09, assumes no dilution by surface water at this depth).

C. = the concentration of the tracer in a mid-point mixture of water types A and B
(mg/L-chloride in porewater between 5-50 cm).

X = the volume fraction of water [V./(Va + V)], where V, is the volume of water type A,
and Vy is the volume of water type B.
Rearranging to solve for X, Equation 3 becomes:

Cc—Cp

o, X (4)

The calculated value for X from Equation 4 can be used to develop a dilution factor (DF) by:

1 —
1-x)

DF (5)

For a reactive (non-conservative) parameter of interest such as phosphorus, the DF value can in
turn be used to quantify what proportion of an observed concentration decline from an initial
condition is attributable to dilution. If the field-measured mid-point concentration of the
parameter is lower than expected by dilution alone, the remaining concentration decrease is
assumed to be the result of one or more secondary attenuation processes.

Tables 3 and 4 present the results of the mixing analysis for OP and TDP for each mid-point
depth interval. The results of the analysis suggest that a significant portion of the observed
decline in TDP and OP concentration at each interval is due to mixing and dilution by surface
water, particularly at depths < 25 cm (the blue shaded areas on Figure 4). Phosphorus
concentrations at all mid-point intervals, however, were lower than expected due to dilution
alone. This suggests that additional phosphorus uptake or immobilization processes may be
active throughout the tested portion of the sediment column. The mixing analysis indicates a
range between 10 to 67% of the phosphorus concentration decline is attributable to these
attenuation processes at any given depth interval, with an average of ~30%.

" A conservative tracer (in this case, chloride) is one that does not react or degrade as it moves through a sediment
matrix. A reduction in tracer concentration is assumed to be due solely to dilution by mixing with water with a
lower tracer concentration.

Page 23



Nutrient Cycling and Secondary Concentration Controls

Phosphorus and nitrogen cycling in shallow aquatic sediments can involve a complex suite of
both biotic and abiotic controls which influence the transport and ultimate release of nutrients to
the surface water column. As upwelling groundwater enters this transition area by advective
flow, dissolved-phase nutrients can be subjected to a variety of inter-related processes. These
processes include microbially-mediated sorption and precipitation reactions, mineralization of
organic forms to inorganic forms, uptake by macrophytes and periphytic biofilm, and molecular
diffusion to the water column (Wetzel, 1983; Turner et al., 2005; Berg and McGlathery, 2001;
Duff, 2008; Hendricks and White, 2000; Holman et al., 2008; Bostrom et al., 1988; Spiteri et al.,
2005; Carlyle and Hill, 2001; MacDonald et al., 2009, Walter et al., 1996).

The study was not designed to identify the specific reasons for the extra phosphorus
concentration reduction (the green shaded area on Figure 4). However, the presence of reducing
conditions to within 5 cm of the GSI (dissolved oxygen < 1 mg/L; >8 mg/L dissolved iron;
elevated ammonia-N) suggests that sorption of dissolved phosphorus onto precipitated ferric iron
surfaces is not a primary explanation of the observed decline.® MacDonald et al. (2009) have
noted that phosphorus sorption can still occur in predominantly reducing environments at oxic
micro-sites adjacent to the roots of aquatic plants.” MacDonald and his coauthors have also
recently reported evidence of removal of phosphorus from the dissolved phase under reducing
conditions by co-precipitation with ferrous iron solids.

Collectively, these immobilization processes can cause phosphorus to accumulate as a solid
phase in the uppermost portion of the sediment profile, reducing the dissolved phase
concentration exiting to the water column (Wetzel, 1983; Di Toro, 2001; Carlyle and Hill, 2001).
A significant change in the redox condition of the sediments can result in a later release of
phosphorus from this ‘reservoir’.

The ammonia-N concentration profile exhibits a dilution-related decrease similar to the
phosphorus profiles between the 50 and 25 cm intervals, but then increases significantly between
15 and 5 cm. This peak is consistent with observations of nitrogen profiles in aquatic sediments
observed by other authors (Duff et al., 2002; Sheibley et al., 2003; Berg and McGlathery, 2001;
Hendricks et al., 2008). This suggests that mineralization of organic matter is maximized at this
interval, coincident with the macrophyte rooting zone. Sheibley et al. (2003) and Duff (2008)
report that once the ammonia encounters an aerobic boundary (presumably at some point above
the 5 cm interval) it may be quickly converted to nitrate via nitrification, then further attenuated
via denitrification, or transported to the water column.

® Rapid precipitation and coupling of dissolved phosphorus with ferric iron could still occur at a redox front located
between 0 and 5 cm.
® Maximum rooting depth for Elodea canadensis is typically ~15 cm (Parsons, 2008).
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Table 3. Mixing Analysis Results for Orthophosphate (OP).

Chloride Percent Concentration Concentration | Concentration Percent Percent
tracer Dilution | Measured OP decline - ; concentration | concentration
Measurement . surface . L decline due decline due . .
. concentration factor | concentration from initial L - decline due decline due
Point water . to dilution to attenuation L :
C. (%) (DF) (mg/L) condition (mg/L) (mg/L) to dilution | to attenuation
(mg/L) (mg/L) (%) (%)
Surface water 2.5 100.0 - ND - - - - -
5cm 3.01 88.7 8.86 0.0031 0.189 0.170 0.019 90.2 9.8
10 cm 3.26 83.2 5.95 0.0057 0.186 0.160 0.027 85.7 14.3
15cm 4.04 65.9 2.94 0.0409 0.151 0.127 0.025 83.8 16.2
25cm 4.48 56.2 2.28 0.036 0.156 0.108 0.048 69.2 30.8
50 cm 6.07 21.0 1.27 0.091 0.101 0.040 0.061 40.0 60.0
140 cm (Groundwater) 7.02 0.0 1.00 0.192 - - - - -
Average 73.8 26.2
ND - not detected
Table 4. Mixing Analysis Results for Total Dissolved Phosphorus (TDP).
Callartaf Percent A Measured Concen'gratlon Concentration | Concentration Percent. Percent-
tracer Dilution decline . . concentration | concentration
Measurement . surface TDP - decline due decline due . .
. concentration factor . from initial L - decline due decline due
Point water concentration . to dilution to attenuation o :
Ce (%) (DF) (mg/L) condition (mg/L) (mg/L) to dilution to attenuation
(mg/L) 2 (mg/L) 2 ° (%) (%)
Surface water 2.5 100.0 - ND - - - - -
5cm 3.01 88.7 8.86 0.038 2.092 1.890 0.202 90.3 9.7
10 cm 3.26 83.2 5.95 0.056 2.074 1.772 0.302 85.4 14.6
15cm 4.04 65.9 2.94 0.236 1.894 1.404 0.490 74.1 25.9
25cm 4.48 56.2 2.28 0.227 1.903 1.197 0.706 62.9 37.1
50 cm 6.07 21.0 1.27 0.736 1.394 0.448 0.946 32.1 67.9
140 cm (Groundwater) 7.02 0.0 1.00 2.13 - - - - -
Average 69.0 31.0

ND - not detected
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The coincidence of the rapid drop in the OP/TDP ratio between 15 and 5 cm (Figure 5) suggests
the possibility of plant uptake of available inorganic phosphorus in this zone as well. The ratio
of dissolved OP to TDP reaches a maximum at 15 cm, and rapidly decreases at 10 cm and 5 cm

depths (Figure 5).

OP/TDP Ratio

lake L1 1 1 1 1 1 1 |
5 .
\
— 10
e .~\
(@) ~
~ \\
g 15 ?
8 I
5 I
2 I
= I
: = ¢
> 1
= 1
O I
2 ]
o I
] ]
ﬁ ]
= '
()]
I
a I
1
I
50— *
> /
/
/
)]
140~ ®

Figure 5. Vertical Profile of the Ratio of Dissolved Orthophosphate-P (OP) to Total Dissolved
Phosphorus (TDP).

Implications for Loading Evaluations

The data indicate that the concentration of phosphorus delivered to the GSI by advective
groundwater transport at this site is lower than originally estimated from the deep piezometer
data alone. This concentration reduction appears to be due to a combination of the removal of
phosphorus from the dissolved phase by various attenuation processes active prior to discharge,
and simple dilution by mixing.

Since dilution and mixing processes are not mass destructive or immobilizing, this portion of the
porewater phosphorus is assumed to still be available for transport to the overlying water
column. This suggests that the phosphorus concentration assumed for mass loading calculations
(Equation 1) should be adjusted downward only by an amount equivalent to the phosphorus
removed from the porewater by attenuation processes. For this particular site, the data indicates
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the phosphorus concentrations used in Equation 1 may need to be reduced by between 10 to 67%
of the original piezometer (LWGW-09) concentration values.

The detailed profiling of only one location at Lake Whatcom limits the ability to draw broader
conclusions about phosphorus attenuation processes active near the GSI at other locations around
the lake. However, most of the other piezometers sampled during the 2002-2003 study

(Pitz, 2005) exhibited conditions that are probably less favorable to significant near-surface
phosphorus concentration reduction (e.g., oxidized porewater at depth, coarser-grained sediment
matrix, higher permeabilities, few established surface macrophytes, low organic content). If
further refinement of the groundwater phosphorus load to the lake is critical to the TMDL
modeling work, profile sampling at additional sites may be of benefit.
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Conclusions

The dynamic biogeochemical processes often active in the near vicinity of the groundwater/
surface water interface (GSI) can generate strong vertical solute concentration gradients and alter
the chemistry of discharging groundwater. Traditional piezometer designs used by Ecology’s
Environmental Assessment Program (EAP) to characterize water exchange across the interface
are not well suited to accurately describe these changes. The high-resolution profiling method
described in this report should be a useful additional tool for this purpose.

The methods described here are intended to complement, rather than replace, other in-water
monitoring methods developed and used by EAP staff. The sampling system is low cost and
simple to use, and is capable of providing unbiased, depth-discrete porewater samples at a 5-cm
resolution. The method can be used to provide rapid reconnaissance data at multiple locations,
or highly detailed descriptions of contaminant attenuation in focused areas. The method should
be considered for use wherever steep concentration gradients near the GSI are suspected.

The tools and methods described here should help to reduce uncertainty and improve the overall
accuracy of the TMDL loading assessments and numerical modeling efforts conducted by EAP.
These procedures also have potential for application in a variety of other investigations of
groundwater discharge to surface water (e.g., mapping toxic or nutrient groundwater plume
entry/attenuation to Puget Sound; e.g., Pitz, 1999; Simonds et al., 2008).

The results collected during the October 2008 method testing indicate that the concentration of
phosphorus delivered to the water column by advective groundwater flow in the Sudden Valley
area of Lake Whatcom is likely lower than suggested by the 2002-2003 monitoring data.
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Recommendations

Based on the results of this study, the following recommendations are suggested:

Adopt the techniques described in this report for use in Ecology’s Environmental Assessment
Program studies where groundwater-related solute loading is of concern and site conditions
are favorable. The method should be used as a complement to other monitoring approaches.
Site conditions most favorable to generating strong concentration gradients near the
groundwater/surface water interface (GSI) include: reducing conditions at depth, highly
elevated porewater concentrations in comparison to surface water conditions, presence of
macrophytes or near-surface biological activity, high organic content, fine overall sediment-
column grain size, and low to moderate permeability.

Reduce the standard volume of preservative added to sample containers for the small volume
samples generated by the methods described in this report to avoid interferences with
laboratory analysis.

Adopt the use of a long-shaft temperature probe to improve and speed characterization of
vertical hydraulic gradients and groundwater flux at sites where the PushPoint device is used
(Conant, 2004; Duff, 2002; Kuwabara et al., 2009).

Use a multi-channel syringe pump to speed sample collection at multi-interval study sites.
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Appendix A. Quality Assurance

Equipment Blanks

To determine the bias due to sample-contact materials and field handling, three replicate field
equipment blanks were collected at the beginning of the project. Equipment blanks were
collected by pumping reagent-grade de-ionized (DI) water through the sampling system. New
parts were used in all contact portions of the system (e.g., tubing, fittings, filters, and sample
containers). Equipment blanks were submitted to the laboratory as blind samples, and were
analyzed for all target parameters. Table A-1 presents the results for these samples. No
detections were reported by the laboratory for any of the parameters evaluated, indicating the
sampling system did not introduce a bias into the results.

Table A-1. Equipment Blank Results.

Sample ID Date Orthophosphate-P  Ammonia-N Toptzl Dlissolifiee Chloride
osphorus

HR-PP-75 10/13/08 0.003 U 0.02 UJ 0.01U 0.1U

HR-PP-80 10/13/08 0.003 U 0.02 UJ 0.01U 01U

HR-PP-85 10/13/08 0.003 U 0.02 UJ 0.01U 0.1U

U — the analyte was not detected at or above the reported result.
UJ - the analyte was not detected at or above the reported estimated result.

Decontamination Blanks

To determine the effectiveness of field equipment decontamination (decon) procedures in
preventing cross-contamination between sample sets, three decon blanks were collected and
submitted to the laboratory for analysis (as blind samples). Each decon blank was collected
between real sampling intervals by pumping reagent-grade DI water through the sampling
system after the equipment had been field cleaned.

Sample contact equipment was decontaminated between sample intervals by triple rinsing

using a pressure sprayer and DI water. Decon blanks were analyzed for all target parameters.
Table A-2 presents the results for these samples. No detections were reported by the laboratory
for any of the parameters evaluated, indicating the decon procedures were effective in preventing
cross contamination between sample sets.

Table A-2. Decon Blank Results.

Sample ID Date Orthophosphate-P  Ammonia-N Vel Il Chloride
Phosphorus

HR-PP-90 10/14/08 0.003 U 0.02 UJ 0.01U 01U

HR-PP-95 10/14/08 0.003 U 0.02 UJ 0.01U 01U

HR-PP-100 | 10/14/08 0.003U 0.02 UJ 0.01U 01U

U — the analyte was not detected at or above the reported result.

UJ — the analyte was not detected at or above the reported estimated result.
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Field Replicates

To assist in evaluating the random variability introduced into the sample results by a
combination of field and laboratory influences, three field split replicates (from the 10 cm,

25 cm, and 50 cm depth intervals) were collected and submitted to the laboratory as blind
samples. Split replicates were collected by splitting the sample stream between like containers.
Replicate samples were analyzed for all target laboratory parameters. Tables A-3 through A-6
present the results for these samples. The data indicates precision between replicate pairs was
well within the target relative standard deviations (RSDs) (as % of mean) for all parameters
(Pitz, 2008).

Table A-3. Field Replicate Results for Orthophosphate-P.

RSD
Station Concentration Units Qual. | as % of
mean
HR-PP-10 0.0057 mg/L
HR-PP-12.5 (Rep.) 0.0053 mg/L 51
HR-PP-25 0.036 mg/L
HR-PP-30 (Rep.) 0.0375 mg/L 2.9
HR-PP-50 0.091 mg/L
HR-PP-60 (Rep.) 0.103 mg/L 8.7
Mean
RSD 5.6
Table A-4. Field Replicate Results for Ammonia-N.
RSD
Station Concentration Units Qual. | as % of
mean
HR-PP-10 1.28 mg/L J
HR-PP-12.5 (Rep.) 139 mg/L J 5.8
HR-PP-25 0.362  mg/L J
HR-PP-30 (Rep.) 0.346  mg/L J 3.2
HR-PP-50 0.829 mg/L J
HR-PP-60 (Rep.) 0.788  mg/L J 3.6
Mean
RSD 4.2

J — The analyte was positively identified; the associated concentration result is an estimate.
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Table A-5. Field Replicate Results for Total Dissolved Phosphorus.

RSD
Station Concentration Units Qual. | as % of
mean
HR-PP-10 0.056 mg/L
HR-PP-12.5 (Rep.) 0.053 mg/L 3.9
HR-PP-25 0.227 mg/L
HR-PP-30 (Rep.) 0.231 mg/L 1.2
HR-PP-50 0.736 mg/L
HR-PP-60 (Rep.) 0.736 mg/L 0.0
Mean
RSD 1.7
Table A-6. Field Replicate Results for Chloride.
RSD
Station Concentration Units Qual. | as % of
mean
HR-PP-10 3.26 mg/L
HR-PP-12.5 (Rep.) 3.3 mg/L 0.9
HR-PP-25 4.48 mg/L
HR-PP-30 (Rep.) 4.47 mg/L 0.2
HR-PP-50 6.07 mg/L
HR-PP-60 (Rep.) 6.02 mg/L 0.6
Mean
RSD 0.5
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Appendix B. Glossary, Acronyms, and Abbreviations

Advective flow (advection): The transport of a solute by the bulk motion of flowing
groundwater.

Annular space: Open space between the outer casing of a well or piezometer and the adjacent
sediments.

Anoxic: Depleted of oxygen.
Biotic: Produced or caused by living organisms.

Diffusion: The net transport of molecules from a region of higher concentration to one of lower
concentration by random molecular motion.

Dissolved oxygen: A measure of the amount of oxygen dissolved in water.
Downgradient: The direction of flow, as defined by the hydraulic gradient.

Groundwater: Water in the subsurface that saturates the rocks and sediment in which it occurs.
The upper surface of groundwater saturation is commonly termed the water table.

Groundwater discharge: The movement of groundwater from the subsurface to the surface by
advective flow.

Hydraulic gradient: The difference in hydraulic head between two measuring points, divided
by the distance between the two points.

Hydraulic head: The pressure exerted by a water mass at any given point. Total head is the
sum of elevation head, pressure head, and velocity head.

pH: A measure of the acidity or alkalinity of water. A low pH value (0 to 7) indicates that an acidic
condition is present, while a high pH (7 to 14) indicates a basic or alkaline condition. A pH of 7 is
considered to be neutral. Since the pH scale is logarithmic, a water sample with a pH of 8 is ten
times more basic than one with a pH of 7.

Piezometer: A small-diameter, non-pumping well used to collect groundwater quality samples
and hydraulic head measurements.

Porewater: The water filling the spaces between grains of sediment.
Redox: Any chemical reaction which involves oxidation and reduction.

Specific conductance: A measure of water’s ability to conduct an electrical current. Specific
conductance is related to the concentration and charge of dissolved ions in water; reported here
in units of uS/cm @ 25°C.
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Total Maximum Daily Load (TMDL): A water cleanup plan. A distribution of a substance in
a waterbody designed to protect it from exceeding water quality standards. A TMDL is equal to
the sum of all of the following: (1) individual wasteload allocations for point sources, (2) the
load allocations for nonpoint sources, (3) the contribution of natural sources, and (4) a margin of
safety to allow for uncertainty in the wasteload determination. A reserve for future growth is
also generally provided.

Acronyms and Abbreviations

Ammonia-N ammonia as nitrogen

Decon decontamination

EAP Environmental Assessment Program
Ecology Washington State Department of Ecology
EPA U.S. Environmental Protection Agency
GSlI groundwater/surface water interface
GW groundwater

N nitrogen

Nitrate-N nitrite + nitrate as nitrogen

OP orthophosphate as phosphorus

P phosphorus

RSD relative standard deviation

SC specific conductance

S.U. standard unit

SW surface water

TDP total dissolved phosphorus
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