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Assessment of Polycyclic Aromatic Hydrocarbon
Concentrations in Southern Lake Powell, Glen Canyon
National Recreation Area, Arizona and Utah, 201617

By Alissa L. Coes, Nicholas V. Paretti, David A. Alvarez, and Jamie P. Macy

Abstract

Polycyclic aromatic hydrocarbon contamination related
to boat use is one of the most important water-quality issues
affecting Lake Powell. High concentrations of polycyclic
aromatic hydrocarbons in water are common around marinas
and other areas with extensive motorboat activity because
of releases of uncombusted or partially combusted oil and
gasoline from boat engines. The fate of these compounds in
Lake Powell is of serious environmental concern because of
their toxicity and carcinogenicity and their moderate persis-
tence once they enter the aquatic ecosystem. In 2016-17, the
U.S. Geological Survey (USGS) assessed the presence and
concentrations of polycyclic aromatic hydrocarbons in Lake
Powell at seven sites where concentrations have historically
been elevated, and one site where concentrations have histori-
cally been relatively low. Semipermeable membrane devices
were used to collect samples which represent time-weighted
averages of polycyclic aromatic hydrocarbon concentrations
in water over one-month deployment periods. Samples were
collected from the epilimnion of the lake at each of the eight
sampling sites during two periods of relatively high boat use
(summer), and one period of relatively low boat use (spring).
Twenty-eight out of 33 polycyclic aromatic hydrocarbons ana-
lyzed were detected in Lake Powell during the three sampling
events. During the two summer sampling events, concen-
trations were generally higher, and more compounds were
detected, than during the spring sampling event. Twenty-two
of the polycyclic aromatic hydrocarbons analyzed in 201617
had previously been analyzed by the USGS in the summer of
2010 at the same 8 sites using the same collection method.
Eleven of 22 compounds were detected in the summer 2010,
summer 2016, and summer 2017 sampling events, and 1 was
detected in the summer 2010 and summer 2017 samplings,
but not in the summer 2016 sampling event. During both the
current and previous sampling events, concentrations were
generally higher, and more compounds were detected, at the
high-use marina sites located most downstream on the lake.
The consistent presence of a wide range of polycyclic aro-
matic hydrocarbons in the water of Lake Powell indicates

chronic and (or) recent anthropogenic sources of contamina-
tion. The results from this study will provide the National Park
Service with information necessary to determine if the current
regulations on emission standards for personal watercraft used
on Lake Powell are effective in lowering polycyclic aromatic
hydrocarbon concentrations in the lake.

Introduction

Glen Canyon National Recreation Area is in northern
Arizona and southeastern Utah within the Colorado Plateau
physiographic province and includes Lake Powell (fig. 1).
Glen Canyon National Recreation Area was established on
October 27, 1972, to “...provide for public outdoor recreation
use and enjoyment of Lake Powell and lands adjacent thereto
in the States of Arizona and Utah and to preserve the scenic,
scientific, and historic features contributing to the public
enjoyment of the area...” (16 U.S. Code §460dd 1972; Public
Law 92-593).

There are many types of recreational activities at Glen
Canyon National Recreation Area including camping, back-
country hiking, boating, fishing, and lodging at the park.
Since 1998, the number of recreation visitors to Glen Canyon
National Recreation Area has ranged from 1.8 to 4.6 million
people. In 2016 and 2017, 3.2 and 4.6 million people vis-
ited Glen Canyon National Recreation Area for recreational
purposes, respectively (National Park Service, 2018). Rec-
reational boating on Lake Powell is by far the most popu-
lar activity in Glen Canyon National Recreation Area, and
includes the use of houseboats, power boats, and personal
watercraft. There are five marinas located within Glen Canyon
National Recreation Area. Contamination related to emissions
from boat engines is one of the most significant water-quality
issues affecting Lake Powell. Most of the visitors to Glen
Canyon National Recreation Area engage in boating activities
and come into direct contact with the water in Lake Powell.
In addition, Lake Powell is a water source for public and
agricultural consumption and is critical for the wildlife at Glen
Canyon National Recreation Area.


https://irma.nps.gov/Stats/Reports/Park/GLCA
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Figure 1. Map of Glen Canyon National Recreation Area, Lake Powell, and monitoring localities.

Polycyclic aromatic hydrocarbons (PAHs) can be released
into the water and air through uncombusted or partially
combusted releases of oil and gasoline from boat engines. The
introduction of PAHs to the environment is of concern because
of their known toxicity and carcinogenicity (Abrajano and
others, 2003). Once in the aquatic system, the fate of PAHs
is dependent on the structure and physical properties of each
individual PAH. PAHs have low water solubilities, tending to

partition out of the dissolved phase into the solid phase, and
preferentially bind to organic matter on suspended particles
and sediment (Abrajano and others, 2003). Despite their low
solubilities, an important destruction pathway of PAHs in the
aquatic environment is biodegradation in their dissolved phase
(Abrajano and others, 2003). Additionally, many PAHs are
hydrophobic, leading to bioaccumulation factors in aquatic
organisms (U.S. National Library of Medicine, 2017).



The lighter aliphatic and aromatic PAHs tend to float on the
aqueous surface and volatilize into the atmosphere (Abrajano
and others, 2003). Some PAHs are susceptible to degradation
upon exposure to ultraviolet radiation from sunlight (pho-
tolysis) and can degrade in minutes to hours (Huckins and
others, 2006). Photolysis of PAHs has its own risks as many
of the degradation products can have greater levels of toxicity
than the parent PAHs (Marzooghi and Di Toro, 2017). PAH
half-lives in natural open-water systems is generally on the
order of hours to days to months, depending on environmental
conditions and the specific PAH under consideration (U.S.
National Library of Medicine, 2017). Because of the hydro-
phobic nature of PAHs, and their susceptibility to degradation
and volatilization, the presence of PAHs in water generally
indicates chronic and (or) recent contamination from anthro-
pogenic sources.

In an effort to reduce PAH concentrations at Glen Canyon
National Recreation Area, the National Park Service (NPS)
adopted special regulations in 2003 to manage the use of per-
sonal watercraft on Lake Powell, as described in the Record of
Decision signed on June 27, 2003, for the final Environmental
Impact Statement concerning the use of personal watercraft
on waters of Glen Canyon National Recreation Area (National
Park Service, 2003). The special regulations defined personal
watercraft emission standards, but there was a 10-year delay
of implementing the standards to allow personal watercraft
owners time to transition. Since December 31, 2012, the
new regulations have been included in the Code of Federal
Regulations, which states that no one may operate a personal
watercraft that does not meet 2006 emission standards set by
the Environmental Protection Agency for the manufacturing
of two-stroke engines (36 CFR §7.70 (e)(3)). Also included as
part of the Record of Decision, NPS is required to sample and
monitor for PAH concentrations in Lake Powell.

In 2004, at the request of the NPS, the U.S. Geological
Survey (USGS) prepared a plan for monitoring PAH concen-
trations in Lake Powell (National Park Service, 2004). As
part of the monitoring plan, the USGS and NPS established
20 sentinel monitoring sites to provide consistent sampling
locations to monitor changes in water and sediment quality in
Lake Powell (Hart and others, 2012). During 2004 to 2006,
the USGS collected discrete water samples at these sites in
cooperation with the NPS for analysis by the Environmental
Protection Agency method 1664, revision B (U.S. Environ-
mental Protection Agency, 2010). Oil and grease products
(n-hexane extractable material) were detected in water at 9
of the 20 sites, and total petroleum hydrocarbons (nonpolar
material) were detected in water at all 20 of the sites (Hart and
others, 2012; U.S. Environmental Protection Agency, 2010).

In 2010-11, the USGS and NPS again partnered to col-
lect discrete sediment samples and composite water samples at
the Lake Powell sentinel monitoring sites (Schonauer and oth-
ers, 2013). In Schonauer and others (2013), the time-weighted
average concentrations of PAHs in water were determined
using semipermeable membrane device (SPMD) passive
samplers. PAHs were detected most frequently at sites in the
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southern part of Lake Powell, where visitation and boat use
are high. The most commonly detected compounds in water
were fluoranthene, chrysene, 4,5-methylenephenanthrene, and
I-methylphenanthrene, which were detected at 94 percent,

83 percent, 78 percent, and 72 percent of the sites, respec-
tively. The most commonly detected compounds in sediment
were 2,6-dimethylnaphthaline and 1,6-dimethylnaphthaline,
which were detected at 65 percent and 55 percent of the sites,
respectively.

The previous studies (Hart and others, 2012; Schonauer
and others, 2013) have provided baseline information on PAH
concentrations in Lake Powell that the NPS is using to make
management decisions about the use of personal watercraft
within Glen Canyon National Recreation Area. These stud-
ies have also identified sites at Lake Powell where additional
monitoring is necessary to determine if PAH concentrations in
water are increasing or decreasing over time. Additional PAH
sampling on Lake Powell is critical to NPS in order to both
determine the effectiveness of the newly enacted management
policies, and to fully understand the relation between boating
and PAH concentrations in water.

Purpose and Scope

This study reports PAH detections and concentrations
at eight of the sentinel monitoring sites sampled in 2016 and
2017 previously established by Hart and others (2012). In
addition, the 2016—17 PAH detections and concentrations
are compared to previously reported PAH detections and
concentrations collected in 2010 at the eight monitoring sites
(Schonauer and others, 2013). Sampling occurred during peri-
ods of both high boat use and low boat use. The results from
this study provides Glen Canyon National Recreation Area
with the necessary information to determine if the current poli-
cies concerning personal watercraft on Lake Powell are effec-
tive management techniques for lowering PAH concentrations.

Methods

In-situ passive samplers, SPMDs, were used in this study
to collect samples that represent time-weighted averages of
concentrations in water over the deployment periods. The
theory and use of SPMDs are described in detail in Huckins
and others (2006) and Alvarez (2010), whereas a general
overview is given here. SPMD samplers consist of a neutral
lipid, ultra-high-purity triolein, encased in a thin-walled layflat
polyethylene membrane tube (Huckins and others, 2006).

The hydrophobic nature of PAHs allows these compounds to
partition out of the water and into the membrane and lipid of
the SPMD. SPMDs continually sample the surrounding water
over the period of deployment. The volume of water sampled
during a SPMD deployment is a function of the sampling
rate for a particular compound and the sampling duration.
The estimation of the time-weighted average concentration
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of chemicals in the water is determined from the concentra-
tion of the chemicals accumulated in the SPMD and uptake
models which take into account the site-specific environmental
variables (Alvarez, 2010). The integrative nature of SPMDs
accumulates compounds and increases the probability that
sampled concentrations will be above analytical method detec-
tion limits.

Semipermeable Membrane Device Construction

The SPMDs were prepared at the USGS Columbia
Environmental Research Center (CERC) and consisted of 91
centimeter-long thin-walled, layflat polyethylene membrane
tubes containing 1 milliliter of ultra-high-purity triolein. Each
SPMD was spiked in the laboratory prior to deployment with
fluorene-d,,, phenanthrene-d, , and pyrene-d  to serve as per-
formance reference compounds (PRCs) to understand poten-
tial low bias caused by environmental interference of SPMD
sampling rates. In addition, the photolysis marker dibenz[a, /]
anthracene-d,, was spiked into each SPMD during construc-
tion to understand potential low bias caused by PAH degrada-
tion upon exposure to sunlight. For deployment at each site,
two SPMDs were placed inside of stainless-steel deployment
canisters. The deployment canisters were then sealed inside of
solvent-rinsed, air-tight metal cans and kept chilled below 4
degrees Celsius until deployment.

Additional SPMDs were constructed concurrently with
each group of field SPMDs for quality-control (QC) purposes.
With each group of field SPMDs, two SPMDs were con-
structed and stored at CERC in air-tight, solvent-rinsed con-
tainers and kept below —20 degrees Celsius to serve as fabrica-
tion blanks. Also, with each group of field SPMDs, additional
SPMDs were constructed for use as field blanks and for use
as field replicates. Each field blank SPMD consisted of one
SPMD sealed inside of a solvent-rinsed air-tight metal can,
and each field replicate SPMD consisted of an additional two
SPMDs placed inside of a field SPMD deployment canister.
Fabrication blanks, field blanks, and field replicates were all
spiked with the same PRCs and photolysis markers as the field
SPMDs. SPMDs for use as field blanks and field replicates
were kept chilled below 4 degrees Celsius until deployment.

Field Deployment and Retrieval

SPMD samplers were deployed at seven sites with the
greatest number of PAH detections in water from Schonauer
and others (2013) (Antelope Point Marina, Dangling Rope
Marina, Lone Rock Beach, Rainbow Bridge National Monu-
ment, Stateline Marina Boat Docks (locally known as Stateline
Marina), Wahweap Marina, and Warm Creek Bay;
fig. 1). One additional site with a relatively lower number of
PAH detections from Schonauer and others (2013), Padre Bay,
was resampled as a control site (fig. 1). Each of the sampled
sites is described in detail by Hart and others (2012). Ante-
lope Point Marina, Wahweap Marina, and Dangling Rope
Marina have boat fuel docks, though Antelope Point Marina

and Wahweap Marina are higher use than Dangling Rope
Marina because of their proximity to Page, Ariz., and their
boat launching, mooring, and rental services (Hart and others,
2012). Stateline Marina does not have a boat fuel dock but
does have boat launching and mooring services. Lone Rock
Beach, Rainbow Bridge National Monument, and Warm Creek
Bay are in side canyons, beaches, and bays with relatively
high boat traffic (Hart and others, 2012).

SPMD samplers were deployed according to field meth-
ods outlined in Alvarez (2010). Samplers were deployed three
times at each of the eight sites; two of the SPMD deployments
were during periods of high boat use (June 21, 2016 through
July 19, 2016 [summer 2016] and June 29, 2017 through July
26,2017 [summer 2017]) and one deployment was during a
period of relatively lower boat use (April 18, 2017 through
May 16, 2017 [spring 2017]). Over the course of the deploy-
ments, four SPMD samplers were either stolen or damaged,
and samples from those sites and periods were therefore lost.
Data from these samples could not be included in the data
analysis (summer 2017 sample from Lone Rock Beach; sum-
mer 2016, spring 2017, and summer 2017 samples from Padre
Bay).

During the summer, PAHs potentially associated with
increased boat traffic at Lake Powell would most likely be in
the upper water column, because PAHs associated with fuels
will float on the water surface. Therefore, SPMD samplers
were deployed in the water column within the epilimnion at
depths ranging from 5 to 17 feet below the water surface (fig.
2). The thermocline was measured during deployment and
retrieval using a Sea-Bird Electronics, Inc., model SBE25 con-
ductivity, temperature, and depth (CTD) profiler to monitor if
the SPMDs remained within the epilimnion during the deploy-
ment period. All sensors of the SBE25 CTD were calibrated
by the manufacturer in April 2016 and calibration coefficients
were updated in the Sea-Bird Electronics software following
calibration. In addition, Onset Computer Corporation TidbiT
version 2 temperature loggers were deployed with each SPMD
to monitor if there were any significant temperature changes
during the deployment period (Mayo and others, 2018; fig. 2).

SPMDs were deployed off either fixed or floating dock
structures, or off NPS buoys (table 1). Samplers deployed off
the floating dock or buoys remained at the same depth below
the water surface throughout deployment as water-levels
changed, but elevations of the samples fluctuated; samplers
deployed off fixed docks fluctuated in their depth below water
surface as water-levels changed, but elevations of the sam-
plers remained the same (fig. 2). Care was taken to deploy the
samplers within areas of high boat traffic, away from gasoline
pumps, as this study focuses on PAH contamination from
boat use. Some of the PAH compounds being sampled for
are known to degrade in sunlight (Huckins and others, 2006);
therefore, each SPMD was deployed under an attached sun
shade to minimize photolysis. Upon collection, all SPMDs
were sealed inside of solvent-rinsed, air-tight metal cans,
stored below 4 degrees Celsius, and were shipped to arrive at
CERC within 7 days of sample collection.
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Figure 2. Graphs of the thermocline at semipermeable membrane device (SPMD) deployment and retrieval, and

continuous temperature during SPMD deployment period for (A) Antelope Point Marina, (B) Dangling Rope Marina, (C) Lone
Rock Beach, (D) Rainbow Bridge National Monument, (E) Stateline Marina, (F) Wahweap Marina, and (G) Warm Creek Bay.
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Methods 9

Table 1. Description of sampled sites, deployment depths, and quality-control data.
Site name Site identifier Deploy!nent Deployment depth, feet below water Field quality control sample
location surface
Summer Spring Summer Summer Spring Summer
2016 2017 2017 2016 2017 2017
Antelope Point . .
. 365759111254700 Fixed Dock 10 12 12 Blank  Replicate None
Marina
Dangling Rope  35070¢111045100  Fixed Dock 10 12 10 None Blank  Replicate
Marina
Lone Rock Beach  370107111320500 Buoy 12 12 Lost None Blank None
Padre Bay 370321111171700 Buoy Lost Lost Lost Blank None None
Rainbow Bridge
National 370506110581600 Fixed Dock 7 7 7 Blank None None
Monument
Stateline Marina ~ 370031111300100 Fixed Dock 9 15 17 Replicate None Blank
Wahweap Marina  365933111285200 Fixed Dock 7 10 10 Blank None None
Warm Creek Bay  370333111262700 Floating Dock 5 9 7.5 Replicate None Blank

Field QC samples were collected and analyzed accord-
ing to Alvarez (2010) to assess bias and variability associated
with field and laboratory methods. During the three sampling
events, eight SPMD field blanks were collected to under-
stand potential high bias caused by introduced contamination
associated with all aspects of field and laboratory procedures,
and four SPMD field replicates were collected to understand
potential variability associated with field conditions and
field and laboratory procedures (table 1). Field blanks were
collected by exposing a SPMD sampler to the air at the field
site during the same length of time that the associated field
SPMD was exposed to the air during sampler deployment
and retrieval. Field replicates were collected by deploying
two SPMDs concurrently at a sampling location so that the
samplers were exposed to the same water for the same length
of time.

Laboratory Processing and Analysis

Upon receipt of the SPMD field samples, field blanks,
and field replicates at the laboratory, each of the metal cans
containing the SPMDs were inspected for damage, logged, and
then stored below —20 degrees Celsius. The processing and
analysis of the SPMDs for 33 PAHs (table 2) were performed
according to methods described in Alvarez and others (2008).
In the laboratory, the SPMDs were removed from the deploy-
ment canisters and gently cleaned under deionized water to
remove any surficial films on the device. The SPMDs were
then treated with a two-part dialytic extraction using hex-
ane to recover any sampled PAHs, PRCs, and the photolysis
marker. Dialysates were filtered and dried by passing through
anhydrous sodium sulfate prior to fractionation using size

exclusion chromatography (SEC) to isolate the PAHs from
residual lipids, biogenic materials, and sulfur. Following the
SEC fractionation, the samples underwent a final cleanup by
passing through a gravity-flow chromatography column con-
taining acidic, basic, and neutral silica gel. The samples were
then transferred to autosampler vials, spiked with 250 nano-
grams each of 2-methylnaphthalene-d,, and benzo(e)pyrene-
d , to serve as instrumental internal standards, and the volume
adjusted to 1 milliliter of hexane. Analyses were performed
using a 6890N gas chromatograph coupled with a 5973 mass
selective detection (Agilent Technologies, Palo Alto, Calif.).
Chromatographic separations were performed using a HP-
SMS (30 meter, 0.25-millimeter inner diameter, 0.25-microm-
eter film thickness) column. Details on the chromatographic
conditions, mass spectrometer settings, and instrumental
calibrations are described in Alvarez and others (2008).
Laboratory QC samples were prepared and analyzed
according to Alvarez (2010) to assess bias and variability
associated with laboratory methods. Two laboratory blanks,
consisting of extract solvent, were manufactured at the same
time as extraction of each group of field SPMDs. These blanks
were analyzed with field SPMD extracts to understand poten-
tial high bias caused by introduced contamination associated
with sample processing and analysis. Laboratory matrix spikes
were prepared by spiking nondeployed SPMDs in the labora-
tory with a known quantity of the target PAHs. Two laboratory
matrix spikes were analyzed with each group of field-deployed
SPMDs to understand potential low or high bias associated
with SPMD matrix interference and method performance.
The fabrication blanks, previously constructed at the same
time as the field SPMDs, were processed and analyzed along
with the field SPMDs. These fabrication blanks were analyzed
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Table 2. Method detection and method quantitation limits for each polycyclic aromatic hydrocarbon analyzed as a part of this study.

[Concentrations in picograms per liter; MDL, method detection limit; MQL, method quantitation limit]

PAH Summer 2016 Spring 2017 Summer 2017
MDL maL MDL maL MDL maL
Naphthalene 140 680 2,2000' 64,000' 27,000' 75,000'
Acenaphthylene 28 140 33 170 28 140
Acenaphthene 21 110 27 130 130 380
Fluorene 16 79 22 110 16 80
Phenanthrene 130 370 99 220 28 70
Anthracene 12 62 18 91 13 63
Fluoranthene 33 79 180 490 14 36
Pyrene 15 33 170 470 15 38
Benz[a]anthracene 15 45 35 100 6.7 34
Chrysene 29 88 56 160 6.6 33
Benzo[b]fluoranthene 32 95 95 290 6.6 33
Benzo[k]fluoranthene 31 94 49 140 7.3 36
Benzo[a]pyrene 21 63 40 120 7.7 39
Indenol[1,2,3-c,d]pyrene 31 94 160 440 9.4 47
Dibenz[a,h]anthracene 26 79 67 170 8.3 41
Benzo[g,h,i]perylene 38 120 210 580 10 51
Benzo[b]thiophene 530 2,600 530 2,600 530 2,600
2-methylnaphthalene 150 440 100 250 110 280
1-methylnaphthalene 84 260 56 250 59 230
Biphenyl 83 250 140 280 43 210
1-ethylnaphthalene 16 78 21 110 16 79
1,2-dimethylnaphthalene 20 98 25 130 20 99
4-methylbiphenyl 370 700 1,100 2,200 590 1,100
2,3,5-trimethylnaphthalene 8.3 72 14 70 8.5 43
1-methylfluorene 7.9 39 14 68 8.1 40
Dibenzothiophene 16 79 22 110 16 80
2-methylphenanthrene 12 42 21 71 8.6 43
9-methylanthracene 7.4 37 13 66 7.6 38
3,6-dimethylphenanthrene 6.4 32 12 62 6.7 33
2-methylfluoranthene 6.4 32 12 62 6.7 33
Benzo[b]naphtho[2,1-d]thiophene 16 49 12 62 6.8 34
Benzo[e]pyrene 49 140 150 420 7.9 39
Perylene 15 47 14 70 7.1 35

"Naphthalene MDLs and MQLs are relatively high because of elevated concentrations in the laboratory blanks, resulting in high means and standard devia-
tions for these sets of blanks.



to understand potential high bias caused by contamination
associated with SPMD fabrication and storage, and sample
processing and analysis.

Method detection limits (MDLs) and method quantitation
limits (MQLs) were calculated for each field sampling period.
The MDLs and MQLs were estimated from the mean and stan-
dard deviation of PAH residues measured in the SPMD fab-
rication, laboratory, and field blanks as previously described
(Alvarez, 2010; Keith, 1991). The MDL was calculated as the
mean plus three times the standard deviation of a PAH’s con-
centration in the blanks. The MQL was calculated as the mean
plus ten times the standard deviation of a PAH’s concentration
in the blanks. In cases where a PAH was not measured in any
of the blanks, the MQL was set to the concentration of the
lowest calibration standard used during the analysis and the
MDL was set to 20 percent of the MQL.

Conversion of concentration in units of mass per SPMD
to mass per volume water for each PAH was conducted using
uptake models described in Huckins and others (2006). All
PAH data in units of nanogram per SPMD are archived in the
USGS National Water Information System database (U.S.
Geological Survey, 2018) and by Mayo and others (2018). All
PAH data in units of picogram per liter are archived by Mayo
and others (2018).

Data Analysis

PAH concentrations and detections were statistically
compared between sampling sites, summer and spring deploy-
ment periods, and historical and present conditions. Censored
statistical methods were used to quantify and represent PAH
concentrations that were below the MDLs. Censored box-plot
analyses using the “cenboxplot” function and robust regres-
sion on order statistics (ROS) using the “cenros” function from
the NADA package in R (Lee, 2015) was used to calculate the
median, mean, and standard deviation for comparison using the
“cendiff” function from the NADA package in R (Lee, 2015).
The “cendiff” function uses the Peto-Prentice test (Helsel and
Lee, 2006) to determine whether there were significant differ-
ences between the groups for elements with censored data. ROS
is a robust estimator and the least biased estimator, except for
when censoring level is above 50 percent. When estimating the
mean, the ROS is also generally a better estimator and has lower
biases for the mean (Annan and others, 2009). If concentrations
for a PAH were not censored, then traditional nonparametric
approaches were used to compute general statistics and pairwise
testing was completed with a Wilcoxon Rank Sum Test.

A nonmetric multidimensional scaling (NMDS) multivari-
ate analysis procedure was used to compare samples with differ-
ent MDLs from different locations (Clarke and Gorley, 2006).
The NMDS analysis was performed on a Bray-Curtis similarity
matrix and plotted in two-dimensional space to aid in interpreta-
tion of multivariate patterns. A Bray-Curtis similarity matrix is
well suited for PAH data because of the flexibility to include
one or more censored data pairs into the matrix calculation.

Sampling Conditions 1"

A measure of stress is provided from the NMDS analysis as a
diagnostic to determine how well the data are fitting the NMDS
ordination. Lower stress values are desired, and stress values
below 0.20 generally indicate that the NMDS plot is providing
an accurate representation of the data in multivariate space.

A multivariate analysis of similarities (ANOSIM) was
used in group comparisons. ANOSIM is a distribution-free
method to compare the variation in analytes and concentra-
tion among sampling units in terms of some grouping factor
or experimental treatment levels. ANOSIM was used to test
the group factors of locations and sampling period. Linkage
trees (LINKTREE) were used in conjunction with the similar-
ity profile routine (SIMPROFF) to generate information about
samples that plotted close together in the NMDS (Clarke and
others, 2008). LINKTREE is a nonparametric version of multi-
variate regression trees or classification and regression trees. It
optimizes successive binary divisions of sample patterns using
threshold values of PAH variables and provides information
about groupings in terms of single PAH variables. SIMPROF
was used to objectively identify clusters or groups of samples.
The routine was run at the same time as the LINKTREE in
order to strengthen grouping patterns identified in the NMDS.
Significant groupings were identified, and PAHs used in the
binary divisions were identified. Redundant PAHs leading to the
same division were all listed for each group.

Sampling Conditions

Lake Powell is stratified and considered to be a meromic-
tic reservoir where layers of water do not intermix (Hart and
Sherman, 1996). This is particularly true in the deepest part
of the reservoir, the forebay of Glen Canyon Dam, where the
lake is over 500 feet deep. Water levels in Lake Powell tend
to increase from May through July with spring runoff and
decrease through the rest of the year as water is released from
Glen Canyon Dam for users downstream (Bureau of Reclama-
tion, 2018; fig. 3). The water-surface elevation of Lake Powell
during the summer sampling events were 7 to 36 feet higher
than during the spring sampling event. Elevations ranged from
3,617 to 3,621 feet during the summer 2016 sampling event,
and from 3,635 to 3,636 feet during the summer 2017 sampling
event, whereas elevations ranged from 3,600 to 3,610 feet dur-
ing the spring 2017 sampling event. The water-surface eleva-
tion of Lake Powell during 2016—17 sampling was relatively
low compared to long-term (38 year) water-surface elevations,
but similar to elevations in the last 10-15 years (fig. 3b).
Water-surface elevations during the summer 2016 and summer
2017 sampling events were 21 to 44 feet lower than during the
summer 2010 sampling event.

Water temperatures at the SPMD deployment depths
remained fairly constant during the deployment periods, and all
SPMDs remained in the epilimnion during deployment
(Mayo and others 2018; fig. 2). With one exception, tempera-
tures slightly increased at all sites during SPMD deployment,
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Figure 3. Water surface elevation graphs of Lake Powell from (A) 201617, and (B) 1980-2017 (Bureau of Reclamation, 2018). [Shaded
areas represent time periods when semipermeable membrane devices were deployed]

with a largest temperature increase of 6.8 degrees Celsius at
the Warm Creek Bay site, during the spring 2017 deployment.
Water temperatures slightly decreased at the Antelope Point
Marina site during the spring 2017 deployment. Unfortunately,
the TidbiT water temperature data logger failed at this site dur-
ing this deployment, but the Sea-Bird temperature and depth
profiler data indicated a temperature decrease of about 0.5
degrees Celsius.

Monthly boat rental and boat mooring information for
Wahweap Marina, available from the NPS, was used in this
report as an indicator of watercraft use on the southern end
of Lake Powell. The summer 2016 and summer 2017 SPMD
deployments were during the periods of typically high boat use,

and the spring 2017 deployment was during a period of typi-
cally low boat use (fig. 4). The average of monthly boat rentals
(total of houseboat and powerboat rentals at Wahweap Marina)
was 3,592 boats in June—July 2016 and 3,681 boats in June—
July 2017, wheras the average of monthly rentals was 798
boats in April-May 2017. During the July—August 2010 sam-
pling, the average of monthly rentals was 3,695 boats. Average
monthly boat mooring occupancy (total occupied slips and
buoys at Wahweap Marina) was generally consistent during
the 2016—17 study, with 685 occupied in June—July 2016, 620
occupied in April-May 2017, and 659 occupied in June—July
2017. During the July—August 2010 sampling, average monthly
mooring occupancy was slightly higher at 789 occupied.

December-17

January-18
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Data Quality Assessment

All PAH QC data are archived in Mayo and others
(2018). The field and laboratory PAH QC data indicate that
there are acceptably low levels of bias and variability affect-
ing the environmental PAH data. Combining the 6 fabrication,
6 laboratory, and 8 field blank samples, the upper confidence
limit is 96 percent that potential contamination is no greater
than the MDL of any given PAH in at least 85 percent of the
samples. Average relative percent differences (RPDs) in the 4
field replicate samples ranged from 0 to 22 percent for the 24
PAH compounds with detections in the replicate pairs; only
four PAHs had average RPDs greater than 15 percent (pyrene,
benzo[k]fluoranthene, 3,6-dimethylphenanthrene, and 2-meth-
ylfluoranthene). Average recoveries in the 6 laboratory matrix
spike samples ranged from 42 to 89 percent. One PAH had an
average recovery below 50 percent, and 14 PAHs had aver-
age recoveries between 50 and 75 percent (table 3). Twelve of
these PAHs were detected in Lake Powell during this study,
but reported concentrations may be biased low. Recoveries of
the photolysis marker dibenz[a, h]anthracene-d , ranged from
80 to 109 percent, indicating that there is likely very little
potential low bias in the PAH concentrations because of degra-
dation upon exposure to sunlight.

Table 3. Polycyclic aromatic hydrocarbons with average
recoveries less than 75 percent.

[Average of 6 laboratory matrix spike samples; PAHs in bold font were
detected during the 2016—17 sampling]

Polycyclic aromatic hydrocarbons Average recovery, in

percent
Naphthalene 61
Acenaphthylene 60
Acenaphthene 62
Fluorene 67
Benzo[b]thiophene 42
2-methylnaphthalene 50
1-methylnaphthalene 50
Biphenyl 55
1-ethylnaphthalene 58
1,2-dimethylnaphthalene 61
4-methylbiphenyl 71
2,3,5-trimethylnaphthalene 69
1-methylfluorene 74
Dibenzothiophene 72
Perylene 67

Polycyclic Aromatic Hydrocarbon
Concentrations

Twenty-eight out of the 33 PAHs analyzed were detected
in Lake Powell during 2016—17 in at least 1 of the 3 sampling
events (fig. 5). The only PAHs not detected were acenaph-
thene, benzo[a]pyrene, dibenzothiophene, 9-methylanthra-
cene, and perylene. PAHs were detected at all seven of the
sites where samples were successfully collected (fig. 6). To
understand differences between the sampled sites in terms
of PAH detections and concentrations, the total number of
PAHs detected at each site over the three sampling events
was compared to the following: 1) the sum of all of the PAH
concentrations at each site over the three sampling events at
each site, and 2) the median rank of all of the ranked PAH
concentrations at each site over the three sampling events (fig.
7). Antelope Point Marina and Wahweap Marina had the high-
est total number of detections at the highest concentrations,
followed by Stateline Marina. Dangling Rope Marina had
the lowest number of detections at the lowest concentrations.
Lone Rock Beach is not included in this analysis because the
summer 2017 sample was lost and the number of detections is
therefore not comparable to the other sites.

Of the 28 PAHSs detected, 16 were detected from all 3
sampling events. Twelve PAHs were detected from one or
both of the summer sampling events but were not detected
during the spring sampling event (fig. 5). To understand dif-
ferences between the spring and summer samples in terms
of PAH detections and concentrations, the total number of
PAHs detected at each site during each sampling event was
compared to the following: 1) the sum of all of the PAH at
each site during each sampling event, and 2) the median rank
of all of the ranked PAH concentrations at each site during
each sampling event (fig. 8). The summer 2016 and summer
2017 samples generally have higher numbers of detections at
the highest concentrations than spring 2017 samples. For each
sampling event, the samples at Antelope Point Marina and
Wahweap Marina have the highest number of detections at
the highest concentrations, and Dangling Rope Marina has the
lowest number of detections at the lowest concentrations
(fig. 8). This low to high gradient of detections and concen-
trations was corroborated by a NMDS multivariate analysis,
which was used to analyze patterns between locations both
spatially and temporally (fig. 9). In the NMDS, samples are
represented as a single data point, but incorporate all PAH
concentrations quantified for that sample (that is, via the
similarity matrix). The 2016 and 2017 samples show a general
clustering of spring samples separate from summer samples.
A pair-wise test (differences between similarity matrices)
indicates that the spring sample is significantly different than
the summer samples (ANOSIM test, summer 2016 to spring
2017 and summer 2017 to spring 2017, p = 0.002 and 0.001,
respectively). Spring and summer samples from Antelope
Point Marina and Wahweap Marina are on the high end of the
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each sampling event, and 2) the median rank of all of the ranked polycyclic aromatic hydrocarbon concentrations at each site during

each sampling event.
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NMDS Axis 1

detection-concentration gradients (left side), summer samples
from Dangling Rope Marina are on the low end of the detec-
tion-concentration gradient (right side), and the spring sample
from Lone Rock Beach is on the low end of the detection-
concentration gradient (right side). There was not a significant
difference between 2016 and 2017 summer samples.
Concentrations of 10 PAHs (fluorene, phenanthrene,

fluoranthene, pyrene, chrysene, 2,3,5-trimethylnaph

thalene, 1-methylfluorene, 2-methylphenanthrene, 3,6-dimeth-
ylphenanthrene, and 2-methylfluoranthene) were significantly
higher in the summer samples than in the spring samples

(fig. 10). Concentrations of one PAH (4-methylbiphenyl) was

significantly higher in the spring sample than in the sum-

mer samples (fig. 10). A classification routine (LINKTREE)
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1-methylfluorene,
in picograms per liter

4-methylbiphenyl,
in picograms per liter

2,3,5-trimethylnaphthalene,

Fluoranthene,
in picograms per liter

Phenanthrene,

in picograms per liter

Chysene,
in picograms per liter

in picograms per liter
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identified compounds contributing to the NMDS ordination
patterns for the 2016—17 samples (table 4; fig. 9). Significantly
higher concentrations of 2-methylphenanthrene and 2-meth-
ylfluoranthene contribute to the overall differences observed
in the spring and summer sample patterns. Antelope Point
Marina summer samples were unique—plotting farthest away
from other samples— with the highest number of detections as
well as the highest concentrations of those detections (fig. 9).
Many PAHs separate the summer 2016 Antelope Point Marina

Polycyclic Aromatic Hydrocarbon Concentrations 19

samples (table 4), but an important PAH that separates them

is naphthalene. It should be noted, however, that the detec-
tion level for the summer 2016 naphthalene samples was two
orders of magnitude lower than the detection levels for the
spring 2017 and summer 2017 samples (table 2; fig. 5); the
spatial separation on the NMDS analysis is most likely a func-
tion of the laboratory detection level. Antelope Point Marina
and Wahweap Marina spring 2017 samples also plotted
distinctly from other samples; 13 different PAHs could equally

Table 4. The linkage trees and similarity profile (SIMPROF) multivariate analysis results listing compound and concentration results for
significant groups shown in figure 9.

[all groups are significant at a probability value of less than 0.001 using SIMPROF]

Clasification group split
(fig. 9)

Polycyclic Aromatic Hydrocarbon

Concentration threshold for
summer, in picograms per liter  spring, in picograms per liter

Concentration threshold for

Group 1
Group 1
Group 1
Group 1
Group 1
Group 1
Group 1
Group 1
Group 1
Group 1
Group 1
Group 1
Group 1
Group 1
Group 1
Group 1 and 2
Group 1 and 2
Group 1 and 2
Group 1 and 2
Group 2 and 3-4
Group 2 and 3-4
Group 3 and 4
Group 3 and 4
Group 3 and 4
Group 3 and 4
Group 3 and 4
Group 3 and 4
Group 3 and 4
Group 3 and 4
Group 3 and 4
Group 3 and 4
Group 3 and 4
Group 3 and 4
Group 3 and 4

Fluorene
2-methylnaphthalene
1,2-dimethylnaphthalene
Acenaphthylene

Biphenyl
1-methylnaphthalene
Naphthalene
Phenanthrene
2,3,5-trimethylnaphthalene
2-methylphenanthrene
1-methylfluorene
Indeno[1,2,3-¢,d]pyrene
1-ethylnaphthalene
3,6-dimethylphenanthrene
Chrysene
2-methylphenanthrene
2-methylfluoranthene
3,6-dimethylphenanthrene
Chrysene
2-methylphenanthrene
2-methylfluoranthene
Anthracene
1,2-dimethylnaphthalene
1-ethylnaphthalene
Acenaphthylene
1-methylfluorene
1-methylnaphthalene
2-methylnaphthalene
Phenanthrene

Fluorene
2,3,5-trimethylnaphthalene
2-methylphenanthrene
Fluoranthene

2-methylfluoranthene

>370 -
>3,600 -
>290 -
>340 -
>330 -

> 2,400 -
> 2,900 -
> 1,200 -
> 260 -
> 440 -
> 320 -
>36 -
>220 -
>110 -
>93 -
>220 <180
>41 <39
>55 <53

> 66 <65
>150 <120
>19 <17
>72 <48

> 180 <120
>170 <120
>200 <140
> 140 <75
>1,200 <850
>1,900 < 1,500
>460 <310
>130 <100
>100 <76
>120 <98
>270 <250
>16 <15
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define the division between Antelope Point Marina and
Wahweap Marina and the other spring 2017 samples.
Twenty-two PAHs sampled for during this study were
also sampled for in summer 2010 at the same sites by
Schonauer and others (2013); data from the summer 2010
samples was compared to data from the summer 2016 and
2017 samples. It is important to note that Schonauer and oth-
ers (2013) used SPMDs constructed and processed by a differ-
ent source and used a different analytical laboratory than this
study. Much of the 2010 data was censored at concentrations
higher than the 2016—17 laboratory MDLs because of labora-
tory contamination issues in the 2010 data (table 5; Schonauer
and others, 2013). Eleven PAHs, detected in the summer 2010
sampling, were also detected in the summer 2016 and sum-
mer 2017 sampling events; one PAH was detected in both
the summer 2010 and summer 2017 samplings, but not in the
summer 2016 sampling event; 2 PAHs were detected in 2010

but not in 2016 or 2017; and 6 PAHs were detected in both or
either 2016 and 2017 but not in 2010 (fig. 11; table 5). Some
of the PAH concentrations detected in 2010 may not have been
reported because of the high censoring levels, but concentra-
tions of the PAHs detected during the three sampling events
are relatively similar (fig. 11). Similar to the 2016—17 data,

in terms of the median rank of all the ranked concentrations
detected at each site for each sampling event, PAH concen-
trations in summer 2010 were relatively high at Wahweap
Marina, and relatively low at Dangling Rope Marina (fig. 12).
PAH concentrations in summer 2010 were relatively low at
Antelope Point Marina, which is very different from the 2016
and 2017 concentrations (fig. 12). Statistical analysis was
completed based on 11 PAHs that were detected in summer
2010, 2016, and 2017 samples and 1 PAH detected in 2010
and 2017 samples (table 4). A pair-wise test (differences
between similarity matrices) indicates that the summer 2010

Table 5. Method detection limits and number of detections of summer 2010, summer 2016, and summer 2017 samples.

[Polycyclic aromatic hydrocarbons in bold were included in the statistical analysis; n, number of samples]

Polycyclic aromatic hydrocarbon Method detection limit

Number of detections

Summer  Summer  Summer  Summer2010 Summer2016 Summer 2017
2010 2016 2017 (n=7) (n=7) (n=6)
Naphthalene 33,000 140 27,000 0 7 0
Acenaphthylene 212 28 28 6 7 6
Acenaphthene 359 21 130 4 0 0
Fluorene 442 16 16 6 7 6
Phenanthrene 1,833 130 28 5 7 6
Anthracene 320 15 13 6 7 6
Fluoranthene 235 33 14 7 7 6
Pyrene 730 15 15 4 7 6
Benz[a]anthracene 93 15 6.7 3 4 6
Chrysene 62 29 6.6 7 7 6
Benzo[b]fluoranthene 50 32 6.6 6 0 6
Benzo[k]fluoranthene 95 31 7.3 6 2 6
Benzo[a]pyrene 15 21 7.7 0 0 0
Indeno[1,2,3-c,d|pyrene 92 31 9.4 0 1 6
Dibenz[a, h]anthracene 110 26 8.3 0 0 2
Benzo[g,h,i]perylene 180 38 10 0 0 6
Benzo[b]thiophene 800 530 530 0 0 2
1,2-dimethylnaphthalene 250 20 20 4 7 6
1-methylfluorene 55 7.9 8.1 7 7 6
Dibenzothiophene 180 16 16 3 0 0
Benzo[e]pyrene 180 49 7.9 0 0 6
Perylene 98 15 7.1 0 0 0




Naphthalene
Acenaphthylene
Acenaphthene
Fluorene
Phenanthrene
Anthracene
Fluoranthene

Pyrene
Benz[alanthracene
Chrysene
Benzo[b]fluoranthene
Benzolk]fluoranthene
Benzola]pyrene
Indeno[1,2,3-c,d]pyrene
Dibenzla,h]anthracene
Benzolg,4,i]perylene
Benzo[b]thiophene
1,2-dimethylnaphthalene
1-methylfluorene
Dibenzothiophene
Benzole]pyrene

Perylene

Polycyclic Aromatic Hydrocarbon Concentrations

EXPLANATION

—o— Summer 2010

B g === Summer 2016

- —e =0=Summer 2017

Concentration, in picogram per liter (pg/L)

10 100 1,

000

Figure 11. Diagram of polycyclic aromatic hydrocarbon concentrations at Lake Powell

monitoring sites, summer 2010, summer 2016, and summer 2017.

10,000

21



22 Assessment of Polycyclic Aromatic Hydrocarbon Concentrations in Arizona and Utah, 2016-17
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sample is not strongly different than the summer 2016 or sum-
mer 2017 samples (ANOSIM test, summer 2010 to summer
2016 and summer 2010 to summer 2017, p = 0.037 and 0.056,
respectively). This is corroborated by a NMDS multivariate
analysis, which was used to analyze patterns between loca-
tions both spatially and temporally (fig. 13). In the NMDS,
samples are represented by a single data point but incorporate
all PAH concentrations quantified for that sample (that is, via
the similarity matrix). The summer 2010, summer 2016, and
summer 2017 samples show a general clustering, without a
spatial separation between time periods.

Discussion

PAHs are, for the most part, extremely hydrophobic,
and rapidly partition out of the aqueous phase; therefore, the
consistent presence of a wide range of PAHs in the water of
Lake Powell in 2016—17 suggests a chronic and (or) recent
anthropogenic source. The PAHs detected in the water of Lake
Powell were at low concentrations but were at concentrations

similar to other large lakes in the United States that have
high boat use (Lico and Johnson, 2007; Rosen and others,
2010; Alvarez and others, 2012; Ruge and others, 2015). The
Environmental Protection Agency has recommended criteria
for 12 of the sampled PAHs that represent concentrations

in a water body below which there are no expected adverse
effects to human health (table 5; Environmental Protection
Agency, 2015). The Arizona Department of Environmental
Quality (ADEQ) has state regulations for 13 of the sampled
PAHs to protect surface-water bodies from pollution accord-
ing to beneficial uses; the beneficial uses of drinking water,
fish consumption, full body contact, and aquatic and wildlife
uses for cold water are designated for Lake Powell and have
PAH standards (table 5; Arizona Department of Environmental
Quality, 2009). All of the PAH concentrations in the 2016—17
samples were orders of magnitude lower than Environmental
Protection Agency criteria or ADEQ standards.

Samples collected in 2016—17 at Antelope Point Marina
and Wahweap Marina, followed by Stateline Marina, gener-
ally contained the highest number of detections of PAHs at
the highest concentrations. PAH concentrations in samples
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Figure 13. Diagram of a non-metric multidimensional scaling ordination for polycyclic aromatic
hydrocarbon concentrations at each site during each summer sampling event, summer 2010,
summer 2016, and summer 2017.
Table 6. National recommended human health criteria and Arizona surface-water quality standards for polycyclic aromatic
hydrocarbons.
[EPA, Environmental Protection Agency; ADEQ, Arizona Department of Environmental Quality; pg/L, picograms per liter; NA, not applicable}
EPA human EPA human a Lﬁl?if:znd
. - health cri-  ADEQdrink-  ADEQ fish ADEQ full quatic
. . Maximum health criteria for . . wildlife
Polycyclic aromatic A . teria for the ing water consump-  body contact
concentration in  the consumption . ) . ) standard,
hydrocarbon consumption  standard?, tion stan- standard?
2016-17, pg/L of water plus . ) cold water,
. of organism pg/L dard?, pg/L pg/L .
organism’, pg/L only". pa/L chronic?,
Y. P9 pa/L
Acenaphthene <130 7x107 9x10’ 4.2x108 1.98x108 5.6x10" 5.5x10®
Anthracene 94 3x108 4x108 2.1x10° 7.4x107 2.8x10" NA
Benzo[a]anthracene 28 1,200 1,300 5,000 20,000 2x10° NA
Benzo[a]pyrene <40 120 130 2x10° 20,000 2x10° NA
Benzo[b]fluoranthene 25 1,200 1,300 NA NA NA NA
Benzo[k]fluoranthene 38 12,000 13,000 5,000 20,000 1.9x10° NA
Chrysene 93 1.2x10° 1.3x10? 5,000 20,000 1.9x107 NA
Dibenzo[a,h]anthracene 12 120 130 5,000 20,000 1.9x10° NA
Fluoranthene 870 2x107 2x107 2.8x108 2.8x10’ 3.7333x10° NA
Fluorene 370 5x107 7x107 2.8x108 1.067x10°  3.7333x10'° NA
Ideno[1,2,3-¢,d]pyrene 36 1,200 1,300 50,000 2x10° 1.9x10° NA
Naphthalene 2,900 NA NA 1.4x10% 1.524x10° 1.8667x10'° 2.1x10%
Phenanthrene 1,200 NA NA NA NA NA 6.3x10°
Pyrene 440 2x107 3x107 2.1x108 8x108 2.8x10" NA

' U.S. Environmental Protection Agency, 2015

2 Arizona Department of Environmental Quality, 2009
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collected at Dangling Rope Marina generally contained the
lowest number of detections at relatively low concentrations.
Antelope Point Marina, Wahweap Marina, and Stateline
Marina are close to one another, and are the most downstream
sampling locations on the main channel of Lake Powell prior
to Glen Canyon Dam. Antelope Point Marina and Wahweap
Marina are the sites with the highest watercraft traffic, with
boat fueling docks, long-term boat moorings and boat rentals;
Stateline Marina also has long-term boat moorings (Hart and
others, 2012). Dangling Rope Marina is the farthest upstream
sampling location on the main channel of the lake. Though
Dangling Rope Marina has boat-fueling docks, it has less boat
traffic and fewer boat slips than Antelope Point or Wahweap
Marinas, and has only short-term moorings (Hart and others,
2012).

PAH concentrations in spring 2017 samples were sig-
nificantly different than the summer 2016 and summer 2017
samples. More PAHs were detected during summer sampling
than were detected during spring sampling, and PAHs detected
during the summer were generally at higher concentrations
than during the spring. Water-surface elevations in Lake
Powell were 7 to 36 feet higher, and water temperatures at
the sampling depths were generally 5 to 10 degrees Celsius
warmer, during summer sampling than spring sampling. The
difference in water-surface elevation would not be expected
to affect PAH concentrations in the water. Differences in
water temperature can affect the uptake rate of PAHs into
SPMDs (Huckins and others, 2006); this effect, however, was
accounted for by the PRCs in each SPMD during deployment.
In addition, minor differences in water temperatures would
not be expected to affect PAH concentrations in the water.
Boat use during the summer sampling events was much higher
than during the spring sampling event, with about 2,800 more
boat rentals at Wahweap Marina during either summer 2016
or summer 2017 sampling than during spring 2017 sam-
pling, and about the same number of boat moorings. Because
PAHs generally have a low solubility in water, their frequent
presence during the summer months is most likely related to
high boat traffic relative to low boat traffic during the spring
months. This is likely the most important factor controlling the
seasonality of PAH concentrations in Lake Powell.

Concentrations for 12 PAHs detected in summer 2010
samples were not significantly different than concentrations of
the same 12 PAHs in summer 2016 and summer 2017. Similar
to summer 2016—17, however, the samples collected in sum-
mer 2010 at Wahweap Marina and Stateline Marina contained
relatively higher PAH concentrations than the other sites. The
sample collected at Antelope Point Marina in summer 2010,
however, contained lower PAH concentrations than most of
the other sites, and was relatively much lower than the sum-
mer 201617 concentrations. Antelope Point Marina is the
newest marina on Lake Powell, coming into service in 2005
(Hart and others, 2012); the relative increase in PAH concen-
trations at Antelope Point Marina between summer 2010 and
summer 2016—17 may be related to this site changing over
from a site without a marina to a full-service marina during
that time period.

During the summer 2010 sampling, water-surface eleva-
tions in Lake Powell were 21 to 44 feet higher than during the
summer 2016 or summer 2017 sampling events, and water
temperatures at the sampling depths were generally the same
during the two events (Schonauer and others, 2013). These
differences, in water-surface elevation and minor differences
in water temperatures, would not be expected to affect PAH
concentrations in the water. Boat use during summer 2010
sampling was about the same as during the summer 2016 and
summer 2017 samplings, with just 103 and 14 more average
monthly boat rentals at Wahweap Marina during the summer
2010 sampling than during either the summer 2016 or sum-
mer 2017 sampling, respectively. Slightly more boat moorings
were occupied during the summer 2010 sampling event than
during the summer 2016 or summer 2017 sampling events,
with 104 to 130 more average monthly boat moorings occu-
pied at Wahweap Marina during the summer 2010 sampling
than during either the summer 2016 or summer 2017 sam-
pling, respectively. Though boat use during the summer 2010,
2016, and 2017 sampling was relatively consistent, special
regulations concerning lower emission standards of personal
watercraft have been in place since December 31, 2012. These
regulations were enacted in part to manage and lower PAH
concentrations in Lake Powell. Concentrations of the 12 PAHs
detected in summer 2010, however, were not significantly
different between the summer of 2010 and the summers of
2016 and 2017. The similar concentrations of PAHs in both
the 2010 samples and the 2016—17 samples, coupled with
the similar amount of boat use between the two time periods,
suggests that the regulations defining emission standards for
personal watercraft have not affected PAH concentrations in
Lake Powell.

Summary

Polycyclic aromatic hydrocarbon contamination related
to boat use is one of the most important water-quality issues
affecting Lake Powell within Glen Canyon National Recre-
ation Area. High concentrations of PAHs in water are common
around marinas and other areas with extensive motorboat
activity because of uncombusted or partially combusted
releases of oil and gasoline from boat engines. The fate of
these compounds in Lake Powell is of serious environmental
concern because of their toxicity, carcinogenicity, and their
moderate persistence once they enter the ecosystem. In an
effort to reduce PAH concentrations in Lake Powell, the NPS
adopted special regulations in 2003, effective December 31,
2012, to manage the emission standards of personal watercraft
on the lake.

In 2016-17, the U.S. Geological Survey assessed the
presence and concentrations of PAHs in Lake Powell at seven
sites where concentrations have historically been elevated, and
one site where concentrations have historically been relatively
low. One-month, time-composite samples were collected from
the epilimnion of the lake at each sampling site using SPMDs



during two periods of relatively high boat use (summer), and
one period of relatively low boat use (spring). The results from
this study provides Glen Canyon National Recreation Area
with the necessary information to determine if the current poli-
cies concerning personal watercraft on Lake Powell are effec-
tive management techniques for lowering PAH concentrations.

Twenty-eight out of 33 PAHs analyzed were detected in
Lake Powell during the 3 sampling events. PAH concentrations
in the two summer sampling events were significantly different
than the spring sampling event. During the two summer sam-
pling events, PAH concentrations were higher, and more com-
pounds were detected, than during the spring sampling event;
concentrations of 10 compounds were significantly higher in
the summer samples than in the spring samples. Twenty-two of
the PAHs analyzed in 2016-17 had previously been analyzed
by the USGS in summer 2010 at the same sites using the same
collection method. Eleven of 22 compounds were detected in
the summer 2010, summer 2016, and summer 2017 sampling
events, and 1 was detected in the summer 2010 and summer
2017 samplings, but not in the summer 2016 sampling event.
PAH concentrations were not significantly different between
the summer 2010, 2016, and summer 2017 sampling events.
PAH concentrations from the 2016—17 samples were gener-
ally higher, and more PAHs were detected, at Antelope Point
Marina, Wahweap Marina, and Stateline Marina, which are
high-use marinas located the farthest downstream on the lake.
PAH concentrations from the 2010 samples were also generally
higher at Wahweap Marina.

Because PAHs generally have a low solubility in water
and do not remain in the water column long after exposure, the
consistency in PAH types and concentrations, as well as spatial
distribution, between past and present conditions indicates that
PAHs are chronically introduced into Lake Powell by activities
associated with boat use. The higher concentrations and greater
number of detections of PAHs during the summer months than
the spring months is most likely related to high boat use during
the summer relative to the spring. Similarly, the higher concen-
trations and greater number of detections of PAHs at relatively
high-use marinas is most likely related to long-term boat
moorings at these marinas and higher boat traffic compared to
the other sampled sites. The similar concentrations of PAHs
in both the summer 2010 samples and the summer 2016 and
summer 2017 samples, coupled with the similar volume of boat
use between the two time periods, suggests that the regulations
enacted in December 31, 2012, defining emission standards for
personal watercraft have not affected PAH concentrations in
Lake Powell.
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