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A B S T R A C T

Only a small fraction of dissolved organic matter (DOM) can be characterized at the molecular level by direct
seawater analysis. Thus, the study of DOM requires isolation of extremely dilute organics from orders of mag-
nitude greater concentrations of inorganic salts. Traditional isolation approaches have sought to isolate re-
presentative DOM fractions, however, currently available isolation methods all have selective chemical or
physical biases. Recent work has indicated that DOM exists in a functional continuum of molecular size and 14C
age. High molecular weight (HMW) DOM is primarily composed of younger, semi-labile material, while much
older, low molecular weight (LMW) DOM dominates the refractory background pool. Here we describe a new
large volume DOM isolation approach that selectively isolates HMW and LMW DOM fractions with distinct 14C
ages, a proxy for reactivity. The method uses ultrafiltration (UF) to isolate HMW DOM (UDOM), and then solid
phase extraction (SPE) to isolate LMW DOM permeating the UF system. We first assess two SPE sorbents (Agilent
Bond Elute PPL and Diaion HP-20) for DOM chemical and isotopic selectivity. Second, we evaluate our UF/SPE
approach in the context of DOM recovery, elemental (C/N) and isotopic (δ13C, δ15N, Δ14C) composition of 8
HMW and LMW sample pairs, isolated from the North Central Pacific Ocean. Radiocarbon (Δ14C) analysis shows
major differences in the Δ14C value of HMW (Δ14C =−37 to −380‰) and LMW (Δ14C =−343 to −578‰)
DOM fractions. We also observe elemental and stable isotopic offsets between HMW and LMW DOM at all
depths. HMW UDOM (C/N = 11.5 to 13.1, δ13C = −22.5 to −21.1‰, δ15N = 6.2 to 7.1‰) has significantly
lower C/N ratios and higher δ13C and δ15N values than LMW SPE-DOM (C/N = 24.2 to 28.5, δ13C =−23.3 to
−22.2‰, δ15N = 3.1 to 4.0‰), with the exception of surface δ13C, which is equivalent in both size fractions.
Together, these results indicate that our combined UF/SPE method successfully isolates separate young (semi-
labile, HMW) and old (refractory, LMW) DOM fractions, each with distinct chemical and isotopic composition.
Ultimately, by limiting the influence of DOM reactivity mixtures, our method provides an alternative approach
for understanding DOM sources and cycling.

1. Introduction

Marine dissolved organic matter (DOM) represents the largest pool
of actively cycling carbon and nitrogen in the ocean. The amount of
carbon contained within ocean DOM is comparable in size to atmo-
spheric CO2, and therefore represents a major global reservoir, capable
of altering atmospheric CO2 levels if the balance of sources and sinks is
substantially altered. Despite its importance in global biogeochemical
cycles, it has remained difficult to characterize DOM at the molecular
level. Only a small fraction of DOM exists as identifiable biomolecules,
and most techniques for studying DOM composition require the

isolation of dilute organics from high concentrations of inorganic salts
(Benner, 2002).

Historically, DOM isolation methods have focused on maximizing
recovery efficiency in order to isolate representative material at quan-
tities sufficient for sample-intensive molecular and spectroscopic
characterization approaches (Mopper et al., 2007). For example, solid
phase extraction (SPE) using hydrophobic sorbents such as XAD and C18

recovers 20–50% of marine DOM. However, this approach is chemically
selective, and the isolated material (SPE-DOM) is strongly biased
against polar molecules (Amador et al., 1990; Green and Blough, 1994;
Schwede-Thomas et al., 2005; Simjouw et al., 2005). As such, this SPE-
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DOM is poorly representative of total DOM (e.g., Town and Powell,
1993). New generations of hydrophobic styrene-divinylbenzene
polymer based SPE sorbents have gained popularity for DOM isolation,
generally achieving higher recovery efficiency than previous SPE (40 to
80%), with less reported molecular selectivity (Chen et al., 2016;
Coppola et al., 2015; Dittmar et al., 2008; Green et al., 2014; Medeiros
et al., 2015a; Stubbins et al., 2012). However, relative to total DOM,
this SPE-DOM is C-rich, primarily low molecular weight (LMW), and
has slightly older average 14C ages, suggesting that it too is not entirely
representative of the total DOM pool (Coppola et al., 2015; Dittmar and
Stubbins, 2014; Green et al., 2014).

Tangential flow ultrafiltration (UF) is another approach that has
been widely used to isolate DOM (Benner, 2002; Benner et al., 1997;
Guo et al., 1996; Santschi et al., 1995; Walker et al., 2011). UF uses
semi-permeable membranes to retain only high molecular weight
(HMW) DOM (UDOM). Whereas UDOM has C/N ratios similar to total
DOM, it is dominated by a major reactive heteropolyscharide compo-
nent (Aluwihare et al., 1997; Benner et al., 1997). In addition, the
average 14C age of UDOM is significantly younger than total DOC (Loh
et al., 2004; Santschi et al., 1995; Walker et al., 2011, 2014), especially
in the surface ocean. Further, most marine DOM (60–90%) is LMW
(< 1 kDa), and readily permeates a UF system (Benner and Amon,
2015).

Due to the operational nature of these isolation techniques, neither
UDOM nor SPE-DOM is particularly representative of the total DOM
pool. To date, no method consistently isolates total DOC across ocean
depths and water masses, with most methods achieving sub-
stantially< 100% recovery. More problematic than absolute recovery,
however, is that all isolations suffer from varying degrees of selectivity.
Incomplete recoveries and the inherent biases associated with different
isolation mechanisms (size, hydrophobicity, etc.), can lead to broad
process interpretations based on isolated sub-fractions, which likely
represent very different compositional and functional DOM compo-
nents.

Recent research suggests that a new approach to DOM isolation,
focused on selective isolation of separate old and young fractions, may
be more useful in investigating DOM composition and cycling.
Specifically, multiple studies note trends in DOM composition, 14C age,
and reactivity, which are strongly linked to nominal molecular size
(Benner and Amon, 2015; Walker et al., 2011, 2016a, 2016c). In gen-
eral, HMW DOM is more biologically labile, biopolymer-rich, with
younger 14C ages, more identifiable biochemicals, and greater re-
activity. In contrast, LMW DOM is generally more biologically re-
calcitrant, contains far fewer identifiable biomolecules, and has older
14C ages at all depths (Amon and Benner, 1996, 1994; Benner et al.,
1997; Benner and Amon, 2015; Kaiser and Benner, 2009; Walker et al.,
2016c, 2016a, 2014, 2011). These observations expand upon the clas-
sical “two-pool” model of DOC cycling (Druffel et al., 1992; Williams
and Druffel, 1987). In the two-pool model, a homogenous pool of
“background” refractory DOM is present throughout the ocean, and is
comprised of DOM with old 14C ages (Beaupré and Aluwihare, 2010;
Mortazavi and Chanton, 2004). Superimposed upon this background,
refractory DOM is a pool of surface produced, “excess”, semi-labile
material with young 14C ages (Carlson and Hansell, 2014; Walker et al.,
2016c, 2011).

Here we evaluate a new DOM isolation approach, sequentially
combining UF and SPE, in order to target two distinct, operationally
defined DOM pools. The average MW of DOM retained by UF is a
function of the concentration factor used (CF; ratio of volume filtered to
final retentate volume), a high CF results in the retention of higher MW
material (Kilduff and Weber, 1992; Walker et al., 2011). This UF at-
tribute allows for the targeted isolation of not only higher MWmaterial,
but also DOM with younger average 14C ages (Walker et al., 2011). The
DOM permeating a UF system is by definition LMW. Therefore, we
hypothesize that SPE of seawater UF permeate will allow for the tar-
geted isolation of LMW, refractory, background DOM.

We first test two formulations of SPE sorbent to evaluate the
properties of SPE isolated material relative to total seawater DOM. We
then apply our full UF/SPE method to selectively isolate HMW and
LMW DOM from the surface to deep-ocean in the Central North Pacific
Subtropical Gyre (NPSG). Finally, we evaluate our approach by com-
paring the elemental ratios (C/N), stable isotopic (δ13C, δ15N), and
radiocarbon (Δ14C) properties of individual HMW and LMW DOM iso-
lates. Overall, our main objective is not to optimize total DOM recovery,
but rather to develop a method that can isolate large quantities of
distinct operational fractions having bulk properties consistent with
either semi-labile (excess) or refractory (background) DOM.

2. Materials and methods

2.1. Definitions

Here we define “total DOM” to be all DOM passing a 0.2 μm filter.
“HMW UDOM” represents the ≥2.5 kD material retained by the UF
system. “SPE-DOM” represents material retained by the SPE sorbents. In
the SPE sorbent comparison section, “PPL SPE-DOM” and “HP-20 SPE-
DOM” are used to refer to DOM extracted from 0.2 μm-filtered seawater
by PPL and HP-20 SPE sorbents respectively. To distinguish SPE-DOM
isolates of 0.2 μm-filtered seawater from material collected from
≤2.5 kD UF permeate using the combined UF/SPE method, we use
“LMW SPE-DOM” for the ≤2.5 kD fraction. DOC and DON are used
when discussing C or N specific properties of the DOM fractions.

2.2. Sample collection

Samples were collected on two separate research cruises aboard the
R/V Kilo Moana in August 2014 and May 2015. Sampling was con-
ducted at the Hawaii Ocean Time Series Station ALOHA (A Long-Term
Oligotrophic Habitat Assessment; 22° 45′N, 158° 00′W).

Significant precautions were taken to ensure 14C–tracer free ship-
board sampling. All laboratory spaces were cleaned floor-to-ceiling
with 10% HCl followed by ethanol. Exposed surfaces (bench tops, walls,
and ceiling) were covered and air vents redirected using plastic
sheeting. 14C swabs of lab spaces, outside deck areas, and sampling
equipment measured during scheduled shipboard contamination mon-
itoring swab tests by the University of Miami tritium laboratory (http://
www.rsmas.miami.edu/groups/tritium) were reviewed prior to each
cruse. More sensitive 14C swipes were taken throughout the ship before
and after each cruise and analyzed by accelerator mass spectrometry
(AMS) to confirm a 14C–tracer free sampling environment.

Surface water was sampled via the vessel's underway sampling
system. The intake pipe is situated on the forward starboard hull section
of the vessel approximately 7.5 m below the waterline. The laboratory
seawater tap was allowed to flush for 2 h prior to each sampling.
Seawater was pre-filtered through 53 μm Nitex mesh, and pumped
through a 0.2 μm polyethersulfone (PES) cartridge filter (Shelco Filters,
Micro Vantage, water grade, 9.75″ DOE, polycarbonate housing) prior
to introduction to the ultrafiltration system. Large volume subsurface
water samples were collected using successive casts of a rosette
equipped with 12 × 24 L Niskin bottles. Sample water was transferred
from the Niskin bottles via platinum cured silicone tubing to sample
rinsed fluorinated high density polyethylene (F-HDPE) carboys which
were subsequently emptied into 1000 L HDPE intermediate bulk con-
tainers for storage. Subsurface water was similarly pumped through a
0.2 μm PES cartridge filter prior to ultrafiltration. All filters and storage
containers were cleaned with 10% HCl prior to contact with sample
seawater.

2.3. Experimental design

Total DOM was separated into two distinct size fractions using a
sequential combination of UF and SPE. A flow diagram of the isolation
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protocol is shown in Fig. 1. HMW UDOM was first isolated using a
large-volume UF system; the permeate stream of this system (con-
taining LMW DOM able to pass the UF membranes) was then collected,
acidified in large batches to pH 2 and passed through the SPE sorbent.
The eluted material from the SPE sorbent represents the LMW SPE-DOM
fraction.

2.4. Tangential-flow ultrafiltration

The main UF system was constructed using a modified design of the
system described in Roland et al. (2009), and expanded on by Walker
et al. (2011). Briefly, the system was comprised of four-spiral wound
PES UF membranes, having a nominal molecular weight cut off of
2.5 kD (GE Osmonics GH2540F30, 40-inch long, 2.5-inch diameter).
The membranes were mounted in stainless steel housings, plumbed in
parallel to a 100 L fluorinated HDPE reservoir, with flow driven by a
1.5 HP stainless steel centrifugal pump (Goulds Pumps, Stainless steel
centrifugal pump, NPE series 1 × 1–1/4–6, close coupled to a 1–1/
2 hp, 3500 RPM, 60 Hz, 3 phase, Open Drip Proof Motor; 5.75 Inch
Impeller Diameter, Standard Viton Mechanical Seals). All other system
plumbing components contacting seawater were composed of poly-
tetrafluoroethylene (PTFE) or stainless steel.

The system was run continuously at a membrane pressure of
40–50 psi, resulting in permeation flow rates of 1–2 L/min, depending
primarily on the temperature of the feed seawater. Sample water was
fed into the system using peristaltic pumps and platinum cured silicone
tubing at a flow rate matched to the system permeation rates to ensure a
constant system volume of approximately 100 L.

Seawater samples of 3000–4000 L were concentrated to a final re-
tentate volume of 15–20 L, drained from the system into acid washed
PC carboys and refrigerated (< 12 h at 2 °C) until the next phase of
processing. Samples requiring storage for longer than 12 h were frozen
and stored at −20 °C. The UF system was then reconfigured to a
smaller volume system, consisting of a single membrane having a
smaller nominal molecular weight cutoff (GE Osmonics GE2540F30,
40-inch long, 2.5-inch diameter, 1 kD MWCO), and a 2.5 L PES re-
servoir for further volume reduction and subsequent salt removal
(diafiltration). Using this smaller system, samples were reduced to
2–3 L under lower pressure (25 psi, permeation rate = 250 mL/min).
Samples were then diafiltered using 40 L of 18.2 MΩMilli-Q (ultrapure)
water, adding water to the sample retentate reservoir at the same rate
of membrane permeation. Reduced and diafiltered samples were stored
in acid washed PC bottles at −20 °C for transport. In the laboratory,
samples were further concentrated by rotary evaporation using pre-
combusted glassware (450 °C, 5 h). A molecular sieve and a liquid ni-
trogen trap were placed between the vacuum pump and rotovap
chamber to ensure no contamination of isolated material by back
streaming of hydrocarbons or other contaminants. After reduction to
50–100 mL, samples were dried to powder via centrifugal evaporation
in PTFE centrifuge tubes. Dry material was homogenized with an
ethanol cleaned agate mortar and pestle, transferred to pre-combusted
glass vials, and stored in a desiccation cabinet until subsequent ana-
lyses.

2.5. Solid phase extraction

Solid phase extraction was conducted using PPL sorbent (Agilent
Bondesil PPL, 125 μm particle size, part # 5982-0026) following the
general recommendations of Dittmar et al. (2008) and Green et al.
(2014), including loading rates, seawater to sorbent ratios, and elution
volumes and rates. Between 300 and 500 g of sorbent was used for each
extraction, depending on sample volume and DOC concentration, with
average loading of 4.2 ± 1.4 L UF permeate per g sorbent representing
1.9 ± 0.6 mg DOC per g sorbent or a DOC to sorbent mass ratio of
1:600 ± 200. This is in line with both the recommendations of Dittmar
et al. (2008) and recent recommendations of Li et al. (2016). Permeate

from the UF system was fed through PTFE tubing to a pair of 200 L
HDPE barrels. The permeate water was then acidified in 200 L batches
to pH 2 by adding 400 mL of 6 M HCl (Fisher Chemical, ACS Plus
grade). Batch samples were mixed continuously during collection,
acidification, and loading using a peristaltic pump and platinum cured
Si and PTFE tubing positioned at the surface and bottom of each barrel.
Acidified batches of seawater permeate were then pumped through the
SPE sorbent. SPE flow rates were matched to UF permeation rates
(1–2 L/min), such that a pair of 200 L barrels allowed one barrel to be
filled while the contents of the other was passed through the sorbent.

Three custom SPE column configurations were used to contain the
sorbent material. The column configuration was modified several times
for ease of use on subsequent cruises. First, an open, gravity fed, large
(49 mm ID × 1000 mm length, 1875 mL volume) glass chromato-
graphy column with 40 μm fritted disk and PTFE stopcock (Kimble-
Chase™, Kontes™) was used. Next, we tested a custom built high-pres-
sure SS housing (10 cm ID × 3.5 cm bed height), and finally a parallel
combination of 2 medium-pressure glass chromatography columns
(Kimble-Chase™, Kontes™, Chromaflex LC, 4.8 mm ID × 30 cm, 543 mL
volume). While all designs proved to be functionally equivalent, the
latter parallel combination of 2 medium-pressure glass columns ulti-
mately provided the best configuration in order to maximize flow rates
while simultaneously optimizing the ratio of sorbent bed height to
loading speed. Further, the commercial availability and ease of use
associated with this configuration made it our preferred design.

Following sample loading, the SPE sorbent was desalted with 6 L of
pH 2 ultrapure water at a low flow rate (250–300 mL/min). After de-
salting, the SPE sorbent was transferred to a glass chromatography
column (75 mm ID × 300 mm length, 40 μm fritted disk, PTFE stop-
cock) with ultrapure water rinses to ensure quantitative transfer.
Isolated organic material was then eluted from the sorbent with five to
six 500 mL additions of methanol. The secondary all-glass and PTFE
column was used to insure that all wetted parts had strong chemical
resistance to the methanol used during DOM elution. The eluted me-
thanol solution was stored in pre-combusted amber glass bottles at
−20 °C for transport. Similar to UF samples, the methanol-eluted so-
lutions were first reduced by rotary evaporation to 50–100 mL. Samples
were then dried to powder via centrifugal evaporation in PTFE cen-
trifuge tubes. Dry material was homogenized with an ethanol cleaned
agate mortar and pestle, transferred to pre-combusted glass vials, and
stored in a desiccation cabinet until elemental and isotopic analyses.

2.6. Small volume SPE comparisons

To compare sorbents, small volume SPE isolations were performed
on 20 L sub-samples of the 0.2 μm-filtered UF feed water used for the
larger volume surface and deep (2500 m) samples. Glass chromato-
graphy columns were packed with 50 g of either PPL or HP-20 sorbent
(Supelco Diaion® HP-20, 250–850 μm particle size, 260 Å mean pore
size, Sigma-Aldrich SKU: 13,607) and experiments were conducted in
parallel, with samples from the same seawater batch. Sample water was
acidified to pH 2 with 40 mL of 6 N HCl in 24 L polycarbonate (PC)
carboys and pumped continuously through silicon tubing to the col-
umns at a flow rate matched to the gravity flow (drain) rate for each
column (100–200 mL/min). After loading the acidified 20 L samples,
the sorbent was desalted with 600 mL pH 2 ultrapure water, and re-
tained material was eluted with six 50 mL additions of methanol and
collected in pre-combusted glass bottles. Methanol samples were stored
at −20 °C, and processed to dry powders as described above.

2.7. Total DOM

Subsamples for dissolved organic carbon (DOC) and total dissolved
nitrogen (TDN) concentration measurements were collected into pre-
combusted 40 mL borosilicate glass vials following 0.2 μm-filtration.
Samples were stored at −20 °C until analysis. Subsamples for [DOC]
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and [TDN] were also taken from the UF system permeate to evaluate
mass balance. An “integrated” permeate sample (e.g., Benner et al.,
1997) was prepared by sampling and combining equal volumes
(100 mL) collected at constant time intervals throughout the ultra-
filtration. DOC and TDN concentration measurements were made using
the high temperature oxidation method with a Shimadzu TOC-V in the
Carlson lab at UCSB (https://labs.eemb.ucsb.edu/carlson/craig/
services). DOC concentration measurement errors represent the stan-
dard deviation of n = 3 replicate measurements. Total DON con-
centrations were determined by subtracting the sum of dissolved in-
organic nitrogen (DIN) species (nitrate, nitrite, ammonia) from TDN.
DIN concentrations were determined using a Lachat QuickChem 8000
Flow Injection Analyzer. Ammonia concentrations were below the limit
of quantification (0.36 μM) for all samples using QuickChem® Method
31-107-06-1-B. Nitrate and nitrite concentrations were measured as the
sum of the two analytes using QuickChem® Method 31-107-04-1-C. The
limit of detection for [NO3 + NO2] using this method was 0.5 μM and
the average precision of replicate standard measurements was± 1.4
μM. In the case of [DON], measurement errors represent the propagated
analytical uncertainty from the subtraction of [DIN] from [TDN]. DOC
concentrations measurements were also determined via UV oxidation,
cryogenic purification and manometric determination at UC Irvine.
DOC concentrations were similar between the two methods and the
presented values represent the error weighted mean of both measure-
ments. For all sample depths, 0.2 μm-filtered seawater was also

collected for C isotopic (δ13C, Δ14C) analysis into pre-combusted
1000 mL Amber Boston Round bottles, immediately frozen and stored
at −20 °C.

2.8. Elemental and isotopic analyses

Natural abundance radiocarbon (Δ14C) determinations of all iso-
lated fractions were performed at the Lawrence Livermore National
Laboratory, Center for Accelerator Mass Spectrometry (LLNL-CAMS) by
AMS following standard graphitization procedures (Santos et al., 2007;
Vogel et al., 1984). The Δ14C signature of total seawater DOC
(< 0.2 μm) was determined by UV-oxidation and AMS at the UC Irvine
Keck Carbon Cycle AMS Lab (Beaupré et al., 2007; Druffel et al., 2013;
Walker et al., 2016b). Results are reported as age-corrected Δ14C (‰)
for geochemical samples and have been corrected to the date of col-
lection and are reported in accordance with conventions set forth by
Stuiver and Polach (1977). Isotopic 14C results are reported as back-
ground and δ13C corrected fraction modern (Fm; Supplemental
Table 1), Δ14C (Table 1), and conventional radiocarbon age (ybp;
Supplemental Table 1).

Stable carbon (δ13C) and nitrogen (δ15N) isotope ratios were de-
termined via elemental analyzer isotope ratio mass spectrometry (EA-
IRMS) at the University of California, Santa Cruz, Stable Isotope
Laboratory (UCSC-SIL; http://emerald.ucsc.edu/~silab/). Approx-
imately 1 mg of each dry isolated DOM sample was weighed into tin

Fig. 1. Flow chart detailing the steps involved in the isolation of high molecular weight ultrafiltered dissolved organic matter (HMW UDOM), low molecular weight solid phase extracted
dissolved organic matter (LMW SPE-DOM), and traditional solid phase extracted dissolved organic matter (SPE-DOM). CF: concentration factor, ratio of volume filtered to final retentate
volume.
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capsules (Costec, 5 × 9 mm) for analysis. EA-IRMS analysis was con-
ducted using a Carlo Erba CHNS-O EA1108-elemental analyzer inter-
faced via a ConFlo III device with a ThermoFinnigan Delta Plus XP
isotope ratio mass spectrometer (Thermo Fisher Scientific). Standards,
EA-IRMS protocols, and correction routines followed standard UCSC-
SIL protocols. Analytical uncertainties of n = 3 replicate measurements
of isotopic standards ranged from± 0.05 to 0.1‰ for both δ13C and
δ15N. Carbon to nitrogen elemental ratios were similarly determined by
elemental analysis. The presented ratios are atomic ratios (C/N)a nor-
malized to the mass of C and N, but have been abbreviated as C/N
throughout.

2.9. Data treatment and reporting of statistical uncertainty

In most cases there are no significant offsets in the measured
properties of samples collected on spring and summer time cruises from
the same depth, and the average values of replicate measurements were
generally indistinguishable within error between cruises. In cases
where there were statistically significant offsets between cruises, the
differences could be interpreted as either seasonal differences or
methodological variability (e.g. sample volume). In order to properly
represent the potential spread of values, unless otherwise stated, all
reported values represent the error-weighted average of replicate
measurements (n = 3) of material collected on both summer 2014 and
spring 2015 cruises. The reported standard deviation represents the
variance of the weighted mean, and accounts for the uncertainty from
replicate measurements and the spread of values between cruises.

3. Results and discussion

3.1. SPE sorbent comparison

To optimize our protocol for recovery of LMW DOM permeating the
UF system, and to better understand potential for compositional bias,
we first compare the elemental and isotopic properties of DOM isolated
using two similar SPE sorbent formulations. We chose to evaluate
Diaion HP-20 and Agilent PPL sorbents based on their application in
recently published literature (Coppola et al., 2015; Green et al., 2014).
These two sorbents have similar functional chemistry, but different
bead size (250–850 μm for HP-20, 125 μm for PPL) and nearly an order
of magnitude cost differential. The latter is an important consideration
for any large-volume field application. Below we discuss the %DOC and
%DON recoveries, C/N ratios, δ13C, δ15N, and Δ14C values from re-
plicate SPE experiments, placing them into the context of total DOM
composition.

The PPL sorbent retains both more DOC and DON than HP-20. PPL
recovered statistically identical proportions of DOC from both surface
and deep water, representing 45 ± 4% (35 ± 2 μmolC/L) and

44 ± 4% (17 ± 1 μmolC/L) of total DOC respectively
(average = 45 ± 3%) (Figs. 2, 3A). The HP-20 sorbent also has similar
recoveries in the surface and at 2500 m (surface: 38 ± 1%,
30 ± 1 μmolC/L; deep: 34 ± 8%, 14 ± 5 μmolC/L;
average = 35 ± 6%), but on average recovered significantly less DOC
than PPL (two tailed t-test, DF = 5, t = 2.9, p = 0.03). As noted in the
Materials and methods section, the DOM loading (ratio of sorbent mass
to DOM mass) was within the ranges recommended in the literature
(Dittmar et al., 2008; Li et al., 2016). The HP-20 SPE-DOC recoveries
are similar to those reported by a study of surface waters at Station M
(43 ± 6%, Coppola et al., 2015). Our recoveries using the PPL sorbent
are similar to values reported in several different ocean regions (Wed-
dell Sea surface to bottom, 43 ± 5%, Dittmar et al., 2008; Atlantic
Ocean surface to bottom, 41 ± 3%, Hertkorn et al., 2013) and within
one standard deviation of the average of currently published open-
ocean values (53 ± 13%, representing data from Dittmar et al., 2008;
Green et al., 2014; Hertkorn et al., 2013; Medeiros et al., 2015a;
Stubbins et al., 2012). We note that the recovery efficiency of PPL from
open-ocean waters is generally lower than the average recovery effi-
ciency from fresh water, estuaries, and coastal waters (68 ± 11%,
representing data from Dittmar et al., 2008; Li et al., 2016; Medeiros
et al., 2015b; Osterholz et al., 2016). This is consistent with well-known
differences in SPE-DOC recovery efficiency between freshwater and
seawater using other types of hydrophobic sorbents (Mopper et al.,
2007).

In contrast to DOC, the difference in relative recoveries of DON
between sorbent types is substantially larger; with PPL recovering
10–20% more total DON than HP-20 from both surface and deep water.
The HP-20 sorbent recovers on average 21 ± 7% of total DON, with
little difference between surface and deep (21 ± 1% and 22 ± 10%
respectively). PPL recovers far more DON (average PPL re-
covery = 34 ± 6%; two tailed t-test, DF = 5, t = 2.6, p = 0.045),
with average recoveries more similar to those for DOC. The relative
recovery of DON by PPL diverges between surface and deep isolations,
with substantially higher %N recoveries in the deep ocean than the
surface ocean (39 ± 3% vs. 30 ± 2%; two tailed t-test, DF = 10,
t = 6.1, p < 0.01). Given the general chemical similarity of PPL and
HP-20 sorbents, these differences are unexpected. While we do not have
a mechanistic explanation, the higher relative recovery of N at depth by
PPL suggests that the chemical properties of dissolved nitrogenous
material in the deep sea make it substantially more amenable to iso-
lation by PPL than HP-20.

The radiocarbon (Δ14C) values for both PPL and HP-20 isolated
material suggest that DOC recovered by each sorbent approximates the
average age of total DOC (Fig. 3F, Table 1). In surface waters, however,
both sorbents have a small but consistent bias toward collecting older
DOC material, with this effect greater for HP-20 extracted material
(surface PPL SPE-DOC Δ14C offset from total DOC = 23 ± 14‰, two
tailed t-test, DF = 2, t = 2.2, p = 0.16; HP-20 SPE-DOC
offset = 52 ± 14‰, two tailed t-test, DF = 2, t = 5.3, p = 0.03). In
contrast, the Δ14C of SPE-isolated material at depth is indistinguishable
from total DOC Δ14C for both sorbents (PPL SPE-DOC offset,
12 ± 14‰, two tailed t-test, DF = 2, t = 1.0, p = 0.42; HP-20 SPE-
DOC offset, 7 ± 10‰, two tailed t-test, DF = 2, t = 1.0, p = 0.44).
Similar to the recovery values, the measured Δ14C of our isolated ma-
terial also compares well with limited published data. Specifically, the
Δ14C offset between total DOC and HP-20 SPE-DOC is similar to a
previous study (total DOC = −299 ± 3‰, HP-20 SPE-
DOC = −323 ± 15‰, offset = 24 ± 15‰, (Coppola et al., 2015).
Likewise, previous Δ14C measurements of PPL extracted material are
also similar to total DOC Δ14C values (Flerus et al., 2012; Lechtenfeld
et al., 2014). Together with our data, these observations indicate that
despite only recovering approximately half of total DOM, these SPE
sorbents generally retain a representative age fraction of DOM from the
deep ocean, which closely approximates total DOM Δ14C.

In most cases, however, SPE isolates have significantly different

Fig. 2. Comparison of relative recovery (%) of C and N isolated by PPL (light grey) and
HP-20 (dark grey) SPE sorbents. Values represent error-weighted averages of material
collected on two cruises and error bars represent 1σ standard deviation of these averages.
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elemental and stable isotopic ratios than total DOM. The C/N ratios of
SPE-DOM from the surface ocean are consistently higher than total
DOM for both sorbents (Fig. 3C). However, as would be expected from
DON recoveries, this difference is smaller for the PPL isolated material.
For PPL SPE-DOM, the C/N values of surface samples are significantly
higher than total DOM (18.4 ± 0.7 vs. 14.3 ± 0.8, two tailed t-test,
DF = 2, t = 5.45, p = 0.03), while at depth C/N values converge, and
become statistically indistinguishable (18.9 ± 1.3 vs. 19.5 ± 4.4, two
tailed t-test, DF = 2, t = 0.18, p = 0.87). For HP-20 SPE-DOM, the
offset is larger and similar in both surface and deep water (surface,
22.5 ± 0.7 vs. 14.3 ± 0.8, two tailed t-test, DF = 2, t = 10.9,
p < 0.01; 2500 m, 27.4 ± 2.7 vs. 19.5 ± 4.4, two tailed t-test,
DF = 2, t = 2.1, p = 0.16). We note that previously reported PPL SPE-
DOM C/N ratios also show significant offsets from total DOM. For ex-
ample, Green et al. (2014) report C/N ratios of 23 to 25 for PPL SPE-
DOM, suggesting PPL does have a chemically selective bias against N-
containing compounds. Overall, our high C/N ratios relative to total
surface DOM are consistent with the low DON recoveries discussed
above, as well as previous studies which measure elevated C/N ratios in
SPE-DOM, and with recent work showing SPE does not efficiently iso-
late N-rich or high O/C ratio molecules (Chen et al., 2016; Dittmar
et al., 2008; Green et al., 2014; Hertkorn et al., 2013).

SPE-DOM δ13C values are lower that total DOC δ13C in the surface
for both sorbents. HP-20 SPE-DOC has lower δ13C values than total DOC
throughout the water column (surface δ13C = −22.3 ± 0.2‰ vs.
−21.1 ± 0.4‰, two tailed t-test, DF = 2, t = 3.8, p = 0.06; 2500 m
δ13C = −22.5 ± 0.1‰ vs. −21.6 ± 0.2‰, two tailed t-test,
DF = 2, t = 5.7, p = 0.03). PPL SPE-DOC δ13C is similarly offset in the
surface (−22.5 ± 0.7‰ vs. −21.1 ± 0.4‰, two tailed t-test,
DF = 2, t = 2.46, p = 0.13), however, PPL SPE-DOC has similar δ13C
values to total DOC at depth (−22.2 ± 0.6‰ vs. −21.6 ± 0.2‰,
two tailed t-test, DF = 2, t = 1.34, p = 0.31). The low SPE-DOC δ13C

for both sorbents is consistent with the SPE-DOC Δ14C and C/N ratio
offsets mentioned above. Specifically, hydrophobic, lipid-like compo-
nents of the DOM pool likely to be retained strongly by SPE sorbents are
C-rich and have lower Δ14C and δ13C (Hwang, 2003; Loh et al., 2004;
Wang et al., 2001).

Because very few studies have measured the δ15N of total DON, and
none have measured it in the deep ocean, a directly analogous com-
parison of δ15N between PPL and HP-20 SPE-DON is not possible.
However, comparing published δ15N values of surface DON from this
ocean region (5.0 ± 0.5‰, Knapp et al., 2011), we find that PPL SPE-
DON δ15N (5.0 ± 0.2‰) more closely approximates that of total DON
than HP-20 SPE-DON δ15N (4.5‰) (Fig. 3E). PPL and HP-20 SPE-DON
δ15N values both decrease with depth, and remain consistently offset.
Again, however, without published deep total DON δ15N data, it is not
possible to evaluate this change relative to total DON.

Finally, we should note that it is possible that SPE sorbent blanks
could contribute to these observed elemental and isotopic offsets. While
we did not directly measure C blanks in this study, previous work, as
well as isotope mass balance from our data indicate that this is highly
unlikely as a major factor. One previous study evaluating the HP-20
sorbent for the purposes of Δ14C measurements shows that no mea-
surable carbon blank is introduced by the sorbent during processing
(Coppola et al., 2015). Further, by direct measurement we find that
both the PPL and HP-20 sorbent mediums used in this study have in-
distinguishable δ13C values (27.4 ± 0.1‰), consistent with expected
values for petroleum-based polymer sorbents. Based on these values,
the SPE-DOC δ13C offsets we observe compared to total DOC require
that ~20% of our SPE-DOC be sorbent-derived blank in surface waters.
This large amount of C cannot be reconciled with our relatively small
Δ14C offsets: a 20% contribution of sorbent C (Δ14C = −1000‰) in the
surface would result in SPE-DOC versus total DOC Δ14C offsets of 170‰
and 145‰ for PPL and HP-20 DOC respectively. The small observed

Fig. 3. Carbon and nitrogen recovery, isotopic and ele-
mental properties of SPE-DOM isolated by PPL (light grey
squares) and HP-20 (dark grey squares) compared to mea-
surements of total seawater DOM (black circles). Values
represent error weighted averages of material collected on
two cruises and error bars represent 1σ standard deviation
of these averages. Where no error bars are visible, SD is
smaller than symbols. A) μmolC L−1, B) μmolN L−1, C) C/
N, D) δ13C, E) δ15N, F) Δ14C. Total DOM δ15N value from
Knapp et al., 2011.
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Δ14C offsets also likely exclude the possibility of significant C-con-
tamination from residual methanol, which is similarly depleted in 14C
due to petroleum-derived manufacturing processes.

Overall, our SPE-DOM recovery, elemental, and isotopic composi-
tion data indicate that both PPL and HP-20 do fractionate total DOM to
some degree. As is expected for a hydrophobic sorbent, both select for
C-rich components, which results in the extraction of material with
depleted δ13C and Δ14C values. For the study of DON, PPL isolates more
representative material than HP-20. Where values can be compared,
despite recovering only 30–40% of total DON, the δ15N of PPL SPE-
DOM approximates the δ15N of total DON. At depth, the C/N ratio of
PPL SPE-DOM is indistinguishable from total DOM C/N ratios. The
consistent offsets in surface waters between SPE-DOM and total DOM
suggests that some unknown fraction of younger, freshly produced
DOM is not well retained by SPE. In contrast, the similarity between
PPL SPE-DOM and total DOM elemental and isotopic properties at
2500 m suggests that PPL SPE-DOM is closely representative of the
LMW material that dominates the deep ocean DOM reservoir. We
therefore conclude that PPL represents an excellent choice for the tar-
geted isolation of background DOM from LMW UF permeate.

3.2. Coupled UF/SPE: recovery efficiency

Given the above results, we use PPL in our combined UF/SPE ap-
proach. The UF/SPE method recovers a combined average of 37 ± 3%
of total DOC, and 33 ± 7% of DON across all depths (Fig. 4). While the
combined total recovery for both isolation steps is similar at all depths,
there is also clear variation in the proportion of material retained by
each system individually between the surface and subsurface. The UF
system retains an average of 14 ± 2 μmolC/L in the surface and an
average of 4 ± 1 μmolC/L from 400 m to 2500 m, representing
17 ± 1% and 9 ± 2% of total DOC respectively. SPE of the UF
permeate retains a similar concentration of total DOC in the surface
(15 ± 1 μmolC/L), and in the subsurface (12 ± 1 μmolC/L). As a
percentage of total DOC, relative LMW SPE-DOC recovery therefore
increases dramatically from surface to subsurface depths (surface
average = 19 ± 2%; average of 400 m to 2500 m = 29 ± 2%).

The decrease in both the absolute and percent recovery of HMW
material from surface to deep is consistent with previous observations
in all ocean regions (Benner and Amon, 2015). In contrast, the absolute
recovery of SPE extractable LMW DOC is similar at all depths and
therefore makes up an increasing percentage of total DOC with in-
creasing depth. This trend counteracts the decreasing recovery of HMW
UDOM, resulting in an essentially identical combined recovery at all
depths (37 ± 3%). The similar absolute recoveries of LMW SPE-DOM
from the surface and at depth is consistent with background DOM,
hypothesized to exist at similar concentrations at all ocean depths in a
classical two-pool model (Carlson and Hansell, 2014; Druffel et al.,
1992).

When LMW SPE-DOC recoveries are considered relative to UF
permeate DOC concentrations, the recovery of LMW SPE-DOC from the
surface water UF permeate is significantly lower than PPL SPE-DOC
extracted from surface total DOC (27 ± 1% vs. 45 ± 4%, two tailed t-
test, DF = 6, t = 11.7, p < 0.01) (Fig. 5). In contrast, at 2500 m, LMW
SPE-DOC % recoveries are equivalent to PPL SPE-DOC recoveries (PPL
SPE-DOC recovery = 44 ± 4%; LMW SPE-DOC recovery = 40 ± 3%;
two tailed t-test, DF = 6, t = 1.5, p = 0.18). These differences in re-
lative recovery between SPE-DOM and LMW SPE-DOM suggest that
there is substantial overlap in the material recovered by the size-based
and chemistry-based approaches. Specifically, in the surface, the UF
system is removing a large portion of the material that SPE would
otherwise have isolated from total DOM. At 2500 m, the difference in
relative recovery of SPE-DOC and LMW SPE-DOC is not statistically
significant, consistent with the substantially lower proportion of HMW
material that exists in the deep ocean (Benner et al., 1997, 1992).

Put another way, these observations indicate that PPL retains both
HMW (younger) and LMW (older) material, and is consistent with the
Δ14C data from the sorbent comparisons above. We note that published
literature suggests some ocean HMW DOM may consist of aggregates of
smaller molecules, bridged by inorganic cations (e.g., Chin et al., 1998;
Hertkorn et al., 2006; Verdugo et al., 2004). While this could act to blur
the boundaries between isolated HMW and LMW material and their
respective 14C ages, it should not significantly impact our overall op-
erational isolation framework. Specifically, the concentration of HMW
DOM isolated by UF is known to be dependent on ionic strength, po-
tentially consistent with some influence of such aggregates (e.g.,
Walker et al., 2011), and yet UDOM is always much younger than LMW
DOM (Loh et al., 2004; Santschi et al., 1995; Walker et al., 2016c, 2014,
2011). Finally, the depth related difference in the magnitude of overlap
of UF and SPE isolated material also hints at chemical differences in the
DOM pool, suggesting that there is a greater proportion of non-SPE
isolatable DOM in the surface. This is also consistent with well-known
changes in the functional character of HMW DOM with depth: specifi-
cally, while surface HMW DOM is dominated by polar biopolymers (in
particular carbohydrates), deep ocean HMW DOM is dominated by
carboxyl-rich aliphatic structures (CRAM) (Benner et al., 1992;
Hertkorn et al., 2006; McCarthy et al., 1996).

Fig. 4. Total recovery of combined UF/SPE method, indicating relative proportions of
DOC pool retained by SPE and UF steps with increasing depth. A) Absolute C recoveries
expressed as DOC concentration for the LMW SPE-DOC (light grey) and HMW UDOC
(dark grey) isolations, compared to concentrations of non-retained DOC (white). B) re-
lative recovery (%) of DOC by UF (dark grey) and SPE (light grey). Horizontal dotted line
and grey bar represent average total recovery and SD of combined fractions. Values re-
present error-weighted averages of material collected on two cruises and error bars re-
present 1σ standard deviation of these averages.

T.A.B. Broek et al. Marine Chemistry 194 (2017) 146–157

152



Finally, it may seem somewhat surprising that the combined total %
recovery of the coupled UF/SPE method is lower than the recovery of
SPE-DOM from whole water alone. We hypothesize that the large sea-
water volumes, with the associated effects of high sorbent loadings and
high CFs used in these experiments (in contrast with the smaller load-
ings used in the sorbent comparisons), are responsible for the lower
recoveries. As noted previously however, our goal here is not to max-
imize total recovery, but rather to isolate large amounts of DOM frac-
tions with distinct size (HMW vs. LMW) and reactivity (14C age).

3.3. Coupled UF/SPE: radiocarbon (Δ14C) of HMW and LMW DOM

HMW UDOC Δ14C values at each depth (45 to −375‰) are sig-
nificantly different than LMW SPE-DOC Δ14C values (−350 to
−575‰) (Fig. 6). At all depths sampled in the NPSG water column, the
Δ14C of total DOC is intermediate between the Δ14C values of the two
fractions, consistent with expectations based on our operational fra-
mework. In surface waters, the offsets are large, with HMW UDOC Δ14C
(45 ± 10‰) significantly more positive than total DOC, and LMW
SPE-DOC Δ14C significantly more negative. In the deep ocean (400 m to
2500 m), LMW SPE-DOC Δ14C offsets are smaller, with a constant ne-
gative Δ14C offset (average offset = 37 ± 15‰) from total DOC
(Supplemental Fig. 1A). In contrast, HMW UDOC Δ14C values remain
substantially more positive than total DOC, with a similar average Δ14C
offset (175 ± 15‰) at all depths.

HMW UDOM Δ14C values are similar to those obtained from prior
isolations of HMW UDOM in this region using similar concentration
factors (Walker et al., 2011). Further, as has been observed by prior
work, the 14C ages of mesopelagic and deep ocean HMW UDOM
(1600–3700 ybp) indicate the presence of an old DOC component.
Compound class work on HMW UDOM indicates substantial diversity in
the Δ14C values of operationally defined biochemical fractions. While
the main identifiable biochemical classes in deep UDOM appear semi-
labile (as evidenced by their younger 14C ages), a quantitatively smaller
“lipid-like” fraction has extremely old 14C ages (Loh et al., 2004).
However, we note that even the oldest 14C age of our bulk HMW UDOC
(3700 ybp) is still significantly younger than both total DOC (6200 ybp)
and LMW SPE-DOC (6800 ybp) at 2500 m.

The Δ14C offsets from total DOC that we observe in both HMW
UDOC and LMW SPE-DOC are consistent with previous observations
about DOM size and age or reactivity (Amon and Benner, 1994; Benner
and Amon, 2015; Walker et al., 2016c, 2014), and also expectations
based on the relative abundance of relative size classes (Kaiser and
Benner, 2009). Overall, these results indicate that this coupled method

successfully isolates two separate operational fractions, dominated by
either semi-labile or refractory DOM pools.

3.4. Coupled UF/SPE: elemental composition (C/N) of HMW and LMW
DOM

The δ13C, δ15N values and C/N ratios of HMW UDOM and LMW
SPE-DOM (Fig. 7, Table 1) allow a first examination of the information
potential using our new isolation protocol. All bulk compositional va-
lues are dramatically different between our two fractions, reinforcing
the contrasting biochemical composition of old versus young DOM
pools.

The C/N ratio of LMW SPE-DOM is significantly higher (average of
all depths: 26 ± 2) than HMW UDOM or total DOM, with no sig-
nificant difference between surface and deep water (Surface C/
N = 27.7 ± 0.4, average of 400 to 2500 m C/N= 26.1 ± 2.1; two
tailed t-test, DF = 10, t = 1.3, p = 0.23). The elevated C/N ratios of
LMW SPE-DOM suggest that older, LMW material at all depths is C-rich;
consistent with highly unsaturated and aromatic structures proposed by
studies using ultrahigh resolution mass spectrometry (Flerus et al.,
2012; Hansman et al., 2015; Hertkorn et al., 2013; Medeiros et al.,
2015a). Further, the invariant nature of LMW SPE-DOM C/N ratios with
depth (Fig. 7, Table 1) is again consistent with a background pool of
chemically and isotopically homogeneous DOM (Druffel et al., 1992;
Druffel and Beaupré, 2009).

HMW UDOM C/N ratios are substantially lower (average of all
depths: 12 ± 1), also with no significant depth structure (Surface C/
N = 12.4 ± 0.5, average of 400 to 2500 m C/N= 12.3 ± 0.6; two
tailed t-test, DF = 10, t = 0.3, p = 0.8). The HMW UDOM C/N values
reported here are somewhat lower than in some past work for the
Central North Pacific (e.g., 17 ± 2, Benner et al., 1997). We hy-
pothesize that the low C/N ratios and lack of depth trend are most likely
related to the high CF used, which as noted above was chosen to
maximize the isolation of the highest molecular weight material with
the youngest 14C ages. While prior elemental data on low concentration
factor UDOM shows increases in C/N ratio with depth, more consistent
with the C/N ratios of the total DOM pool (Benner, 2002), a high CF UF
study by Loh and co-workers also observes no significant change in
HMW DOM C/N with depth from a similar ocean region (Loh et al.,
2004). Therefore, the unchanging C/N ratios with depth suggest that
the youngest, most labile fraction of the HMW DOM pool has a rela-
tively uniform N-content throughout the entire Pacific water column,
consistent with either non-selective degradation (McCarthy et al.,
2004), or perhaps alternate surface-linked sources present at depth
(Orellana and Hansell, 2012).

Surface water total DOM C/N ratios (14.1 ± 0.7) are slightly ele-
vated compared to our HMW UDOM fraction, again consistent with
expectations for our operational fractions within the two-pool model.
At depth, the C/N of total DOM is substantially higher than UDOM
(19 ± 5). However, because of the large errors associated with deep
DON concentrations (i.e. when TDN and DIN are both high, e.g.,
McCarthy and Bronk, 2008), this trend is not statistically significant
(two tailed t-test, DF = 4, t = 1.8, p = 0.15). We note that an overall
increase in total DOM C/N with depth is expected based on relative
proportions of HMW (low C/N) and LMW (high C/N) DOM in surface
versus deep water. Overall, these HMW UDOM and LMW SPE-DOM C/
N ratio offsets fit well within recent observations of broader trends
between organic matter size, age, and elemental composition (Walker
et al., 2016c, 2016a).

3.5. Coupled UF/SPE: stable isotopic composition (δ13C, δ15N) of HMW
and LMW DOM

In the surface, the δ13C value of HMW UDOC and LMW SPE-DOC
fractions are statistically indistinguishable (−22.5 ± 0.3‰ and
−22.7 ± 0.2‰ respectively; two tailed t-test, DF = 10, t = 1.4,

Fig. 5. Relative recovery (%) of DOC from 0.2 μm-filtered seawater (PPL SPE-DOC; dark
grey) and ≤2.5 kD UF permeate (LMW SPE-DOC; light grey).
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p = 0.2) (Fig. 7). Both values however, are lower than total DOC δ13C
(−21.1 ± 0.4‰). In the subsurface, the average δ13C values of each
fraction are offset from both each other and total DOM. There is no
depth trend below 400 m in δ13C within either fraction, leading to a
constant offset between the two fractions (Supplemental Fig. 2C). The
δ13C values of LMW SPE-DOM from ≥400 m are always lowest
(average of 400 to 2500 m: −22.6 ± 0.4‰), the HMW UDOM always
highest (average of 400 to 2500 m: −21.4 ± 0.4‰), and the total
DOM values are intermediate between the two fractions (average:
−22.1 ± 0.4‰).

The δ13C results in the subsurface NPSG are consistent with ex-
pectations based on the relative functional composition of HMW and

LMW pools. Specifically, LMW SPE-DOM likely contains more lipid-like
and CRAM like structures (Hertkorn et al., 2006; Koprivnjak et al.,
2009), consistent with both higher C/N and lower δ13C values (e.g.,
Hayes, 2001). In contrast, the more abundant proteinaceous and car-
bohydrate compound classes in HMW UDOC are consistent with both
lower C/N and higher δ13C (Hayes, 2001). The intermediate δ13C values
of total DOC between LMW SPE-DOC and HMW UDOC for all depths
(with the exception of the surface), further supports the conclusion that
our method selectively isolates two operationally distinct fractions from
different reactivity pools.

However, the large offset of both HMW UDOC and LMW SPE-DOC
δ13C from total DOC δ13C in the surface (Fig. 7, Supplemental Fig. 1)
does not seem consistent with these ideas. This result could be linked to
material not retained by either UF or SPE isolations. This would require
the non-retained material to have similar δ13C values to total DOC
(average δ13C value of approximately −20.8, by mass balance), and be
composed of nominally low MW material (i.e., passes the UF mem-
brane) that is also relatively polar (so as not to be retained by the hy-
drophobic sorbent). In addition, the average C/N value of the non-re-
tained material (by mass balance) is ~14, and therefore not consistent
with expectations for 13C-enriched proteinaceous material. Finally, the
presence of this offset only in the surface samples, repeated in both
seasonal cruises, suggests this non-retained DOM is fresh, labile, and
disappears rapidly with degradation. However, this would seem to
conflict with the average value for mass balance derived Δ14C for the
non-retained material (−240‰). An alternate explanation therefore, is
that rather than missing material having an elevated δ13C, the HMW
material isolated in the surface is skewed toward lower δ13C values by
the presence of a 13C deplete component.

The δ15N values of LMW SPE-DON (average of all depths:
3.5 ± 0.3‰) and HMW UDON (average of all depths: 6.6 ± 0.4‰)
are significantly different throughout the water column (two tailed t-
test, DF = 22, t = 21.4, p < 0.01) (Fig. 7). LMW SPE-DON δ15N is
significantly lower than HMW UDON δ15N at all depths, with an in-
creasing offset from surface to deep. Average surface LMW SPE-DON
δ15N is 4.0 ± 0.3‰, and decreases to a constant value in subsurface
samples (average of all subsurface samples: 3.4 ± 0.1‰). HMW
UDON δ15N has the opposite behavior with depth: surface values
average 6.3 ± 0.3‰, with higher average subsurface values of
6.7 ± 0.3‰. While the offset between HMW UDON and LMW SPE-
DON δ15N values are significant at all depths (average offset over entire
water column = 3.1 ± 0.6‰), the offset also increases with in-
creasing depth (Supplemental Fig. 2D, surface offset = 2.2 ± 0.4‰,
2500 m offset = 3.4 ± 0.3‰, two tailed t-test, DF = 4, t = 4.1,
p = 0.01).

Published values for bulk DON δ15N in surface water for this region

Fig. 6. Δ14C of total DOC (black circles) compared to LMW SPE-DOC (light grey squares)
and HMW UDOC (dark grey diamonds). Bottom axis denotes the 14C age in ka. Values
represent error-weighted averages of material collected on two cruises and error bars
represent 1σ standard deviation of these averages.

Fig. 7. Depth profiles of elemental ratio (C/N), δ13C, and
δ15N values of total DOM (black circles) compared to LMW
SPE-DOM (light grey squares) and HMW UDOM (dark grey
diamonds). Values represent error-weighted averages of
material collected on two cruises and error bars represent
1σ standard deviation of these averages. Total DOM δ15N
value from Knapp et al., 2011.
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(5.0 ± 0.5‰, Knapp et al., 2011) are intermediate between the two
isolated fractions (Fig. 7, Table 1). In addition, the general direction of
the offset with depth (i.e., HMW DON having higher δ15N values than
LMW DON) is also consistent with the few prior observations in oli-
gotrophic surface waters (Knapp et al., 2012). These novel data raise
new questions regarding N-sources, and in particular what cycling
processes over multi-centennial to millennial ocean mixing timescales
could result in a similar δ15N pattern at all depths in the North Central
Pacific. While more detailed work will be required to address these
questions, the difference in δ15N value between our operational frac-
tions in particular underscores the new potential of this approach to
isolate separate DOM fractions with novel properties and distinct
composition.

3.6. SPE-DOM vs. LMW SPE-DOM

As discussed in the Coupled UF/SPE: recovery efficiency section, re-
covery data indicates that there is substantial overlap in the material
collected by UF and SPE. This is further supported by the differences in the
elemental and isotopic properties of SPE-DOM compared to LMW SPE-
DOM (Supplemental Fig. 3). Whereas PPL SPE-DOM properties approx-
imate total DOM in numerous cases (especially in the deep ocean), the
properties of LMW SPE-DOM are consistently different than total DOC.
LMW SPE-DOM is older, has higher C/N ratios, and lower δ13C and δ15N
values that both SPE-DOM and total DOM at all depths. This suggests that
there is some younger, lower C/N, higher δ13C and δ15N material which is
isolated by SPE, but is not isolated in the LMW SPE-DOM fraction because
of prior removal by UF. The offset is greatest in the surface where there is
the highest concentration of HMW DOM, further suggesting that the off-
sets are the result of partial collection of HMW DOM by SPE. Overall, this
demonstrates that the removal of HMW DOM by UF is required for the
subsequent targeted isolation of refractory DOM via SPE.

4. Summary and conclusions

We describe a new approach that targets the isolation of operational
DOM fractions with strongly contrasting average age, molecular size,
and bulk composition. We couple UF with SPE isolation from the UF
permeate to selectively isolate HMW and LMW DOM respectively. The
composition of the HMW UDOM samples is consistent with younger,
more N-rich, semi-labile DOM, while the composition of LMW SPE-
DOM isolates is consistent with older, C-rich, more refractory DOM. The
contrasting properties of the individual isolates from surface to deep
NPSG waters confirm that our MW partition is effective at isolating
material with strongly distinct properties. Further, our large volume
isolation protocol allows gram quantities of these DOM fractions to be
isolated for subsequent analysis. The scalability of this approach further
enables a wide range of detailed analyses, such as compound-specific
stable or radio isotopic analyses, for which sample limitation can
otherwise prohibit.

In order to optimize our coupled UF/SPE method, we performed a
comprehensive set of tests with two SPE sorbents commonly applied in
recent literature for DOM isolation; comparing the elemental ratios,
stable isotope ratios, and radiocarbon age of SPE-DOM with the same
properties in total DOM. These tests showed that PPL generally per-
forms better than HP-20, with higher overall DOC recoveries and with
elemental and isotopic compositions more representative of total DOM,
especially in the deep ocean. However, our data also suggests that the
chemical and isotopic composition of SPE-DOM, in particular for ni-
trogenous organic material, is strongly depth-dependent. SPE of surface
DOM discriminates strongly against organic nitrogen, and has Δ14C and
δ13C values offset from total DOC, consistent with preferential isolation
of hydrophobic, C-rich DOM. In contrast, PPL SPE-DOM in deep NPSG
waters is statistically indistinguishable from total DOM for all elemental
and isotopic properties we measure, including C/N ratios. This suggests

Table 1

Sample Type Depth DOC ± DON ± % Recovery (C/N)a ± δ15N ± δ13C ± Δ14C ±

(m) (μmol/L) (μmol/L) (%C) (%N) (‰) (‰) (‰)

Total DOC 7.5 79.8 0.6 5.7 0.6 – – 14.1 0.9 – – −20.8 0.2 −215.1 2.6
Total DOC 7.5 75.9 1.2 5.3 0.7 – – 14.3 1.4 – – −21.3 0.2 −234.5 1.9
Total DOC 400 47.2 2.8 3.6 0.4 – – 13.2 2.8 – – −22.7 0.2 −370.6 2.3
Total DOC 400 45.5 7.8 3.5 0.8 – – 13.1 7.9 – – −21.7 0.2 −374.1 1.7
Total DOC 850 41.0 1.1 2.1 0.5 – – 19.7 1.2 – – −22.4 0.2 −466.7 2.6
Total DOC 850 41.8 4.6 1.8 0.4 – – 23.4 4.6 – – – – −490.0 1.8
Total DOC 2500 34.8 5.3 2.0 0.4 – – 17.8 5.3 – – −21.8 0.2 −537.4 2.0
Total DOC 2500 38.6 5.3 2.1 0.5 – – 18.4 5.3 – – −21.5 0.2 −551.6 2.2
PPL SPE-DOM 7.5 33.7 – 1.6 – 42.1 27.8 18.3 0.2 5.1 0.2 −23.0 0.08 −248.0 2.1
PPL SPE-DOM 7.5 36.3 – 1.7 – 47.8 31.7 18.4 0.13 4.8 0.2 −22.0 0.08 −253.0 2.7
PPL SPE-DOM 2500 17.5 – 0.8 – 41.4 42.1 18.2 0.2 4.0 0.2 −22.6 0.08 −549.1 1.5
PPL SPE-DOM 2500 16.9 – 0.7 – 47.3 35.1 19.6 0.13 4.2 0.2 −21.7 0.08 −561.8 2.0
HP-20 SPE-DOM 7.5 30.1 – 1.1 – 37.7 20.2 22.5 0.2 4.5 0.2 −22.3 0.08 −279.6 2.2
HP-20 SPE-DOM 2500 16.9 – 0.6 – 39.9 28.9 25.6 0.2 4.0 0.2 −22.4 0.08 −551.6 2.0
HP-20 SPE-DOM 2500 10.1 – 0.3 – 28.3 14.1 29.3 0.13 3.7 0.2 −22.6 0.08 −550.4 1.7
HMW UDOM 7.5 14.2 – 1.1 – 17.8 19.5 12.9 0.06 6.2 0.1 −22.1 0.05 −37.3 3.8
HMW UDOM 7.5 12.4 – 0.9 – 16.3 16.2 12.3 0.02 6.7 0.3 −22.5 0.01 −50.0 3.3
HMW UDOM 400 3.7 – 0.3 – 7.8 8.9 11.9 0.06 6.5 0.1 −21.5 0.01 −190.4 2.2
HMW UDOM 400 4.8 – 0.4 – 10.6 10.4 11.5 0.2 6.6 0.1 −21.9 0.3 −177.3 2.9
HMW UDOM 850 4.4 – 0.3 – 10.7 16.7 13.1 0.03 6.8 0.1 −21.9 0.05 −343.7 2.1
HMW UDOM 850 3.9 – 0.3 – 9.2 15.2 12.2 0.02 7.1 0.1 −21.5 0.3 −286.9 2.8
HMW UDOM 2500 3.3 – 0.3 – 9.5 13.9 13.1 0.1 6.8 0.2 −21.1 0.04 −379.7 1.8
HMW UDOM 2500 2.5 – 0.2 – 6.4 8.1 12.5 0.1 7.0 0.3 −21.5 0.06 −365.7 2.3
LMW SPE-DOM 7.5 14.5 – 0.4 – 18.1 7.8 28.2 0.3 3.6 0.07 −22.9 0.06 −354.8 2.1
LMW SPE-DOM 7.5 15.5 – 0.5 – 20.4 9.0 27.6 0.1 4.0 0.01 −22.6 0.03 −343.0 2.3
LMW SPE-DOM 400 12.9 – 0.4 – 25.2 11.8 26.2 0.1 3.4 0.2 −22.5 0.01 −420.4 1.7
LMW SPE-DOM 400 12.5 – 0.4 – 22.5 11.8 26.1 1.9 3.6 0.4 −22.7 0.4 −438.8 2.2
LMW SPE-DOM 850 12.2 – 0.4 – 28.8 20.8 24.2 0.0 3.6 0.1 −22.2 0.04 −518.0 1.5
LMW SPE-DOM 850 5.5 – 0.2 – 12.4 9.3 28.4 0.1 3.1 0.2 −23.3 0.02 −494.3 2.1
LMW SPE-DOM 2500 10.7 – 0.3 – 25.3 17.7 26.4 0.2 3.5 0.2 −22.4 0.1 −569.7 1.4
LMW SPE-DOM 2500 11.7 – 0.4 – 28.5 16.7 28.5 0.03 3.4 0.2 −22.8 0.06 −577.6 1.7

* Total DOC values were measured at UCI Keck Carbon Cycle AMS Lab.
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that PPL is well suited to the study of the refractory, background DOM
pool. However, it is also clear from isotopic and recovery efficiency
data that PPL SPE-DOM isolates from any depth contain a mixture of
both older, refractory DOM and a younger, semi-labile component.
Therefore, the removal of the HMW young, semi-labile material by UF
prior to SPE is required in order to isolate an older, more refractory
component and limit the confounding influences of reactivity mixtures.

Together, our results underscore the compositional and isotopic
heterogeneity of marine DOM and highlight the inherent problems with
attempting to isolate truly representative DOM samples. We suggest
that targeted isolation approaches, which exploit differences in DOM
composition, can yield samples that allow more specific testing of
multiple current hypotheses regarding the origin and composition of
excess, semi-labile DOM and background, refractory DOM. The current
era of DOM research is an exciting one, with multiple ideas suggested to
explain refractory DOM persistence and biogeochemical cycling.
Molecular diversity, dilution, microbial degradation, molecular size and
composition, photo-oxidation, and micro-gel aggregation have all been
suggested as key controls on refractory DOM formation (Arrieta et al.,
2015; Chin et al., 1998; Dittmar, 2014; Flerus et al., 2012; Jiao et al.,
2010; Lechtenfeld et al., 2014; Walker et al., 2016a). This isolation
approach represents a new tool for directly evaluating the composition
of distinct DOM reactivity pools, and allows for testing new hypotheses
regarding DOM cycling in the ocean.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.marchem.2017.06.007.
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