
OGPa 14GPa 

29 GPa 40 GPa 

Fig. 4. The local structure about a typical Al atom 
in A1P04 at several pressures. The coordination 
number of an aluminum atom is indicated by the 
lines to oxygen atoms corresponding to lengths of 
2.2 A or less. 

versible. This behavior is in contrast to that 
observed in closely related materials, ice Ih 
(5) and a-quartz (6). 
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Bulk Chemical Characteristics of Dissolved Organic 
Matter in the Ocean 
RONALD BENNER,* J. DEAN PAKULSKI, MATTHEW MCCARTHY, 
JOHN I. HEDGES, PATRICK G. HATCHER 

Dissolved organic matter (DOM) is the largest reservoir of reduced carbon in the 
oceans. The nature of DOM is poorly understood, in part, because it has been difficult 
to isolate sufficient amounts of representative material for analysis. Tangential-flow 
ultrafiltration was shown to recover milligram amounts of > 1000 daltons of DOM 
from seawater collected at three depths in the North Pacific Ocean. These isolates 
represented 22 to 33 percent of the total DOM and included essentially all colloidal 
material. The elemental, carbohydrate, and carbon-type (by 1 3C nuclear magnetic 
resonance) compositions of the isolates indicated that the relative abundance of 
polysaccharides was high (—50 percent) in surface water and decreased to —25 percent 
in deeper samples. Polysaccharides thus appear to be more abundant and reactive 
components of seawater DOM than has been recognized. 

is the crystallinity of the sample fully re­
stored, but its original orientation is also 
preserved. Details of the recovery mecha­
nism can be examined through the analysis 
of bond angles, as presented above. The 
path following decompression retraces that 
of the compression (Fig. 3). Both the 
O-Al-O and the O-P-O angle distribu­
tions narrow and eventually return to tetra-
hedral angles in such a way that the tetrahe-
dral helices unwind to their original 
positions. The P 0 4 groups, which alternate 
with A104 groups in the crystal, distort 
under pressure but remain largely four-co­
ordinated. In the absence of diffusion, the 
relative positions of the atoms are effectively 
maintained in the disordered phase. When 
the pressure releases, the oxygens around the 
P atoms quickly relax back to the P 0 4 

tetrahedra. This process redirects the Al 
atoms back to the crystalline positions. 

Several significant observations can be 
made from the theoretical investigation. The 
pressure-induced densified phase in A1P04 

is not a random network but a solid that is 
disordered over the long range with consid­
erable short-range order. Because of the lack 
of diffusion, pressure-amorphized materials 
would not, in general, have the same struc­
ture as quenched liquids. Attempts to corre­
late the structure of the disordered solid to 
that of high-density liquid may be mislead­
ing. The results obtained here can be gener­
alized to other systems that exhibit structur­
al memory effects. The presence of strongly 
covalently bound units that preserve their 
coordinations is essential, as, for example, 
the S0 4

2 ~ in LiKS0 4 and the guest mole­
cules in clathrate hydrates and clathrasils. In 
clathrate hydrates or clathrasils (#), the guest 
molecules remains intact, and therefore their 
pressure-induced phase transitions are re-

DISSOLVED ORGANIC MATTER 

(DOM) in the oceans is important 
in the global carbon cycle (:/), sup­

ports heterotrophic activity (2), and affects 
the penetration of light and exchange of 
gases at the sea surface (3). Despite its 
importance, relatively little is known about 
the composition and reactivity of marine 
DOM because of the lack of suitable meth­
ods for its isolation from seawater. Direct 
biochemical analyses of DOM in seawater 
typically account for less than 15% of the 
total mixture (4, 5), and many techniques 
that would provide more comprehensive 
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structural information, such as nuclear mag­
netic resonance (NMR) and infrared spec­
troscopy, require the isolation of DOM 
from the much more abundant salts in sea­
water. The conventional method for isola­
tion has been adsorption of acidified DOM 
onto nonionic XAD resins (6). However, 
this method typically recovers a small frac­
tion (5 to 15%) of the total DOM in 
seawater, requires large manipulations of 
pH during isolation, and is selective for 
hydrophobic constituents. 

In contrast, tangential-flow ultrafiltration 
concentrates organic molecules primarily on 
the basis of size rather than chemical proper­
ties (7) and requires no pH adjustments that 
may change chemical associations and struc­
tures. Ultrafiltration therefore appears to be a 
more appropriate method for isolating a rep­
resentative fraction of DOM than adsorption 
on XAD resins. In this report we describe the 
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Table 1. Hydrographic data for samples collected at Station ALOHA recovered isolates as determined by direct-injection, high-temperature cata- 
(22"45.01N, 15Xo00.0'W) and the concentrations of dissolved organic lytic oxidation (HTCO) and the dry weights of the recovered isolates and by 
carbon (DOC), percentages of DOC recovered using tangential-flow ulna- flash combustion of dried powders in a CHN analyzer. 
filtration, and weight percentages of organic carbon (Wt%OC) in the 

Depth Salinity Temperature Dissolved 0, DOC Volume % DOC % initial* Wt%OCt Wt%OCt 
(4 (per mil) ("c) (PM) (@) (liters) recovered DOC HTCO CHN 

*% Initial DOC = 100 (DOC,,,,,,,,,, + DOC,I,~I,atc)(DOCinitid ,,,,,);'. tSea salts were not completely removed during diaiilhation resulting in weight percentages of 
organic carbon that are lower than those expected (-45%) for pure organlc matter. 

bulk chemical properties of DOM isolated by 
tangential-flow &rafiltration from three 
depths in the open North Pacific Ocean. 

Samples were collected during April 1991 
from Station ALOHA (22"45'N, 158"00rW) 
located about 100 km north of Oahu, Hawaii. 
Hydrographic and basic chemical and biologi- 
cal parameters have been monitored at this 
station since 1988 (8). We collected water 
samples in Niskin bottles fitted with Teflon- 
coated closure springs using a 24bottle rosette. 
Samples for ultrafiltration (200 liters) were 
collected fiom three depths, 10,765, and 4000 
m, corresponding to the surface, oxygen-mini- 
mum, and deep waters (Table 1). 

Immediately following collection, we 
pumped water samples through 0.2-pm 
pore size, prerinsed Nuclepore polycarbon- 
ate filters and subsequently through 1000- 
dalton cutoff (-1-nm pore size) spiral- 
wound polysulfone filters using an Amicon 
DClOL ultrafiltration system. Total process- 
ing time for each sample was -12 hours. 
Dissolved organic carbon (DOC) is opera- 
tionally defined here as all organic carbon 
passing a 0.2-pm pore size filter and there- 
fore includes all colloids <0.2 pm. We 
measured concentrations of DOC by a high- 
temperature oxidation method (9) in which 
a Shimadzu TOC 5000 analyzer was used 
(10). Concentrations of DOC and volumes 
\ ,  

of water were recorded for the initial water, 
the ultrafiltered concentrate, and the ultra- 
filtrate so that a mass balance of DOC could 
be established (11). Most sea salts were 
removed from ultrafiltered concentrates by 
diafiltration. and the samples were stored 
frozen for transport to the laboratory. Sam- 
ples were dried under vacuum in a Savant 
SpeedVac concentrator. 

The concentration of DOC in surface 
water (82 pM) was approximately two 
times as large as concentrations in oxygen- 
minimum and deep waters (Table 1). DOC 
profiles of this magnitude and shape have 
been observed at many ocean sites and in- 
terpreted to reflect the presence of labile 
organic matter of origin in sur- 
face water that is absent from older water at 
depth. Mass balance calculations indicate 
that all of the DOC in initial water samples 

was accounted for in the ultrafiltered con- 
centrates (> 1000 daltons) and ultrafiltrates 
(< 1000 daltons) (Table 1); thus, contami- 
nation and processing losses were minimal. 
We recovered 33, 25, and 22% of the total 
DOC from surface, oxygen-minimum, and 
deep waters (Table 1). The observed trend 
of a decrease in the >1000-dalton fraction 
from surface water to deep water suggests 
that material in the colloidal size range 
comprised an important part of the reactive 
components of DOM. 

o u r  results on the size distribution of 
DOM are similar to those of Carlson et al. 
(II) ,  who found that -34% of the persul- 
fate-oxidizable DOC (-88 pM) in North 
Atlantic surface waters was > 1000 daltons. 
However, a recent investigation by Sug- 
imura and Suzuki (9) in the ~orthwestern 
Pacific Ocean indicated that -85% of the 
total DOC (-290 pM) in surface waters 
was > 1800 daltons. Similarly, these investi- 
gators found that -85% of the total DOC 
(-95 pM) in Northwestern Pacific deep 
water (4000 m) was >1800 daltons (9). 
Such large differences between studies are 
beyond the range expected for natural vari- 
ability, especially for two samples from 
4000-m depth in the North Pacific Ocean, 
and suggest that there are systematic biases 
in DOM measurement or characterization. 
Because of uncertainty about the accuracy of 
seawater DOC measurements (5, 9), we also 
independently determined the organic car- 
bon content of the ultrafiltered DOM 
(UDOM) by flash combustion (- 1100°C) 
of the dried powder in a Carlo Erba 1106 
CHN analyzer of the type used to quantita- 
tively combust a wide variety of carbon- 

aceous substances. The weight percentages 
of organic carbon measured were 10 to 25% 
lower than those calculated from the total 
DOC content (Shimadzu analyzer) and 
mass of the isolated samples  able 1). 
Thus, we found no evidence for low DOC 
measurements that could be attributed to 
incomplete oxidation of the higher molecu- 
lar weight or colloidal comp&nents of our 
DOM samples. 

The atomic C/N values of the UDOM 
were lowest (15.3) in surface water and 
highest (22.5) in oxygen-minimum water 
(Table 2). These values lie in the middle of 
the range of 10 to 25 determined for bulk 
seawater DOM with the use of wet oxida- 
tion methods (4, 5). Hurnic substances iso- 
lated from the Pacific Ocean are carbon-rich 
[C/N ratio =34 (12)] relative to our 
UDOM samples; this difference reflects the 
bias of XAD resins against more polar nitro- 
gen-containing DOM. Concentrations of 
dissolved organic nitrogen (DON) in the 
>1000-dalton size fraction (0.4 to 1.8 pM; 
from Tables 1 and 2) agree with concentra- 
tions determined recently for total DON (2 
to 6 pM) in the North Pacific Ocean with 
the use of both high-temperature combus- 
tion (1 100°C) and ultraviolet oxidation 
methods (13) and agree as well with average 
concentrations of total DON (5 to 8 pM) 
reported for these same water samples (14). 
~ h e s e  measurements are at odds, however, 
with other recent estimates of DON concen- 
trations and C/N values for marine DOM. 
Suzuki and colleagues (9, 15) reported aver- 
age C/N values near 7 for the total DOM in 
surface and deep waters of the Northwestern 
Pacific Ocean A d  concentrations of higher 

Table 2. Atomic C/N ratios fiom elemental analysis and area percentages of the major 13C NMR peaks 
for DOM isolated by ultrafiltration. Functional group assignments are: C-C, carbon singly bonded to 
carbon; C-0, carbon singly bonded to oxygen; OC-0, carbon singly bonded to two oxygens; C=C, 
carbon doubly bonded to carbon; OC=O, carboxyl and ester carbon; carbonyl carbon. 

Depth C C  C-O W-0 G= O-Ck-0 G-0 
(m) c/N (%) (Oh) ("0) ("1 ("/.) ("0) 
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of carbohydrate concentrations in the col- 
loidal size fraction (1 to 200 nm) of DOM 

Dissolved carbohydrate (pM of C) 

-300 -200 -1 00 0 100 
Chemical shift (ppm) 

Fig. 1. Conventional CPIMAS 13C NMR spectra 
of DOM isolated by ultrafiltration (21000 dal- 
tons) from surface water (10 m), oxygen-mini- 
mum water (765 m), and deep water (4000 m) at 
22"45'N, 15So00'W in the Pacific Ocean. 

molecular weight (> 5000 daltons) DON 
that were 20 to 70 times as large as our 
estimates for DON >lo00 daltons. As dis- 
cussed above, these large Werences are be- 
yond those expected for natural variability. 

Structural features of the isolated DOM 
were investigated by cross polarization- 
magic angle spinning (CP/MAS) 13C NMR 
(16). The 13C NMR spectrum of the 
UDOM from surface water shows a domi- 
nant peak at 72 ppm and lesser peaks at 21, 
40, 100, and 176 ppm (Fig. 1). Carbohy- 
drates are the major family of biomolecules 
producing C-0 resonances at 72 ppm and 
0-C-0 resonances at 100 ppm. Unsubsti- 
tuted alkyl carbons, such as methyl and 
methylene carbons, and m i n e  carbons give 
rise to resonances between 0 and 50 ppm, 
and carboxyl, ester, and amide carbons pro- 
duce resonances around 176 ppm. 

Major compositional differences were ap- 
parent between UDOM from surface water 
and UDOM from oxygen-minimum and 
deep waters (Fig. 1). Integrated areas for 
C-0 and 0-C-O resonances indicate that 
there was a sharp decrease in the relative 
abundance of carbohydrate carbon from 
54% in the UDOM from surface water to 
29 and 25% in UDOM from oxygen-mini- 
mum and deep waters (Table 2). Surface- 
water UDOM had a threefold lower relative 
abundance of aromatic or olefinic carbons 
(in 110 to 160 ppm) than UDOM from 
deeper waters (Table 2). On the basis of 
these data and the vertical distribution of 
radiocarbon in DOM in the North Pacific 
Ocean (17), which indicates that labile and 
refractory components of DOM coexist in 
surface water, whereas refractory components 
dominate in deeper waters, it appears that 
high molecular weight polysaccharides 
(> 1000 daltons) made up an important part 
of the labile DOM in surface water. Estimates 

ranged from -14 PM C in surface waters to 
-2 p M  C in deeper waters (Fig. 2). 

The main structural features of the sur- 
face-water UDOM were very different from 
those of humic substances isolated by hydro- 
phobic adsorption from seawater. The 
UDOM from surface water was rich in 
carbohydrates, whereas XAD-isolated hu- 
mic substances are rich in unsubstituted 
alkyl and carboxyl carbons (18). Moreover, 
structural features of XAD-isolated DOM 
revealed by 'H- and 13C-NMR depict a 
material that is compositionally invariant 
with oceanic environment (18) and depth 
(19); these characteristics suggest that the 
XAD-isolated DOM is composed primarily 
of the older, more refractory components of 
DOM. There are, however, some similarities 
between the structural features of UDOM 
and humic substances from deep water. 
Both of the isolated fractions contained a 
significant aromatic or olefinic component 
and similar carboxyl contents, but the deep- 
water UDOM sample was enriched in car- 
bohydrate and depleted in unsubstituted 
akyl carbon relative to deep-water humic 
substances (19). 

We also determined the carbohydrate 
content of the UDOM samples using a 
modified MBTH assay (20) to confirm the 
13C-NMR carbohydrate estimates. In the 
modified MBTH assay hydrochloric acid 
was replaced with sulfuric acid to more 
completely hydrolyze resistant polysaccha- 
rides, such as cellulose and chitin (21). The 
modified MBTH assay indicated that carbo- 
hydrates accounted for 49, 18, and 19% of 
the total C in surface, oxygen-minimum, 
and deep-water UDOM samples. The simi- 
larity between these data and those deter- 
mined by 13C-NMR confirms our estimate 
of carbohydrates in the UDOM samples and 
indicates that the modified MBTH assay 
yielded reasonably accurate estimates of to- 
tal carbohydrate content. 

Because -70% of marine DOM was 
< 1000 daltons (< 1 nm), we do not know 
if the composition of the UDOM was 
representative of the total DOM. We used 
the modified MBTH assay to determine the 
total dissolved carbohydrate concentra- 
tions in the seawater samples collected for 
ultrafiltration. The modified MBTH assay 
yielded total dissolved carbohydrate con- 
centrations of 27, 13, and 7 p,M C in 
surface, oxygen-minimum, and deep-water 
samples (Fig. 2). These dissolved carbohy- 
drate concentrations corresponded to 33, 
34, and 17% of the total DOC, and were 
similar to those in the UDOM samples. 
Thus, ultrafiltration recovered a repre- 
sentative fraction of the MBTH-reactive 

Fig. 2. Concentrations of dissolved carbohydrates 
in ultrafiltered DOM as determined by 13C NMR 
(UDOM-NMR) and a modified MBTH assay 
(UDOM-TCHO) and the concentrations of total 
dissolved carbohydrates as determined by using 
the same modified MBTH assay (TCHO). 

carbohydrates from seawater. 
Our measurements of total dissolved car- 

bohydrate concentrations are higher than 
most earlier estimates, which indicated that 
carbohydrates accounted for 10 to 15% of 
the total DOC measured by wet oxidation 
methods (5, 22) although values as high as 
-35% were reported for the Caribbean Sea 
(23). We believe that the higher concentra- 
tions of carbohydrates measured with the 
modified MBTH assay result from the more 
complete hydrolysis of structural polysac- 
charides (21), which, as we have shown, 
appear to be abundant in the upper ocean. 

The application of tangential-flow ultra- 
filtration to seawater samples has allowed a 
broad chemical characterization of a relative- 
ly large fraction of marine DOM, including 
all colloidal material. Compared to conven- 
tional hydrophobic adsorption techniques, 
ultrafiltration is less chemically selective and 
capable of recovering a greater portion of 
DOM. Our initial characterizations indicat- 
ed that the concentration of the >1000- 
dalton size fraction of seawater DOM is 
one-tenth of that indicated by Suzuki and 
colleagues (9, 15) and that the C/N values 
are two to three times as large. Despite these 
differences, we concur that high molecular 
weight components of DOM are reactive 
and suggest that polysaccharides are domi- 
nant components of this reactive material, 
perhaps supporting much of the hetero- 
trophic activity in the surface ocean. Use of 
ultrafiltration to recover DOM from seawa- 
ter for experimental manipulatiocs and de- 
tailed molecular-level characterizations wiU 
help resolve the above differences and pro- 
vide a new understanding of the sources and 
reactions of the organic molecules compos- 
ing this major carbon reservoir. 
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Percolation Theory, Thermoelasticity, and Discrete 
Hydrothermal Venting in the Earth's Crust 

As hydrothermal fluid ascends through a network of cracks into cooler crust, heat is 
transferred &+om the fluid to the adjacent rock. The thermal stresses caused by this 
heating close cracks that are more or less vertical. This heating may affect network 
connections and destroy the permeable crack network. Thermoelastic stresses caused 
by a temperature difference of -100°C can decrease the interconnectivity of a crack 
network to the percolation threshold. If the temperature is slightly less, thermoelastic 
stresses may focus the discharge in hydrothermal systems into discrete vents. 

F LUID CIRCULATION IN HYDRO- 

thermal systems is controlled by the 
distribution of rock permeability in 

space and time. In igneous and metamor- 
phic rocks the permeability is controlled by 
fractures ( I ) ,  and discharge in both conti- 
nental and submarine hydrothermal sys- 
tems appears to be localized by fault zones 
(2). On land, the fault-controlled discharge 
may emerge as discrete warm or hot springs; 
at mid-ocean ridge crests, high-temperature 
discharge occurs through orifices = l o  cm in 
diameter as sulfide-laden black smoker 
plumes with a temperature ~ 3 5 0 ° C  (3). 

It is not clear how hydrothermal upflow 
in a fault zone is focused into discrete vents 
or what factors control the spacing of vents 
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along the fault zone. Deposits of silica and 
other minerals are common in hydrothermal 
systems, and it is generally believed that such 
deposits clog fractures and decrease perme- 
ability at shallow levels in hydrothermal 
systems (4). However, quantitative analysis 
of this process is extremely difficult. Models 
bf porosity reduction due to chemical dep- 
osition suggest that the process is inefficient 
(5 ) .  It may be that chemical deposition alone 
may not cause flow to be focused into 
discrete vents. 

In this report, we examine the role of 
thermoelastic stresses in a hydrothermal up- 
flow zone as a mechanism for focusing. The 
conceptual picture (Fig. 1) is that, as hydro- 
thermal fluid heated at depth ascends into 
the cooler, shallow crust, heat is transferred 
from the fluid in the cracks to the adjacent 
rock. Because the heated zone is always 
surrounded by cooler areas, this heating 
imposes horizontal thermal stresses on the 
rock that can close cracks. If enough crack 
connections are destroyed so that the crack 

network falls to near the percolation thresh- 
old, then only a few pathways would be 
open to the surface and the flow would be 
directed through them. We derive an expres- 
sion for the closure of cracks by thermoelas- 
tic stresses and then estimate how much 
heating is required to decrease the intercon- 
nectivity of the crack network to the perco- 
lation threshold. Thermoelastic stresses may 
act in concert with chemical deposition to 
focus the flow into discrete vents. 

Earlier work (6) showed that, if hot fluid 
flowed in a single, planar fracture 1 rnm 
wide, the fracture could close within 0.5 
year because of thermal expansion of the 
adjacent rock. Lowell (7) extended this re- 
sult to a set of parallel planar fractures of 
uniform width and spacing. However, crit- 
ical questions remain concerning ther- 
moelastic effects in rocks containing a ran- 
dom crack network. 

The sizes, orientations, number density, 
aspect ratios, and other properties of cracks 
in hydrothermal systems are uncertain. We 
therefore use an order of magnitude analysis 
to examine the role of thermoelastic effects 
in discharge zones and make a number of 
simplifying assumptions that are consistent 
with this approach. We assume that (i) for 
calculating the influence of thermoelastic 
stresses, each crack can be treated as separate 
but located in a rock volume with some 
effective elastic properties; (ii) the three- 
dimensional (3-D) cracks have the shape of a 
thin spheroid described in terms of an aspect 
ratio x = a/b, where a is the small semi-axis 
and b is the large one; (iii) the thermoelastic 
stress field on the cracks has two equal 
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