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871A (6"N, 172"E) of the Ocean Drilling 
Program (12). This site was selected because 
it is characterized by a pronounced stable . - 
thermocline and contains abundant well-pre- 
served planktonic foraminifera that are well- 
characterized in terms of their calcification 
depth in the water salumn (13, 14). 

We selected five sediment samples for 
Measurement of boron isotope compositions in species of planktonic forami- analysis: 1H11, 124 to 126 cm (upper Pleis- 
nifera that calcified their tests at  different depths in  the water column are used tocene; about 85 thousand years ago); 3Hi2, 
t o  reconstruct the pH profile of the upper water column of the tropical ocean. 123 to 125 cm (middle Pliocene; 2.5 Ma); 
Results for five t ime windows from the middle Miocene t o  the late Pleistocene 3Hi5, 123 to 125 cm (late Miocene; 5.8 to 7.1 
indicate pH-depth profiles similar t o  that of the modern ocean in this area, Ma); 4Hi5, 59 to 61 cm (middle-Miocene; 
which suggests that this method may greatly aid in our understanding of the 11.5 to 12.6 Ma); and 8Hi2, 59 to 61 cm 
global carbon cycle. (middle Miocene; 15.2 to 16.2 Ma). Mono- 

specific samples of 30 to 300 pristine tests 
The pH of seawater plays an important role in es in deep-water pH resulted from enhanced were picked from washed and sieved sedi- 
the ocean-atmosphere carbon budget by con- respiration CO,-driven calcite dissolution ment and analyzed by a method similar to 
trolling the speciation of dissolved carbonate during glacial maxima due to increased sed- that of Sanyal et al. (5, 15) (Table 1). Our 
species, affecting the depth of the carbonate imentation of organic carbon. However, the results are consistent with their studies (5, 6)  
compensation depth (CCD), and determining pH changes in surface waters were less readi- (S1'B of planktonic and benthic foraminif- 
the partitioning of gaseous carbon dioxide ly explained and were interpreted in terms of era = 17.6 to 25.3 per mil) but are higher 
between the oceans and the atmosphere. As lower glacial atmospheric CO, levels (5), than those of Spivack er 01. (4) (10.5 to 17.0 
these parameters have varied in the past, the increased calcite production, or decreased nu- per mil). 
ability to determine the pH of the paleoceans trient utilization efficiency (6). Individual mixed layer species from lH/l 
would be of considerable interest to ocean- 
ographers as well as climatologists. 

Boron dissglved in seawater occurs main- 
ly as B(OH),- and B(OH),; the relative pro- 
portions are largely a function of pH (1). 
Boron isotopes are fractionated between the 
species so that 'OB is preferentially parti- 
tioned into B(OH) ,  (2). Boron uptake into 
foraminifera1 calcite takes place by B(OH),- 
incorporation, with little or no boron isotope 
fractionation (3), so the S1'B of foraminifera 
tests potentially record the S1'B of the 
B(OH),- in seawater and, hence, the pH of 
that water (3). 

This hypothesis has been used to test 
whether there have been changes in seawater 
pH with time. Spivack et al. (4) measured the 
6' 'B of bulk foraminifera from the equatorial 
Pacific and obsenled an increase from 10.5 
per mil 21 million years ago (Ma) to 17.0 per 
mil 6 Ma, with a fall to a present day value of 
16.2 per mil. Hence, they suggested that the 
pH of surface seawater had increased from 
7.4 at 21 Ma to close to its present day value 
of 8.2 by 6 Ma because of a decrease in 
atmospheric CO, Subsequently, Sanyal et al. 
(5), measuring benthic and planktonic fora- 
minifera, calculated that the pH of surface 
water fsom the tropical Atlantic and Pacific 
was 0.2 t 0.1 higher during glacial periods, 
and the pH of the deep tropical waters was 
0.3 t 0.1 pH unit higher. A comparable study 
(6) of transitions across the oxygen isotope 
stage 5-6 boundaty, confirmed the glacial- 
interglacial changes in deep water but did not 
observe a change in the pH of surface water. 
Both studies (5, 6)  concluded that the chang- 
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We have taken a different approach. In- 
stead of determining variations in the pH of 
surface water (to be more precise, mixed 
layer), we have tested whether the S1'B of 
different foraminifera species record the 
depth profile of seawater pH. This approach 
recognizes that planktonic foraminifera pre- 
cipitate their shells over a range of depths (7) 
and that the largest vertical changes in sea- 
water pH occur in the upper water column 
rather than between surface and bottom wa- 
ters (8,  9). The pH gradient of the upper 
ocean depends on the carbonate chemistry of 
seawater, which largely reflects primaty pro- 
ductivity rates (10) and is important in defin- 
ing ocean-atmosphere interaction (11). 

We analyzed individual species of plank- 
tonic foraminifera and mixed benthic forami- 
nifera from the sediments of Leg 144, Hole 

show the widest S1lB variation. The well- 
presewed nature of all foraminifera analyzed 
in this study (13) argues against diagenetic 
alteration of primary S1'B values. We cannot 
dismiss the possibility that nonstatistical sam- 
pling contributes to this wider variation, but 
this group was treated exactly the same as the 
other samples. However, the mixed layer spe- 
cies from 1HIl were the first to be analyzed 
in our study, so the narrower variation shown 
by subsequent groups likely reflects an im- 
proved understanding of optimum mass spec- 
trometer analytical conditions (15). 

The boric acid dissociation constant (pK,) 
is temperature and pressure dependent (1, 
16), so the calcification depth and tempera- 
ture of individual species are required before 
pH values can be calculated from S1'B. The 
calcification depths were estimated from the 
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pH 

profiles of pH recorded by the 
8"B of foraminifera from sub- - 
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seawater pH-depth profiles % 1000 

from this area of the equatori- O 

al Pacific (8) are shown by sol- 
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and pressure dependence of 
the dissociation constant of PH 
boric acid in seawater are from Dickson (1) and Gieskes (76). Temperature dependences of the boron 
isotope fractionation factors are from Kakihana e t  al. (2). 
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literature (7, 14) and, as a first approxima- 
tion, we assume that the water column tem- 
perature-depth profile at site 871 has been 
constant over the time period covered by our 
study (0 to 16 Ma). We recognize that this 
assumption is simplistic and discuss its im- 
plications below. 

Each species was assigned to a calcifica- 
tion depth interval-mixed layer (0 to 100 m; 
29" to 26.5"C), intermediate (50 to 150 m; 
28.4" to 18.5OC), thermocline (100 to 250 m; 
26.5" to 10.O°C), deep planktonic (200 to 
600 m; 12.8" to 7.5OC), and benthic (1000 to 
1250 m; 5" to 4OC) (Table 1)-and the pH 
was calculated and compared with the pH- 
depth profile directly measured on seawater 
from this area of the Pacific (8) (Fig. 1). The 
relation between the 6'  'B of foraminifera and 
the pH of seawater is such (6) that at 20°C an 
analytical uncertainty of 1 0 . 3  per mil at a 
6' 'B of 21.0 per mil yields a calculated pH of 
7.21 to 7.50, whereas the same uncertainty 
and a 6' 'B of 25.0 per mil yields a pH range 
of only 8.14 to 8.21. Hence, the minimum pH 
that can realistically be recorded by the cal- 
cite is about 7. The temperature dependence 
of pK, also means that the error bars are 
asymmetric as higher pH values are calculat- 
ed for the same S1'B at lower temperatures. 

All five samples record surface seawater 
pH values that are within the range observed 
in the oceans today, and they all show a 
decrease in the calculated pH with depth that 
is similar to that observed in the present-day 
equatorial Pacific (8) (Fig. 1). 

The major discrepancy between the calcu- 
lated and modern pH-depth profiles is for the 
deepest samples from sections 4H!5 and 8H/ 
2, where low pH values ( 5 7 )  are calculated, 
compared with modern seawater (7.5 to 7.3) 
at 200 to 600 m (8) .  We do not know any- 
where in the modern oceans where pH values 
are 5 7 ,  so the calculated pH values are likely 
too low. This could arise from several causes. 
Postdepositional alteration of the primary 
S1'B (by partial dissolution or growth of 
surface coatings) cannot be dismissed, but 
these samples are very well preserved, as are 
all other samples from this site (13). These 
samples were treated in exactly the same 
manner as the others in this study, so there is 
no reason to suspect that the calcite signal of 
these samples might be contaminated by ad- 
hering clay minerals. The low calculated pH 
is based on 6' 'B measured in a single species 
(Globoqzrnd~iiza venezt~elnna) that is extinct, 
so it is possible that this species was subject 
to unknown vital effects during incorporation 
of boron isotopes. No other planktonic fora- 
minifera species analyzed in this study appear 
to indicate such vital effects, but we cannot 
dismiss this hypothesis. The pH was calcu- 
lated on the basis that this species calcified its 
test at 12.8' to 7.5"C (the modem water 
temperature range at 200 to 600 m). A tem- 

Table 1. Boron isoope data. Depth assignments are according t o  (7) .  

Species Size ( k m )  Mean 8l1B 

744-877A-7H/7, 724 to  726 cm 
Mixed layer, 0 t o  100 m 

Clobigerinoides ruber 500 t o  600 
Clobigerinoides sacculifer 500 t o  600 
Clobigerinoides sacculifer 425 t o  500 
Clobigerinoides sacculifer 355 t o  425 
Clobigerinoides conglobatus 500 t o  600 
Clobigerinoides conglobatus 425 t o  500 
Clobigerinella siphonifera 500 t o  600 
Clobigerinella siphonifera 425 t o  500 
Clobigerinella siphonifera 355 t o  425 

Intermediate, 50 t o  150 m 
Sphaeroidenella dehsicens 500 t o  600 
Pulleniatina obliquiloculata 500 t o  600 
Pulleniatina obliquiloculata 425 t o  500 
Pulleniatina obliquiloculata 355 t o  425 

Thermocline, 100 t o  250 m 
Cloborotalia menardii 500 t o  600 
Cloborotalia tumida (no gametogenic crust) 500 t o  600 
Cloboquadrina conglomerata 500 t o  600 

Deep, >ZOO m 
Cloborotalia tumida (gametogenic crust) 500 t o  600 
Cloborotalia crassaformis 250 t o  355 

Sea floor, 1250 m 
Mixed benthics 250 t o  600 

144-871A-3H/2, 723 to  725 cm 
Mixed layer, 0 t o  100 m 

Clobigerinoides sacculifer 425 t o  500 
Clobigerinella siphonifera 425 t o  600 
Clobigerinoides fistulosis 500 t o  600 

Intermediate, 50 t o  150 m 
Pulleniatina praecursor 500 t o  600 

Thermocline, 100 t o  250 m 
Cloborotalia menardii 500 t o  710 

Deep, >ZOO m 
Cloborotalia tumida (gametogenic crust) 500 t o  600 

Sea floor, 1200 m 
Mixed benthics 355 t o  850 

744-877A-3H/5, 723 to 125 cm 
Mixed layer, 0 t o  100 m 

Clobigerinoides sacculifer 425 t o  600 
Clobigerinoides trilobus 355 t o  500 

Thermocline, 100 t o  250 m 
Dentoglobigerina altispira 425 t o  600 
Cloborotalia menardii 425 t o  600 
Cloborotalia pleisotumida 250 t o  300 

Sea floor, 1000 m 
Mixed benthics 355 t o  850 

744-871A-4H/5, 59 to  67 cm 
Mixed layer, 0 t o  100 m 

Clobigerinoides ruber 250 t o  300 
Clobigerinoides obliquus 250 t o  300 
Clobigerinoides trilobus 300 t o  425 

Intermediate, 50 t o  150 m 
Paragloborotalia mayeri 300 t o  425 
Fohsella fohsi 355 t o  425 

Thermocline, 100 t o  250 m 
Dentoglobigerina altispira 500 t o  600 

Deep, >ZOO m 
Cloboquadrina venezuelana 425 t o  600 

144-877A-8H/2, 59 to  63 cm 
Mixed layer, 0 t o  100 m 

Clobigerinoides obliquus 250 t o  300 
Clobigerinoides trilobus 300 t o  425 

Intermediate, 50 t o  150 m 
Fohsella peripheroronda 250 t o  355 
Paragloborotalia mayeri 250 t o  300 

Thermocline, 100 t o  250 m 
Dentoglobigerina altispira 500 t o  600 

Deep, >ZOO m 
Cloboquadrina venezuelana 425 t o  500 
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perature of about 2°C would be required to 
yield a pH of 7.1 for the measured S1'B of 
19.4 per mil in G. venezuelana in sections 
4Hl5 and 8Hl2. As middle Miocene oceans 
are thought to have been warmer than mod- 
ern oceans (1 7), this scenario is unlikely. 
Finally, it is possible that the Sl1B of the 
oceans has changed. A decrease in the S1'B 
of the oceans of 1 per mil would yield a rise 
in the calculated pH from -57.0 to 7.5, for a 
foraminiferal Sl1B of 19.4 per mil at a 
temperature of 7.5"C. The temperature de- 
pendence of pK, and the nature of the 
pH-Sl1B relation means that this fall in 
seawater Sl1B would only increase the cal- 
~ u l a t e d ' ~ ~  of the mixed layer recorded in 
section 8H/2 from between 7.80 and 7.90 to 
between 7.95 and 8.03. Although the resi- 
dence time of boron in the oceans is long 
[about 20 million years (18)], a change of 1 
per mil in the S1lB of the oceans is not 
unreasonable in view of the well-docu- 
mented variations in seawater "SriS6Sr 
over the past -16 million years (19). This 
observation has implications for our ability 

modern seawater 6" B 

Fig. 2. (A) Variation i n  calculated mixed-layer 
seawater pH. (0) Variation i n  calculated mixed- 
layer temperature. (C) Variation in  calculated 
seawater ZqlB (see tex t  for details). 

to reconstruct the pH of the ancient oceans 
unless an independent monitor of seawater 
S1 lB can be found. 

Measurements from benthic foraminifera 
consistently indicate that pH was higher than 
modern seawater from the same depth (8). 
This may be related to paleoceanographic 
variations (5, 6); alternatively, benthic fora- 
minifera may record pore water, rather than 
seawater, pH (20). Benthic foraminifera are 
rare in sediments from site 871 (13), so we 
used a mixed assemblage that includes infau- 
nal species. CaCO, dissolution in the sedi- 
ment would consume protons and increase 
the pH of pore waters. Site 871 has remained 
above the CCD over the time interval covered 
in this study and there are no signs of disso- 
lution of foraminifera tests (13); but the mod- 
em aragonite lysocline in this area of the 
Pacific lies close to the paleodepth of site 871 
during the late Pleistocene-late Miocene (10, 
13), so that dissolution of pteropods in the 
sediments may account for the high pH re- 
corded by benthic foraminifera. Alternative- 
ly, the water temperature at 1000 to 1250 m 
would have to have been similar to that of 
surface water (about 28°C) or the S1lB of 
seawater would have to have been 4 per mil 
higher in the late Pleistocene than today in 
order to reproduce modem seawater pH val- 
ues at this depth; neither scenario is probable. 
A further possibility is that the measured 
deep seawater pH values (8) are in error, as 
direct determination of seawater pH is a dif- 
ficult analytical problem that becomes more 
complex in deeper samples. 

If temperature and seawater S1'B were con- 
stant over the past 16 million years, the forami- 
niferal data can be used to calculate variations 
in the mixed layer pH (Fig. 2A). The maximum 
range in calculated pH (7.8 to 8.4) from this 
study is less than that previously proposed (7.5 
to 8.4) over a similar time period (4), but the 
discrepancy in Sl1B values measured by Spiv- 
ack et al. (4) compared with those of Sanyal et 
al. (5, 6) and ourselves makes comparisons of 
the data sets difficult. If pH and seawater S1'B 
were constant the implied temperature varia- 
tions can be calculated (Fig. 2B). The implied 
cooler temperatures in the Miocene are contrary 
to generally accepted climatic variations at this 
time (17); hence, we do not believe that tem- 
perature variations are the cause of the varia- 
tions in foraminiferal 611B values. Similarly, 
the implied change in seawater 8l1B can be 
calculated (Fig 2C) if temperature and pH are 
fixed. The long oceanic residence time of 
boron (18) makes it unlikely that short-term 
variations in foraminiferal S1 lB result from 
changes in the 611B of seawater, but (as 
noted above) we cannot exclude the possi- 
bility that a small change in seawater Sl1B 
may explain the change in foraminiferal 
Sl1B values between the middle Miocene 
and late Pleistocene sample. 
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Low-Field Electron Emission 
from Undoped Nanostructured 

Diamond 
W. Zhu,* C. P. Kochanski, S. Jin 

Strong and sustained electron emission at low electric fields was observed in 
undoped, nanostructured diamond. Electron emission of 10 milliamperes per 
square centimeter was observed at applied fields of 3 to 5 volts per micrometer. 
These are the lowest fields ever reported for any field-emitting material at 
technologically useful current densities. The emitter consists of a layer of 
nanometer-size diamond particulates, which is heat-treated in a hydrogen 
plasma. These emission characteristics are attributed to the particles' high 
defect density and the low electron affinity of the diamond surface. Such 
emitters are technologically useful, because they can be easily and economi- 
cally fabricated on large substrates. 

Cold-cathode electron field emitters are po- 
tentially useful for field emission displays 
and other vacuum microelectronic devices 
(1). Although typical metal (such as molyb- 
denum) or semiconductor (such as silicon) 
emitters have high work functions, diamond 
can possess a negative electron affinity 
(NEA) surface (2, 3) that, in principle, allows 
its surface to emit electrons under low elec- 
tric fields (4-10). This eliminates the compli- 
cated and costly process of fabricating sharp 
microtips to provide geometric field enhance- 
ment. The excellent mechanical and chemical 
stability of diamond also yields highly dura- 
ble and reliable emitters, dven under extreme 
conditions. 

It is generally thought that undoped dia- 
mond is unablqto produce sustained electron 
emission due to ijs insulating nature. Electron 
emission from surface states in diamond can 
occur (II), but there are no obvious mecha- 
nisms by which electrons can be transported 
through the undoped bulk to the surface 
states. Either the bulk or the surface of dia- 
mond must be made conductive. Additional- 
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ly, the Fermi level must be near the conduc- 
tion band to allow effective emission, which 
can be accomplished either by n-type doping 
as reported by Koizumi et al. (12) or by 
introducing defects into the diamond, as we 
have done here. Although p-type diamond 
can readily be made by boron doping, it does 
not emit well because the electrons reside 
deep (>5 eV) below the vacuum level. 

We report that strong and sustained elec- 
tron emission at low applied fields is obtained 
from undoped diamond using ultrafine, nano- 

Avenue, Murray Hill, NJ 07974, USA. Fig. 1. (A) SEM taken at an angle to show both 
*To whom correspondence should be addressed. E- the to and the cross-section of the emitter 
mail: wzhu@lucent.com and BPTEM of the nanostructured diamond. 

structured particulates. The emitters produce 
10 mA/cm2 at applied fields of 3 to 5 Vlpm, 
and 1 pA/cm2 at 1 to 2 Vlpm. Such low field 
electron emission has been achieved at cur- 
rent densities that are of interest to major 
technological applications, such as field 
emission displays. We attribute this emission 
behavior to the inherently defective structure 
of nanostructured diamond and the low elec- 
tron affinity of the diamond surface. As has 
been pointed out (7, 13), structural defects 
play an important role in lowering the re- 
quired emission field for undoped or p-type 
doped diamond, because they form energy 
bands within the bulk band gap, thus elevat- 
ing the Fermi level and reducing the energy 
banier that electrons must tunnel through to 
be emitted. 

We used commercially available, 10- to 
100-nm micropolycrystalline diamond parti- 
cles produced by explosive synthesis, which 
are available as dispersed aqueous suspen- 
sion. X-ray dimaction patterns show broad- 
ened diamond peaks, and each of the particles 
actually consists of many 1- to 20-nm crys- 
tallites and associated grain boundaries. The 
material is defective because of the presumed 
rapid growth rate and the incomplete struc- 
tural evolution limited by the size (14). These 
particles are smaller than the diamond grit 
used by Geis et al. (10) in their nickeycesi- 
um-coated emitter experiments. We used no 
metals in our emitters. 

The dispersed diamond was attached to an 
n-type silicon substrate as a thin, uniform 
layer by a simple spraying or brushing tech- 
nique. The layer was dried at ambient tem- 
perature, then subjected to a hydrogen plasma 
treatment at a temperature of 650°C and a 
pressure of 20 tom for 1 hour. Neither the 
as-deposited layer nor the structure that was 
heat treated in a high-purity hydrogen or 
argon gas atmosphere gave any measurable 
emission at reasonable fields. A thin and 
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Fig. 2. Emission I-V curves from the nanostruc- 
t u r d  diamond emitters. This is a collection of 
many sets of data obtained over an anode- 
cathode distance range between 372.9 pm and 
171.6 pm at a step size of 3.3 pm. 
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