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There are currently few therapeutic options for patients with pancreatic cancer, and new insights
into the pathogenesis of this lethal disease are urgently needed. Toward this end, we performed a
comprehensive genetic analysis of 24 pancreatic cancers. We first determined the sequences of
23,219 transcripts, representing 20,661 protein-coding genes, in these samples. Then, we searched
for hamozygous deletions and amplifications in the tumor DNA by using microarrays containing
probes for ~10° single-nucleotide polymorphisms. We found that pancreatic cancers contain an
average of 63 genetic alterations, the majority of which are point mutations. These alterations
defined a core set of 12 cellular signaling pathways and processes that were each genetically
altered in 67 to 100% of the tumors. Analysis of these tumors' transcriptomes with next-generation
sequencing-by-synthesis technologies provided independent evidence for the importance of these
pathways and processes. Qur data indicate that genetically altered core pathways and regulatory
processes only become evident once the coding regions of the genome are analyzed in depth.
Dysregulation of these core pathways and processes through mutation can explain the major

features of pancreatic tumorigenesis.

orldwide, over 213,000 patients will
develop pancreatic cancer in 2008,
and nearly all will die of their disease
(1-3). Several genetic alterations have been
identified in these lethal cancers, including those
in the CDKN2A, SMAD4, and TP53 tumor sup-
pressor genes and in the KRAS oncogene (4-8).

agents, the vast majority of human genes have
not been analyzed in this cancer type.

We examined the genetic makeup of human
pancreatic cancers in unprecedented detail. Be-
cause all human cancers are primarily genetic dis-
eam we hoped to idemtify additional genes and

Although the discoveries of these genes have
provided important insights into the natural
history of the disease and have spurred efforis
1o develop improved diagnostic and therapeutic
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path that could guide future re-
search on this disease.

Sequencing strategy. The sequences of protein-
cading exons from 20,735 genes were identified
and used 1o design primers for 219,229 ampli-
cons covering these regions (9). DNA from 24
advanced pancreatic adenocarcinomas (table S1)
was polymerase chain reaction (PCR)-amplified
with these primers and sequenced with the use
of fluorescent dye terminators (9). The 24
tumors were passaged in vitro as cell lines or
in nude mice as xenografis to remove contam-
inating non-neoplastic cells, facilitating detec-
tion of mutations (/0-/2). Exons containing
variant sequences were reamplified and rese-
quenced from the tumor DNA as well as from
normal DNA from the same patient to confirm
the mutation and to ensure that the mutation
was somatic (i.c, that it was not present in
normal cells). PCR products from 208311
amplicons resulted in PCR products that were

fully sequenced and met stringent
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quality controls (table $2). These amplicons
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included 94.5% of the targeted sequences and
yielded high-quality sequencing data for 98.5%
of the target bases within these amplicons. The
208 311 successfully sequenced amplicons yielded
‘mutational data on 23,219 transcripls representing
20,661 genes.

Somatic mutations. Among the 1562 somatic
‘mutations detected with this strategy, 25.5% were
synonymous, 62.4% were missense, 3.8% were
nonsense, 5.0% were small insertions and de-
letions, and 3.3% were at splice sites or within the
untranslated region (UTR) (Table 1 and table $3).
The spectra of somatic mutations can yield in-
sights into potential carcinogens and other envi-
tonmental exposures. Table 1 lists the spectra
observed in the four tumors that have been sub-
jected to large-scale sequencing analyses of the
‘majority of protein-encoding genes. It is evident
that breast tumors have a unique somatic muta-
tion spectrum, with a preponderance of mutations
at 5-TpC sites and a relatively small number of
mutations at 5-CpG sites. However, the spectra
of colorectal (13, 14), brain (15), and pancreatic
tumors are similar, suggesting that breast epithe-
lial cells are exposed to different levels or types
of carcinogens or use distinctive repair systems
(16, 17). Given that cells in the colon are
expected to be exposed to dietary carcinogens
‘more than breast, brain, or pancreatic cells, one
possible interpretation of these results is that
dietary components are not directly responsible
for causing most of the mutations found in
human cancers.

Of the 20,661 genes analyzed by sequencing,
1327 had at least one mutation, and 148 had two
or more mutations among the 24 cancers sur-
veyed (table 83). In addition to the frequency of
‘mutations, the type of mutation can provide in-
formation useful for evaluating its potential role in
disease (/&). Nonsense mutations, out-of-frame
insertions or deletions, and splice-site changes gen-
erally lead to inactivation of the protein products.
To evaluate missense mutations, we developed
an algorithm that uses machine learning of 58
predictive features based on the physical-chemical
properties of amino acids involved in the sub-
stitutions and their evolutionary conservation at
equivalent positions of conserved proteins (9). Of
the 924 missense mutations that could be scored
with this algorithm, 160 (17.3%) were predicted
to contribute to tumorigenesis when assessed by
this method (table S3).

‘We also generated structural models of 404 of
the missense mutations identified in this study
[links to structural models available at (/9)]. In
each case, the model was based on x-ray crys-
tallography or nuclear magnetic resonance spec-
troscopy of the normal protein or a closely related
homolog. This analysis showed that 55 of the
404 mutations were located near a domain in-
terface or ligand-binding site and were likely to
affect function (examples in Fig. 1).

The average munber of somatic mutations in
pancreatic cancers (48; Table 2) is considerably
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less than that in breast cancer (101) or colorectal
cancers (77) (P < 0.001), even though fewer
genes were sequenced in the latter two tumor
types {14). One plausible explanation for this
lower rate is that the cells that initiate pancreatic
tumorigenesis have gone through fewer divisions
than colorectal or breast cancer cells. It has been
previously shown that the majority of mutations
observed in colorectal cancers are likely to have
occurred in the norma! stem cells that gave rise to
the initiating neoplastic cell (/2). Our daia are
thus consistent with observations showing that
nommal pancreatic epithelial cells divide infre-
quently (20, 21).

We further evaluated 39 genes that were
mutated in more than one of the 24 discovery
screen cancers in a prevalence screen consisting
of 90 pancreatic cancers. In this screen, we de-
tected 255 nonsilent somatic mutations among 23
genes (table $4). The nonsilent mutation rate of
the genes in the prevalence screen (excluding
KRAS, TP53, CDK2NA, and SMAD4) was higher
than that in the discovery screen (3.6 versus 1.47
nonsilent mutations per Mbase, P < 0.001). The
fraction of nonsilent mutations observed in these
19 genes was also higher than that observed in
the genes assessed in the discovery screen (P =
0.052). These data are consistent with the
hypothesis that a greater fraction of the genes
tested in the prevalence screen were positively
selected during tumorigenesis.

Deletions. By using oligonucleotide arrays
containing probes for 1,069,688 SNPs and robust
algorithms for identifying deletion events from
SNP array data (22), we identified 198 separate
homozygous deletions among the 24 pancreatic
cancers (table S5). The average size of these de-
letions was 335,000 bp. Additionally, we observed
many regions that had undergone single-copy
losses, often manifest as losses of heterozygosity,
including losses of whole chromosomes or whole
chromosome arms. We did not pursue these
changes because it is difficult to reliably identify
target genes from such large regions unless the
residual copy of the gene on the nondeleted
chromosome is mutated. Such target genes would
have already been called to our attention by the
results of the discovery sequencing screen and
would have been scored as homozygous changes
(table S3).

According to the allelic two-hit hypothesis,
the presence of a homozygous deletion indicates
that a tumor suppressor gene exists within the
deleted region (23). To determine the most likely
target within these deletions, we used the results
from our analysis of point mutations as well as
expression analyses (see below) and previously
published studies. For a gene to be considered the
target, a portion of its coding region had to be
affected by the homozygous deletion, and the
gene (i) had to harbor a nonsilent sequence
alteration in a different tumor, (if) had to be a
well-documented tumor suppressor gene, or (i)
had to have corroborating expression data. The
presumptive target genes for the homozygous
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deletions that met these criteria are listed in table
85. This list includes the classic tumor suppressor
genes CDKN24 (pl6), SMAD4, and TPS3, as
well as genes that had not previously been im-
plicated in pancreatic cancer development.

When an exon of a gene is truly deleted in a
tumor, no sequencing information should be ob-
tainable, providing confirmation of the deletion.
Without exception, the homozygous deletions
found through the SNP arrays were consistent
with the sequencing data (¥). Furthermore, there
was only one homozygous deletion revealed by
sequencing that was not evident in the microarray
hybridizations (a four-exon deletion of SMAD4
in tumor Pa21C).

The number of deletions in a tumor was more
variable than the number of somatic mutations,
averaging 8.3 and ranging between 2 and 20 per
tumor (Fig. 2). However, each homozygous dele-
tion completely abrogated the function of the
target gene as well as all other genes within the
deleted region, whereas only a fraction of the so-
matic mutations were predicted to alter the gene’s
function. In a typical pancreatic cancer, ~10
genes (including targets and nearby genes) are
eradicated by homozygous deletion, providing
fertile grounds for therapeutic strategies that tar-
get such losses (24, 25).

Amplifications. With the use of algorithms
similar to those described above for deletions
(22), we identified 144 focal high-copy amplifi-

cations in the 24 tumors (table S$6). We also
identified a variety of low-copy-number gains of
entire chromosomes, chromosomal arms, or
other large genomic regions that were not
pursued because of the difficulty in reliably
identifying candidate cancer genes from such
large chromosomal regions. To determine the
‘most likely target of the focal amplifications, we
again used the results from our mutational data,
expression analyses, and previously published
data. The presumptive target genes for each of the
amplifications that met predefined criteria (9) are
listed in table S6. There were fewer amplifica-
tions than homozygous deletions or point muta-
tions in most pancreatic tumors (Fig. 2).
Passenger mutation rates. The primary poal
of cancer genome studies is the identification of
genes that are likely to play a causal role in the
neoplastic process (potential drivers). One can
categorize the best candidate cancer genes (CAN
genes) on the basis of their mutation frequencies
and types. This calegorization requires an esti-
‘mate of the passenger mutation rate ({3, 14, 26)
For each of the genes containing somatic muta-
tions, passenger probabilities were determined by
using estimated minimal and maximal passenger
‘mutation rates after taking info account the size of
the gene, its nucleotide composition, and other
relevant factors [Table 1 and (9)]. To analyze the
probability that a given gene would be involved in
an amplification or deletion, we made the

Table 1. Summary of somatic mutations in four tumor types. Pancreas data have their basis in 24
tumors analyzed in the current study; brain data have their basis in 21 nonhypermutable tumors
analyzed in {15); and colorectal and breast data have their basis in 11 breast and 11 colorectal
tumors analyzed 1n (14) Normlent numbers in parentheses refer to percentage of total non-

numbers in p.

refer to percentage of total

suhfmunons The total number of substitutions includes synonymous as well as nonsilent mutations

identified in the indicated study.

Pancreas Brain Colorectal Breast
Number of mutated genes 1007 685 769 1026
Numberlol nonsilent 1163 748 849 112

mutations
Missense 974 (83.7) 622 (83.2) 722 (85) 909 (81.7)
Nonsense 60 (5.2) 43 (5.7) 48 (5.7) 64 (5.8)
Insertion 410.3) 3(0.4) 4 {0.5) 5 {0.4)
Deletion 43 (3.7) 46 (6.1) 27{3.2) 78 {1.00
Duplication 3127 7(0.9) 18 (21) 3(0.3)
Splice site or UTR 51 (4.4) 27 (3.6) 30 (3.5) 53 (4.8)
Total number of substitutions 1484 937 893 1157
Substitutions at C:G base pairs
CGtoTA 798 (53.8) 601 (64.1) 534 {59.8) 422 {36.5)
€6 to G:C 142 (9.6) 67 (7.2) 61 (6.8) 325 (28.1)
CGto AT 246 (16.6) 114 (12.1) 130 (14.6) 175 {15.1)
Substitutions at T:A base pairs
TAto GG 142 (9.6) 87 (9.3) 69 (7.7) 102 {8.8)
TA to G 79 (53) 24 (2.8) 59 (6.6) 57 (4.9)
T:A to AT 77 (5.2) 44 (4.7) 40 (4.5) 76 (6.6)
Substitutions at specific di ides

5-CpG-3 563 (37.9) 404 (43.1) 427 {47.8) 195 (16.9)
5-TpC-3" 218 (14.7) 102 (10.9) 99 (11.1) 395 (34.1)
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conservative assumption that the overall frequency
of all observed amplifications and deletions
represented the passenger mutation rate (¥).
Passenger probabilities for all genes in which
at least two genetic alterations were identified in
the discovery screen are listed in table S7. This
list includes all genes previously known to play
an important role in pancreatic cancer through nu-
tation or copy number change, providing experi-
mental confirmation of our general approach.
Importantly, the CAN genes listed in table 87

included numerous other genes of potential
biological interest, many of which had not
previously been identified as playing an impor-
tant role in this tumor type. Examples include the
transcriptional activator MZ.L3; cadherin homo-
logs CDHIG, PCDHIS5, and PCDHIS; the -
catenin CTNNAZ; the dipeptidyl-peptidase DPP6;
the angiogenesis inhibitor BAI3; the heterotrimeric
guanine nucleotide-binding protein (G-protein)-
coupled receptor GPRI33; the guanylate cyclase
GUCYIAZ, the protein kinase PRKCG, and

RESEA

Q9HS5F0, a gene of unknown function. These
genes were generally mutated at much lower
frequencies than those previously identified to be
mutated in pancreatic cancers (table 7). This is
compatible with the idea that conventional
strategies were able to identify frequently
mutated genes but not the bulk of the genes that
are genetically altered in pancreatic cancers.
Candidate pathways and processes promot-
ing pancreatic tumorigenesis. Because most
cellular pathways and processes involve multiple

Fig. 1. Examples of structural models of mutations. (A). The x-ray crystal
structure of the C2 domain of protein kinase C y (PKCG) [Protein Data
Bank identification number (PDBID) 2UZP]. R252 {41) is shown as yellow
space-fills; Ca®* ions are shown as red spheres. The ligands 1,2-ethanediol
and pyridoxal-5-phosphate are shown in white and purple ball-and-stick
representations, respectively. The R252-+H252 (R252H) mutation could
reduce the membrane binding of the (2 domain of PRKCG and therehy
affect function. (B) The nuclear magnetic resonance solution structure of
the three tandem repeats of 2f-C2H2 domains from human Kruppel-like
factor 5 (KLF5) (PDBID 2EBT). H389 is shown as yellow space-fills; '
ions are shown as cyan spheres. The residues comprising the C2H2 group
that coordinate the nearby Zn* ion are shown as ball-and-stick repre-
sentations, H393 and H397 are shown in green and white, whereas C380
and €375 are shown in orange and red. The mutation at position 389
(H389N) may disrupt the structure of the zinc finger or nearby zinc
coordination site. (C) The x-ray crystal structure of the heterotrimer of
SMAD3 (two subunits shown as blue ribbons) and SMAD4 (one subunit

www.sciencemag.org SCIENCE

shown as pink ribbons} (PDBID 1U7F). The residues corresponding to two
of the mutant positions (F2605 and S422F, shown as red and yellow
space-fills, respectively, in chain A) are located at interfaces and could
perturb Smad3-Smad3 or Smad3-Smad{ interactions. In chain B, F260 is
shown as cyan space-fills and 5422 as green space-fills. (D) The x-ray
crystal structure of the extracellular domain of human DPPé as a
homodimer {PDBID 1XFD). Two of the mutated residues found in this
study, T409! (shown as red space-fills) and D475N (shown in yellow space-
fills} are in spatial proximity and are close to one of the glycosylation sites,
N471 (shown as white space-fills). These mutations fall in the p-propeller
domain of the protein (residues 142 to 322 and 351 to 581} thought to be
involved in protein-protein interactions. The A778T mutation (shown as
blue space-fills) falls in the */j hydrolase domain (residues 127 to 142 and
581 to 849) and is close to the homodimer region of the protein and could
perturb the homodimer association. Carbohydrates with glycosylation sites
are shown in stick representation. Images created with UCSF Chimera
version 1.2422 for Linux (42).
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proteins functioning in a concerted manner, it is
possible that mutations in different genes result in
similar tumorigenic effects. Because nearly all of
the protein-coding genes in the human genome
were evaluated in the current study, the data pro-
vided a unique opportunity to investigate groups
of genes operating though specific signaling
pathways and processes. Sets of genes involved
in signaling path ar cellular ‘were
defined through three well-annotated GeneGo
MetaCore databases: gene ontology (GO}, canon-
ical gene pathway maps (MA), and genes partic-
ipating in defined cellular processes and networks
(GG) (27). We developed a statistical approach
that provided a combined probability that a gene
set contained driver alterations, taking into ac-
count all types of genetic alterations evaluated in
this study (22). For each gene set, we considered
whether the component genes were more likely to
be affected by a genetic alteration than would be
predicted by the passenger mutation rate.

These analyses identified 69 gene sets that
‘were genetically altered in the majority of the 24
cancers examined (table S8). Thirty-one of these
sels could be further grouped inte 12 core sig-
naling pathways and that were each
altered in 67 1o 100% of the 24 cancers analyzed
and had clear functional relevance to neoplasia
based on annotations in the databases described
above (Table 2). The core pathways included
those in which a single, frequently altered gene
predominated, such as in KRAS signaling and in
the regulation of the G1/S cell cycle transition;
pathways in which a few altered genes predomi-
nated, such as in TGF- signaling; and pathways
in which many different genes were altered, such
as in integrin signaling, regulation of invasion,

Number of alterations
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homophilic cell adhesion, and small guanine
triphosphatase (GTPase)-dependent signaling.
Analysis of gene expression. Gene expression
patterns can inform the analysis of pathways be-
cause they can reflect epigenetic alterations not
detectable by sequencing or copy number analy-
ses. They can also point to downstream effects on
gene expression resulting from the altered sig-
naling pathways and processes described above.
To analyze the transcriptome of pancreatic can-
cers, we perfonmed SAGE [seral analysis of
gene expression (28)] on RNA from the same 24
cancers used for mutation analysis. When com-
bined with massively parallel sequencing by syn-
thesis, SAGE provides a highly quantitative and
sensitive measure of gene expression. The ap-
proach described above is similar to that used in
recent RNA-Seq studies (29-32), but SAGE has
the advantage that the quantification does not

these regions contained a known tumor suppressor
gene or ancogene, many contained more than one
gene that had not previously been implicated i
cancer. In tables S5 and S6, a presumptive target
gene was identified within these regions through
the use of the mutational and transcriptional data.
For example, we assumed that a gene could not
have been the target of an amplification event if that
gene was not wholly contained within the amplicon
and expressed in the mumor containing the
amplification. Similarly, expression data can be
used to help gauge the imporance of genes
containing missense mutations. A missense ruta-
tion in a gene that is not expressed in the tumor
containing it is more likely to be a passenger than a
‘mutation in a gene that is expressed (table S3).
Second, we determined whether the genes in
the core signaling pathways and processes de-
seribed above were differentially expressed. If the

depend on the length of the

As a control for the current study, we mi-
crodissected histologically normal pancreatic
duct epithelial cells because these cells are the
presumed precursors of pancreatic cancers. As an
additional control, we used human papillomavirus
(HPV)—immorialized pancreatic duct epithelial
(HPDE) cells, which have been shown to have
many properties in common with nomal duct
epithelial cells (33, 34). SAGE libraries were
prepared from these cells as well as the 24 pan-
creatic cancers; an average of 5,737,000 tags was
obtained from each library, and an average of
2,268,000 tags per library matched the sequence
of known transcripts (table $9).

The expression analysis was first used to help
identify target genes from amplified and homozy-
gously deleted regions. Although a small fraction of

pathways and genetic alter-
ations were indeed responsible for umorigenesis,
one might expect that many of the genes within
these pathways would be aberrantly expressed. To
test this hypothesis, we examined the expression
of the gene sets constituting the 12 core signaling
pathways and processes (Table 2 and table S8).
The 31 gene sets constituting these pathways were
more highly enriched for differentially expressed
genes than the remaining 3041 gene sets (P <
0.001). These expression data thus independently
support the contribution of these signaling path-
ways and processes 10 pancreatic tumorigenesis.
Lastly, we attempted to identify individual
genes rather than pathways that were differen-
tially expressed in the cancers. The data in table
S9 represent the largest compendium of digital
expression data derived for any tumor type to

Fig. 2. Number of genetic

W Deletions alterations detected through
W Amplifications | sequencing and copy number
H Mutations analyses in each of the 24
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date. There was a remarkably high number (541)
of genes that were at least 10-fold overexpressed
in >90% of the 24 cancers (compared to normal
pancreatic duct cells or HPDE cells). To deter-
mine whether these genes were also overex-
pressed in the primary tumors from which the
cell lines were made, we performed SAGE on
five such primary tumors. These results con-

cancers lies in an appreciation of a core set of
pathways and processes. We identified 12 par-

RESEARCH ARTICLES I

idea that genetic alterations can be classified as
mountains (high-frequency mutations) or hills

tially overlapping p that are ically

altered in the great majority of pancreatic c:mcus
(Fig. 3A). However, the pathway components
that are altered in any individual tumor vary
widely (Fig. 3, B and C). For example, the two
tumors depicted in Fig. 3, B and C, each contain

firmed these 541 genes' ov in situ:
The genes were, on average, expressed at 75-fold
higher levels in the cell lines and at 88-fold higher
levels in the primary tumors compared with their
expression in normal duct epithelial cells. No-
tably, 54 of the overexpressed genes encoded
proteins that are predicted to be secreted or ex-
pressed on the cell surface (table S9). These over-
expressed genes provide leads for a variety of
diagnostic and therapeutic approaches.

Implications for Pancreatic Tumorigenesis
The extensive genetic studies described abnve

ding p

of a gene involved in the TGF- path-
way (one SMAD, the other BMPR2). Similarly,
these two tumors both contain ions of genes

(lo mutations), with the hills predom-
inating in terms of the total number of alterations
involved (/4). The heterogeneity among pathway
components and the varied nature of mutations
within individual genes can explain tumor hetero-
geneity, a fundamental facet ofall solid tumors (35).

From an intellectual viewpoint, the pathway
perxpmuv: helps bring order and rudimentary

involved in most of the other 11 core processes
and pathways, but the specific genes altered in
each tumor are largely different. Although we
cannot be certain that every identified mutation
plays a functional role in the pathway or process
in which it is implicated, it is clear from both the
current and the previously published genetic data,
as well as from past functional studies, that many
of them are likely to affect these pathway(s).
This perspective is likely to apply to most, if

suggest that the key to und,

not all, epithelial umors. It is consistent with the

ing 1o a very complex disease (36-38).
Alv.hough Lhe lmpomnce of signaling pav.hways
plasia has been
{39, 40), genomewide genetic analyses such as
that deseribed here can identify the precise genetic
alterations that may be responsible for pathway
dysregulation in each patient's tumor Because
‘most genes are mutated in only a small fraction of
tumors, it is only through analysis of functional
gene groups that an appreciation for the true
importance of these genes’ mutations in neopla-
sia can be reached. For example, from Table 2 it

Table 2. Core signaling pathways and processes genetically altered in most pancreatic cancers. A complete listing of the gene sets defining these
signaling pathways and processes and the statistical significance of each gene set are provided in table 58.

Number of Fraction of tumors
Regulatory process genetically with genetic .
or pathway altered genes alteration of at least Representative altered gene
detected one of the genes
Apoptosis 9 100% CASP10, /CP, CAD, HIP1
DNA damage control 9 83% ERCC4, ERCCS, EP300, RANBP2, TP53
Regulation o7 GyJS: phasa 19 100% CDKN2A, FBXWY, CHD1, APC2
transition
e 5 TBX5, SOX3, LRP2, GLI1, GLI3, BOC,
Hedgehog signaling 19 100% BMPR2, CREBBP
CDH1, COH10, CDH2, CDH7, FAT,
o . PCDH15, PCOH17, PCDH18, PCDHZ,
Homophilic cell adhesion 30 79% PCDHB16, PCDHB2, PCDHGAL
PCDHGA11, PCDHGCA
P 1TGA4, ITGAZ, ITGA11, LAMAL, LAMA4,
Integrin signaling 24 &7% LAMAS, PN, LK
c-Jun N-terminal kinase signaling 9 96% MAP4K3, TNF, ATF2, NFATC3
KRAS signaling 5 100% KRAS, MAP2K4, RASGRP3
ADAM11, ADAM12, ADAM19, ADAMS220,
Regulation of invasion 46 92% ADAMTS15, DPP6, MEP1A, PCSKS,
APG4A, PRSS23
AGHGEF7, ARHGEF9, CDC42BPA,
Small ¥Fase dependent 33 9% DEPDC2, PLCB3, PLCA4, RP1, PLXNEL,
signaling (other than KRAS)
PRKCG
TGF-B signaling 37 100% TGFBR2, BMPR2, SMADA, SMAD3
. . MYC, PPP2R3A, WNT9A, MAP2,TSC2,
Wnt/Notch signaling 29 100% GATAS, TCFA
www.sciencemag.org SCIENCE VOL 327 26 SEPTEMBER 2008
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Fig. 3. Signaling pathways and processes. (A) The 12 pathways and processes whose component
genes were genetically altered in most pancreatic cancers. (B and €) Two pancreatic cancers {Pal4C
and Pa10X) and the specific genes that are mutated in them. The positions around the circles in (B}
and (C) correspond to the pathways and processes in (A). Several pathway components overlapped,
as 1lluilratl'd by the BMPR2 mutation that presumably disrupted both the SMAD4 and Hedgehog

{ in Pa10X. Additionally, not all 12 p and path were altered in every
pancreatlc cancer, as exemphfled by the fact that no mutations known to affect DNA damage
control were observed in Pa10X. N.O. indicates not observed.
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An Integrated Genomic Analysis of
Human Glioblastoma Multiforme

D. Williams Parsons,?* Sin Jones,!* Xiaosong Zhang,'* Jimmy Cheng-Ho Lin,**

Rebecca ). Leary,™ Philipp Angenendt,’* Parminder Mankoo,” Hannah Carter,” I-Mei Siu,*
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James Hartigan,” Doug R. Smith,” Robert L. Strausberg,® Suely Kazue Nagahashi Marie,*®
Sueli Mieko Oba Shinjo,’ Hai Yan,® Gregory J. Riggins,* Darell D. Bigner,®

Rachel Karchin,? Nick Papadopoulos, Giovanni Parmigiani,® Bert Vogelstein,t
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Glioblastoma multiforme (GBM) is the most common and lethal type of brain cancer. To identify
the genetic alterations in GBMs, we sequenced 20,661 protein coding genes, determined the
presence of amplifications and deletions using high-density oligonucleotide arrays, and performed
gene expression analyses using next-generation sequencing technologies in 22 human tumor
samples. This comprehensive analysis led to the discovery of a variety of genes that were not known
to be altered in GBMs. Most notably, we found recurrent mutations in the active site of isocitrate
dehydrogenase 1 (IDH1) in 12% of GBM patients. Mutations in /DHZ occurred in a large fraction of
young patients and in most patients with secondary GBMs and were associated with an increase in
overall survival. These studies demonstrate the value of unbiased genomic analyses in the
characterization of human brain cancer and identify a potentially useful genetic alteration for the

classification and targeted therapy of GBMs.

alignant gliomas are the most frequent

and lethal cancers originating in the

central nervous system. The most bio-
logically aggressive subtype is glioblastoma mul-
tiforme (GBM) [World Health Organization
(WHO}) grade IV astrocytoma), a tumor associ-
ated with a dismal prognosis (/). The current
standard of care for GBM patients—surgical re-
section followed by adjuvant radiation therapy
and chemotherapy with the oral alkylating agent
temozolomide—produces a median survival of
only 15 months (2). Historically, GBMs have been
categorized into two groups (“primary” and “sec-
ondary”) on the basis of clinical presentation (3).
Secondary GBMs are defined as cancers that have
clinical, radiologic, or histopathologic evidence of
malignant progression from a preexisting lower-
prade tumor, whereas primary GBM= have no
such history and present at diagnosis as advanced
cancers (4). Clinical differences have been re-
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ported between the two groups, with secondary
GBMs occurring less frequently (~5% of GBMs)
and predominantly in younger patients {median
age ~45 years versus ~60 years for primary GBM)
(3, 6). The histopathologic findings of primary and
secondary GBMs are indistinguishable, and the
prognosis does not appear to be different after
adjustment for age (5, 6).

Substantial research effort has focused on the
identification of genetic alterations in GBMs that
might help define subclasses of GBM patients
with differing prognoses and/or response to spe-
cific therapies (7). Distinctions between the ge-
netic lesions found in primary and secondary
GBMs have been made, with TP53 mutations
occurring more commonly in secondary GBMs
and EGFR amplifications and PTEN mutations
accurring more frequently in primary GBMs
(6, 8 9); however, none of these alterations is
sufficiently specific to distinguish between pri-

Fig. 1. Structure of the active site of
IDH1. The crystal structure of the
human eytosolic NADP(+}-dependent
IDH is shown in ribbon format (PDBID:
1T0L) (44). The active cleft of IDH1
consists of a NADP-binding site and
the isocitrate-metal fon-binding site.
The alpha-carboxylate oxygen and
the hydroxyl group of isocitrate
chelate the Ca™ ion. NADPis colored
in orange, isocitrate in ‘g;lrple and
Ca™ in blue. The Ag'™ residue,
displayed in yellow, forms hydrophil-
icinteractions, shown in red, with the
alpha-carboxylate of isocitrate. Dis-
played image was created with UCSF
Chimera software version 1.2422 (50).
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mary and secondary GBMs. This issue is further
confounded by the possibility that a fraction of
‘GBMs designated as primary tumors may follow
a sequence of genetic events similar to that of
secondary lesions but not come to clinical atten-
tion until malignant progression to a GBM has
occurred.

The comprehensive elucidation of genetic
alterations in GBMs could provide novel targets
that might be used for diagnostic, prognostic, or
therapeutic purposes as well as to identify sub-
groups of patients that preferentially respond to
particular targeted therapies. The determination
of the human genome sequence and improve-
ments in sequencing and bioinformatic technol-
ogies have recently permitied penome-wide
sequence analyses in human cancers. We have
previously studied the genomes of 11 breast and
11 colorectal cancers by determining the se-
quence of the more than 18,000 Consensus Cod-
ing Sequence (CCDS) and Reference Sequence
(RefSeq) genes (10, 11). Here, we have analyzed
20,661 protein coding genes in 22 human GBM
samples. To complement these sequencing data,
we have also performed a genome-wide analysis
of focal copy number alterations, including am-
plifications and homozygous deletions, using
high-density oligonucleotide microarrays on the
same GBM tumors. Finally, we have examined
the expression profiles of these same samples
using serial analysis of gene expression (SAGE)
and next ion sequencing technologi

Sequencing strategy. We extended our
previous sequencing strategy for identification
of somatic mutations to include 23,219 tran-
seripts from 20,661 genes (fig. S1). These in-
cluded 2783 additional genes from the Ensembl
databases that were not present in the CCDS or
RefSeq databases analyzed in the previous
studies (/¢ 1). In addition, we redesigned poly-
merase chain reaction (PCR) primers for regions
of the genome that (i) were difficult o PCR
amplify in previous studies ar (ii) were found to
share substantial identity with other human or
‘mouse sequences. The combination of these new,
redesigned, and existing primers sequences re-
sulted in atotal of 208,311 primer pairs (table S1)
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that were successfully used for sequence analysis
of the coding exons of these genes.

Twenty-two GBM samples (table S2) were
selected for PCR sequence analysis, consisting of
7 samples extracted directly from patient tumors
and 15 samples passaged in nude mice as xeno-
grafis. In the first stage of this analysis, called the
Discovery Screen, the primer pairs were used to
amplify and sequence 175,471 coding exons and
adjacent intronic splice donor and acceptor se-
quences in the 22 GBM samples and in one
matched normal sample. The data were assem-
bled for each amplified region and evaluated
using stringent quality criteria (/2), resuling
in successful amplification and sequencing of
95.0% of targeted amplicons in the 22 tumors
(Table 1). A total of 689 Mb of sequence data
was generated in this fashion. The amplicon
traces were analyzed using automated ap-
proaches to identify changes in the tumor se-
quences that were not present in the reference
sequences of each gene. Alterations present in the
normal control sample and in single nucleotide
polymorphism (SNP) databases were then re-
moved from further analyses. The remaining
sequence traces of potential alterations were vi-
sually inspected to remove false-positive muta-
tion calls generated by the automated software.
All exons containing putative mutations were
then reamplified and sequenced in both the af-
fected tumor and the matched nomnal DNA
sample. This process allowed us 1o confirm the
presence of the mutation in the tumor sample and
determine whether the alteration was somatic
(i.e., tumor-specific) or was present in the germ-
line. All putative somatic mutations were exam-
ined computationally and experimentally to
confirm that the alterations did not arise through
the aberrant coamplification of related gene
sequences (12).

Analysis of sequence alterations. Analysis
of the identified somatic mutations revealed that
one tumor (Br27P), from a patient previously
treated with radiation therapy and temozolomide,

I0H1 Mutated
(ne11)

Overall Survival (%)

had 17 times as many alterations as any of the
other 21 patients (table $3). The mulation spec-
trum of this sample was also dramatically dif
ferent from those of the other GBM patients (/2)
and was consistent with previous observations of
a hypermutation phenotype in glioma samples of
patients treated with temozolomide (13, 14). Af-
ter removing Br27P from consideration, we found
that 685 genes (3.3% of the 20,661 genes ana-
lyzed) contained at least one nonsilent somatic
mutation. The vast majority of these alterations
were single-base substitutions (94%), whereas
the others were small insertions, deletions, or du-
plications (Table 1). The 993 somatic mutations
were observed to be distributed relatively evenly
among the 21 remaining tumors (table 83), with a
mean of 47 mutations per tumor, representing
1.51 mutations per Mb of GBM tumor genome
sequenced. The six DNA samples extracted di-
rectly from patient tumors had smaller numbers
of mutations than those obtained from xeno-
grafis, likely because of the masking effect of
nonneoplastic cells in the former. It has previ-
ously been shown that cell lines and xenografis
provide the optimal template DNA for cancer
genome sequencing analyses (/5) and that they
faithfully represent the alterations present in the
orginal wmors (/6). Both the total number and
the frequency of sequence alterations in GBMs
were substantially smaller than the number and
frequency of such alterations observed in colo-
rectal or breast cancers and slightly less than in
pancreatic cancers (10, 11, 17). The most likely
explanation for this difference is the reduced

Table 1. Summary of genemic analyses.

number of cell generations in glial cells before
the onset of neoplasia (18).

We further evaluated a set of 21 mutated
genes identified in the Discovery Screen in a
second screen, called a Prevalence Screen, com-
prising an additional 83 GBMs with well-
documented clinical histories (table S2). The
21 genes selected were mutated in at least two
Discovery Screen tumors and had mutation fre-
quencies of >10 mutations per Mb of tumor
DNA sequenced. Nonsilent somatic mutations
were identified in 16 of these 21 genes in the
additional tumor samples (table $4). The muta-
tion frequency of all analyzed genes in the
Prevalence Screen was 23 mutations per Mb of
tumor DNA, markedly increased from the overall
mutation frequency in the Discovery Screen of
1.5 mutations per Mb (P < 0.001). Additionally,
the observed ratio of nonsilent to silent mutations
among mutations in the Prevalence Screen was
14.5:1, substantially higher than the 3.1:1 ratio
that was observed in the Discovery Screen (P <
0.001). The increased mutation frequency and
higher fraction of nonsilent mutations suggested
that genes mutated in the Prevalence Screen were
enriched for genes that actively contributed 1o
tumorigenesis.

In addition 1o the frequency of mutations in a
gene, the type of mutation can provide infor-
‘mation useful for evaluating its potential role in
disease (19). The likely effect of missense mu-
tations can be assessed through evaluation of the
mutated residue by evolutionary or structural
means. To evaluate missense mutations, we de-

Sequencing analysis
Number of amplicons attempted
Number of amplicons passing quality control*

Fraction of bases in passing amplicons with PHRED > 20

Number of genes analyzed
Number of transcripts analyzed
Number of exons analyzed

Total number of nucleotides successfully sequenced
Number of somatic mutations identified (n = 22 samples)

Number of somatic mutations (excluding Br27P)
Missense
Nonsense
Insertion
Deletion
Duplication
Splice site or UTR
s

Fig. 2. Overall survival according to IDHI muta-
tion status. The hazard ratio for death among
patients with wild-type /DH1 (n = 79), as compared
to those with mutant IDHI (n = 11), was 3.7 (95
percent confidence interval, 2.1 to 6.5; P < 0.001).
The median survival was 3.8 years for patients with
mutated /DHI, as compared to 1.1 years for
patients with wild-type IDH1.
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Average number of sequence alterations per sample

Copy number analysis

Total number of SNP loci assessed for copy number changes
Number of copy number alterations identified (n = 22 samples)

Amplifications
Homozygous deletions
Average number of amplifications per sample

Average number of homozygous deletions per sample

219,229 (100%)
208,311 (95%)
98.3%
20,661
23,219
175,471
689,071,123
2,325
993
622
a3
3
46
7
27
245
473

1,069,688
281
147
134
6.7
6.1

*Passing amplicons were defined as having PHRED20 scores or better over 90°% of the target sequence in 75% of samples

analyzed [see (12) for sdditional information].
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veloped an algorithm (LS-MUT) that employs
machine learning of 58 predictive features based
on evolutionary conservation and the physical-
chemical properties of amino acids involved in
the alieration (12). About 15% of the missense
mutations evaluated were predicted to have a
statistically significant effect on protein function
when assessed by this method (table S3). We also
were able to make structural models of 244 of the
870 missense mutations identified in this study
{20). In each case, the mode! was based on x-ray
crystallography or muclear magnetic resonance
spectroscopy of the normal protein or a closely
related homolog. This analysis showed that 35 of
the missense mutations are located close 1o a
domain interface or substrate-binding site and
thus are likely to affect protein function [links to
structural models are available in (/2)].

Analysis of copy number changes. The
same tumors were then evaluated for copy num-
ber alterations through genomic hybridization of
DNA samples 1o [llumina SNP arrays containing
~1 million probes (21). We have recently devel-
oped a sensitive and specific approach for the
identification of focal amplifications resulting in
12 or more copies per nucleus (amplification by a
factor of 6 or more compared with the diploid
genome) as well as deletions of both coples of a
gene (homozygous deletions) using such arrays
(22). Unlike larger chromosomal aberrations,
such focused alterations can be used to identify
underlying candidate genes in these regions.

We identified a total of 147 amplifications
(table S5) and 134 homozygous deletions (table
86) in the 22 samples used in the Discovery
Screen (Table 1). Although the number of ampli-
fications was similar in samples extracted from
patient tmors and those that had been passaged
as xenografts, the latter samples allowed detec-
tion of a larger number of homozygous deletions
(average of 8.0 deletions per sample in the
xenografis versus 2.2 per sample in the twmors).
These observations are consistent with previous

Table 2. Most frequently altered GBM CAN-genes.

reports that document the difficulty ofldcnu]'ymg
homozygous deletions in samp! con-

RESEARCH ARTICLES I

(PH.’3CA PIK3R1, PTEN, and [RS!). These

taminating normal DNA (23) and highlight the
importance of using purified human tumor cells,
such as those present in xenografis or cell lines,
for genomic analyses.

Integration of sequencing, copy number,
and expression analyses. Mutations that arise
during tumorigenesis may provide a selecuvc

affected pathways in a majority of tu-
‘mors (64%, 68%, and 50%, respectively), and in
all cases but one, mutations within each tumor
affected only a single member of each pathway in
amutually exclusive manner (P < 0.05) (Table 3).

Systematic analyses of functional gene
groups and pathways contained within the well-
annotated MetaCore database (35) identified en-

advantage to the tumor cell (driver or
have no net effect on tumor growth (passenger
mutations). The mutational data obtained from
sequencing and analysis of copy number alter-
ations were integrated to identify GBM candidate
cancer genes (CAN-genes) that are most likely to
be drivers and therefore worthy of further inves-
tigation. To determine whether a gene was likely
to harbor driver mutations, we compared the
number and type of mutations observed (includ-
ing sequence changes, amplifications, and homo-
zygous deletions) and determined the probability

ich of alterations in a variety of cellular
processes in GBMs, including additional mem-
bers of the TP53 and PI3K/PTEN pathways. Many
of the pathways identified were similar to core
signaling pathways found to be altered in pan-
creas, colorectal, and breast tumors, such as those
regulating control of cellular growth, apoptosis,
and cell adhesion (17, 22, 36). However, several
pathways were enriched only in GBMs. These
included channels involved in transport of sodi-
umn, potassium, and calcium fons, as well as ner-
vous s'ysmnﬂpec:ﬁc cellular palhways such as

that these alterations would result from p
mutation rates alone (/2) (fig. S1).

The CAN-genes, together with their passen-
ger probabilities, are listed in table S7. The CAN-
penes included several with established roles
in gliomas, including TP53, PTEN, CDKN24,
RBI,EGFR, NF!, PIK3CA, and PIK3R! (24-34).
Of these genes, the most frequently altered were
CDKNZA (aliered in 50% of GBMs), TP33,
EGFR, and PTEN (altered in 30 10 40%); NFI,
CDK4, and RBI (altered in 12 to 15%); and
PIK3CA and PIK3RI (altered in 8 to 10%) (Table
2). Overall, these frequencies, which are similar
to or in some cases higher than those previously
reported, validate the sensitivity of our approach
for detecting somatic alterations.

Through analysis of additional gene mem-
bers within cell signaling pathways affected by

synaptic of nerve im-
pulses, and axonal guidance (table S8). Muta-
tions in these latter pathways may represent a
subversion of normal glial cell processes to pro-
mote dysregulated growth and invasion.

Gene expression patterns can inform the
analys1s ef palhways because they can reflect
‘pig: not d ble by se-
quencing or copy number analyses. To analyze
the transcriptome of GBMs, we performed
SAGE (37, 38) on all GBM samples for which
sufficient RNA was available (total of 16
samples), as well as on two independent normal
brain RNA controls (table $9). When combined
with sequencing-by-synthesis methaods (39-42),
SAGE provides a highly quantitative and sensi-
tive measure of gene expression. We first used
the uﬂnxmpl amlyS'ls 10 help identify previously

these genes, we identified al of critical
genes in the TP33 pathway (TP53, MDM2, and
MDM4), the RBI pathway (RBI, CDK4, and
CDKN24), and the PI3K/PTEN pathway

All CAN-genes are listed in table S7.

Iargc1 genes from the amplified
and deleted regions that were revealed by our
study. In tables 85 and 86, a candidate target gene
could be identified within several of these regions

Point mutations* Amplificationst Homozygous deletionst
Gene No. of Fraction of No. of Fraction of No. of Fraction of Fram:ir;hn:r::mnrs Passenger
tumors tumors (%o} tumors tumors (%} tumors tumors (%) alteration (%) probability$
CDKN2A 0/22 0 022 0 11722 50 50 <0.01
TPS3 37/105 35 022 0 22 5 40 <0.01
EGFR 15/105 14 522 23 0/22 0 37 <0.01
PTEN 27/105 26 022 0 22 5 30 <0.01
NF1 16/105 15 022 0 0/22 o 15 0.04
CDK4 0/22 0 322 14 022 0 14 <0.01
RB1 8/105 ] 022 0 22 5 12 0.02
IDH1 12/105 11 022 0 022 0 11 <0.01
PIK3CA 10/105 10 022 o 0722 0 10 0.10
PIK3RL 105 8 022 ] 022 0 8 0.10

*Fraction of tumors with point mutations indicates the fraction of mutated GBMs out of the 105 samples in the Discovery and Prevalence Screens. COXN2A and COKA were not analyzed for point
mutations in the Prevalence Screen because no sequence alterations were detected in these genes in the Discavery Screen.

the number of tumors with these types of alierations in the 22
upper bound background mutation rates (12).
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tFraction of tumors with amplifications and deletions indicates
$Passenger probability indicates the probability obtained using the average of the lower and
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through the use of the mutational as well as
transcriptional data. Second, we used the
transcript analysis to help identify genes that
were differentially expressed in GBMs compared
io normal brain. A large number of genes (143)
were expressed on average at levels 10 times as
high in the GBMs. Among the overexpressed
genes, 16 encoded proteins that are predicted to
be secreted or expressed on the cell surface,
suggesting new opportunities for diagnostic and
therapeutic applications. Third, we used expres-
sion data to help assess the significance of genes
containing missense mutations (table S3). Final-
ly, we assessed whether the gene sets implicated
in the pathways enriched for genetic alterations
were also altered through expression changes.
Notably, the gene sets in these pathways were
more highly enriched for differentially expressed
genes than the remaining sets (P < 0.001) (12).
These expression data thus independently high-
light the potential importance of these pathways
in the development of GBMs.

High-frequency alterations of IDH1 in GBM.
The CAN-gene list {table §7) included a number
of individual genes that had not previously been
linked to GBMs. The most frequently mutated of
these genes, [DHI on chromosome 2933, en-
codes isocitrate dehydrogenase 1, which cata-
lyzes the oxidative carboxylation of isocitrate to

a-ketoglutarate, resulting in the production of
nicotinamide adenine dinucleotide phosphate
(NADPH). Of the five isocitrate dehyd

Screen samples, 44 other GBMs were analyzed
for IDHI mutations, revealing six tumors with

proteins encoded in the human genome, at least
three are localized to the mitochondria, while
IDHI is localized within the cytoplasm and per-
oxisomes (43). The IDHI protein forms an asym-
metric homodimer (44) and is thought to play a
substantial role in cellular control of oxidative
damage through generation of NADPH (45, 46).
None of the other IDH genes were found to be
genetically altered in our analysis.

IDHI was somatically mutated in 5 of the 22
GBM tumars in the Discovery Screen. Surpris-
ingly, all 5 had the same heterozygous point mu-
tation, a change of a guanine 1o an adenine at
position 395 of the IDH! transcript (G395A),
leading to the replacement of an arginine with a
histidine at amino acid residue 132 of the protein
(RI32H). In our previous study of colorectal
cancers, this same codon was mutated in a single
case through alteration of the adjacent nucleotide,
resulting in a R132C amino acid change (/0).
Five GBMs evaluated in our Prevalence Screen
were found to have heterozygous somatic R132H
mutations, and an additional two tumors had a
third distinet somatic mutation affecting the same
amino acid residue, R1328 (fig. S2 and Table 4).
In addition to the Discovery and Prevalence

somatic affecting R132. In total, 18 of
149 GBMs (12%) analyzed had alterations in
IDHI. The R132 residue is conserved in all
known species and is localized 1o the substrate
binding site, where it forms hydrophilic inter-
actions with the alpha-carboxylate of isocitrate
(Fig. 1) (44, 47).

Several important observations were made
about IDHT mutations and their potential clinical
importance. First, mutations in [DHJ preferen-
tially occurred in younger GBM patients, with a
mean age of 33 years for [DHI-mutated patients,
as opposed to 53 years for patients with wild-type
IDHI (P < 0.001, ¢ test) (Table 4). In patients
under 35 years of age, nearly 50% (9 of 19) had
‘mutations in /D1, Second, mutations in DH]
were found in nearly all of the patients with sec-
ondary GBMs (mutations in 5 of 6 secondary
GBM patients, as compared to 7 of 99 patients
with primary GBMs) (P < 0.001, binomial test).
Third, patients with IDH] mutations had a sig-
nificantly improved prognosis, with a median
overall survival of 3.8 years as compared to 1.1
years for patients with wild-type IDHI (Fig. 2)
(P<0.001, log-rank test). Although both younger
age and mutated TP53 are known to be positive
prognostic factors for GBM patients, this associ-

Table 3. Mutations of the TP53, PI3K, and RB1 pathways in GBM samples. Mut, mutated; Amp, amplified; Del, deleted; Alt, altered.

TP53 pathway PI3K pathway RB1 pathway

Tumaor All All All
sample TP53 Momz2 MDM4 genes PTEN PIK3CA PIK3R1 IRS1 genes RB1 CDK4 CDKNZA genes
Brozx Del Alt Mut Alt Del Alt
Bro3x Mut Alt Mut Alt
Bro4x Mut Alt Mut Alt Mut Alt
BrosxX Amp Alt Mut Alt Del Alt
Bro6X Del Alt
Bro7Xx Mut Alt Mut Alt Del Alt
Brogx Del Alt
Brogp Mut Alt Amp Alt
Br10P Mut Alt
Brl1P Mut Alt
Brizp Mut Alt Mut Alt
Bri3x Mut Alt Del Alt
BridX Mut Alt Del Alt
BrisX Mut Del Alt
Briéx Amp Alt Amp Alt
Bri7x Mut Alt Del Alt
Br2oP
Br23xX Mut Alt Del Alt
Br25X Mut Alt Del Alt
Br26X Mut Alt Del Alt
Br27pP Mut Alt Amp Alt
Br2gp Mut Alt
Fraction 0.55 0.05 0.05 0.64 0.27 0.09 0.09 0.05 0.50 0.14 0.14 0.45 0.68

of tumors

with

altered

gene/

pathway™

*Fraction of atfected tumors in 22 Discovery Screen samples.
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ation between /DHI! mutation and improved sur-
vival was noted even in the subgroup of young
patients with 753 mutations (P < 0.02, log-rank
test).

Discussion. The data resulting from this
integrated analysis of mutations and copy
number alterations have provided a novel view
of the genetic landscape of glioblastomas. Like
all large-scale genetic analyses, our study has
limitations. We did not assess certain molecular
alterations, including chromosomal transloca-
tions and epigenetic changes. However, our
large-scale expression studies should have iden-
tified any genes that were differentially expressed
through these mechanisms (table §9). Addition-
ally, we focused on copy number changes that
were focal amplifications or homozygous dele-
tions, because these have historically been most
useful in identifying cancer genes. The array data
we have generated can also be analyzed to de-
termine loss of heterozygosity (LOH) or low-
amplitude regions of copy number gains, but
such changes cannot generally be used to pin-
point new candidate cancer genes. Finally, the
samples directly extracted from patient tumors
contained small amounts of contaminating nor-
mal tissue, which limited our ability to detect
homozygous deletions and, to a lesser extent,
somatic mutations, in those specific tumors.

Despite these limitations, our study provides
a number of important genetic and clinical
insights into GBMs. First, it revealed that some
of the pathways known to be altered in GBMs

affect a larger fraction of genes and patients than
previously anticipated. A majority of the tumors
analyzed had alterations in genes encoding com-
ponents of each of the TP53, RBI, and PI3K
pathways. The fact that all but one of the cancers
‘with mutations in members of a pathway did not
have alterations in other members of the same
pathway suggests that such alterations are func-
tionally equivalent in tumorigenesis. Second,
these results have identified a variety of new
genes and signaling pathways not previously im-
plicated in GBMs (table S7 and S8). Some of
these pathways were found to be altered in pre-
vious genome-wide analyses of pancreatic, breast,
and colorectal cancers and may represent core
processes that underiie hurnan tumorigenesis
{17, 22, 36). A number of the signaling pathways
‘mutated or altered through expression differences
in GBMs appear to be involved in nervous sys-
tem signaling processes and represent novel and
potentially useful aspects of GBM biclogy.

The comprehensive nature of our study al-
lowed us to identify [DH! as an unexpected tar-
get of genetic alteration in patients with GBM.
All mutations in this gene resulted in amino acid
substitutions at position 132, an evolutionarily
conserved residue located within the isocitrate
binding site (44). The recurrent nature of the

ions is remini: of activating al
in oncogenes such as BRAF, KRAS, and PIK3CA.
Our speculation that this sequence change is an
activating mutation is strengthened by the ab-
sence of inactivating changes (e.g., frameshift or

Table 4. Characteristics of GBM patients with IDH1 mutations

RESEARCH ARTICLES I

stop mutations), the absence of other alterations
in key residues of the active site, and the fact that
all mutations observed to date were heterozygous
(without any evidence of loss of the second allele
through LOH). Interestingly, enzymatic studies
have shown that in vitro engineered substitution
of arginine at residue 132 with a different amino
acid (glitamate) than that observed in patients
results in a catalytically inactive enzyme, suggest-
ing a critical role for this residue (48). Further bio-
chemical and molecular analyses will be needed
10 determine the effect of alterations of IDHI on
enzymatic activity and cellular phenotype.
Regardless of the specific molecular conse-
quences of IDH] alterations, detection of muta-
tions in IDAT is likely to be clinically useful.
Although considerable effort has focused on the
identification of characteristic genetic lesions in
primary and secondary GBMs, the altered genes
identified to date are not optimal for this purpose
(5). Our study revealed IDH1 mutation to be a
novel and potentially more specific marker for
secondary GBM. One hypothesis is that [DH]
alterations identify a biologically specific sub-
group of GBM patients, including both patients
who would be classified as having secondary
GBMs and a subpopulation of primary GBM
patients with a similar tumor biology and a more
protracted clinical course (Table 4). Interestingly,
patients with JDFHI mutations had a very high
frequency of TP53 mutation and a very low fre-
quency of mutations in other commonly altered
GBM genes (Table 4). Patients with mutated

IDH1 mutation
Z Patient age Recurrent  Secondary  Overall survival i = A Mutation Mutation of PTEN,

Patient 1D ¢ earsy e GBMT GBME (years)§ Nucleotide  Amino acid  “o¢rpgy  pgs, EGR, or NFL
Br1oP 30 F No No 2.2 G395A R132H Yes No
Bri1p 32 L No No 4.1 G395A R132H Yes No
Brizp 31 M No No 16 G395A R132H Yes No
Br104x 29 F No No 4.0 €394A R1325 Yes No
Bri06x 36 M No No 38 G395A R132H Yes No
Bri22x 53 M No No 7.8 G395A R132H No No
Bri23x 34 M No Yes a9 G395A R132H Yes No
Br2377 26 M No Yes 2.6 G395A R132H Yes No
Br211T 28 F No Yes 0.3 G395A R132H Yes No
Brz7p 32 M Yes Yes 12 G395A R132H Yes No
Bri29x 25 M Yes Yes 32 €394A R1325 No No
Br2gp 12 F Yes Unknown Unknown G395A R13ZH Yes No
IDH1 33.2 67% M 25% A2% 38 100% 100% 83% 0%

mutant

patients

(n=12)
IDH1 533 65% M 16% 1% 11 0% 0% 27% 60%

wild-

type

patients

(n=93)
*Patient age refers to age at which the sample was obtained.  fRecurrent GBAI designates a GB# which was resected >3 months after a prior diagnosis of GBI.  Secondary GBM

designates 3 GBH which was resected > 1 year after a prior diagnosis of @ lower grade glioma (WHO 1-111).

s0verall survival was calculated using date of GBM disgnosis and date of death or

last patient contact: Patients 8rL0P and Bri1P were alive at last contact. Hedian survival for IDHL mutant patients and IDHL wild-type patients was calculated using logrank test. Previous
pathologic disgnoses in secondary GBM patients were oligodendroglioma (WHO grade 1) in BrL23X, low grade glioma (WHO grade 1) in 8r2371 and Br2117, anaplastic astrocytoma (WHO
grade 111} in Br277, and anaplastic oligodendroglioma (WHO grade (1) in BrL29X, Mean age and median survival are listed for the groups of IDHL-mutated and [DH1-wild-type patients.
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IDHI also had distinet clinical characteristics,
including younger age and a considerably im-
proved clinical prognosis (Table 4). It is conceiv-
able that new treatments could be designed to
take advantage of IDHI alterations in these pa-
tients, because inhibition of a different IDH en-
zyme (IDH2) has recently been shown to result in
increased sensitivity of tumor cells to a variety of
chemotherapeutic agents (49). In summary, the
discovery of IDHI and other genes previously not
known to play a role in human tumors (table S7)
validates the utility of genome-wide genetic
analysis of tumors in general and opens new
avenues of basic and clinical brain tumor research.
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Quantum Communication with
Zero-Capacity Channels

Graeme Smith®* and Jon Yard®

Co ication over a noisy qf

channel introduces errors in the transmission that
must be corrected. A fundamental bound on quantum error correction is the q

capacity,

with vanishing errors in the limit of many trans-
missions. This capacity is computed via the
formula C{A) = maxy I{X; ¥}, where the max-
imization is over random variables X at the input
of the channel, ¥ is the resulting output of the chan-
nel, and the mutual information J(XY) = H(Y) +
H{(Y)— H(X.Y) quantifies the correlation between
input and output. H{X)=-3 p,log,p, denoies the
Shannon entropy, which quantifies the amount of

which quantifies the amount of quantum data that can be protected. We show theoretically that
two quantum channels, each with a transmission capacity of zero, can have a nonzero capacity
when used together. This unveils a rich structure in the theory of quantum communications,
implying that the quantum capacity does not completely specify a channel’s ability to transmit

quantum information.

oise is the enemy of all modem commu-
Nnicalicm links. Cellular, Internet and
satellite communications all depend cru-
cially on active steps taken to mitigate and correct
for noise. The study of communication in the
presence of noise was formalized by Shannon

26 SEPTEMBER 2008 VOL 321

(1), who simplified the analysis by making prob-
abilistic assumptions about the nature of the
noise. By modeling a noisy channel A'as a prob-
abilistic map from input signals to output signals,
the capacity (A} of Vis defined as the number
of bits that can be transmitied per channel use,

in X. The capacity, measured in bits
per channel use, is the fundamental bound be-
tween communication rates that are achievable in
principle and those that are not. The capacity
formula guides the design of practical error-
correction techniques by providing a benchmark
against which engineers can test the performance
of their systems. Practical implementations
guided by the capacity result now come striking-
Iy close to the Shannon limit (2).

A fundamental prediction of the capacity
formula is that the only channels with zero
capacity are precisely those for which the input

SCIENCE www.sciencemag.org



and output are completely uncorrelated. Further-
more, suppose one is given simultanecus access
to two noisy channels Ay and A2, The capacity
of the product channel Ay x A, where the
channels are used in parallel, takes the simple
form C{A; x Na2) = C(N) + €(N3); that is,
the capacity is additive. Additivity shows that ca-
pacity is an intrinsic measure of the information-
conveying properties of a channel.

Quantum data are an especially delicaie form
of information and are particularly susceptible to
the deleterious effects of noise. Because quantum
communicat to allow itional
ly secure communication (3), and a quantum
computer could dramatically speed up some
computations (), there is tremendous inferest in
techniques to protect quantum data from noise. A
quantum channel A'models a physical process
that adds noise to a quantum system via an inter-
action with an unobservable environment (Fig.
1), generalizing Shannon's mode! and enabling a
more accurate depiction of the underlying
physics. In this setting, it is natural to ask what
the capacity of a quantum channel is for transmit-
ting quantum-mechanical information {5) and
whether it has a simple formula in analogy with
Shannon's.

Just as any classical message can be re-
versibly expressed as a sequence of bits, a quan-
tum message (that is, an arbitrary state of a given
quantum systern) can be reversibly transferred to
a collection of two-level quantum systems, or
“qubits,” giving a measure of the size of the
system. The goal of quantum communication is
to transfer the joint state of a collection of qubits
from one location to another (Fig. 2). The quan-
tum capacity Q(A) of a quantum channel V' is
the number of qubits per channe! use that can be
reliably transmitted via many noisy transmis-
sions, where cach transmission is modeled by V.
Although noiseless quantum communication
with a noisy quantum channel is one of the sim-
plest and most natural communication tasks one
can imagine for quantum information, it is not
nearly as well understood as its classical
counterpart.

An analog for mutual information in the
quantum capacity has been proposed (6) and
called the “coherent information™

QUIN) = maxlHB) ~H(E] (1)

The entropies are measured on the states
induced at the output and environment of the
channel (Fig. 1) by the input state p*, where Fi{(B)
is the von Neumann entropy of the state p” at the
output. Coherent information is rather different
from mutual information. This difference is

“IBM T. ). Watson Research Center, 1101 Kitchawan Road,
Yorktown Heights, NY 10598, USA. “Quantum Institute,
Center for Nenlinear Studies {CNLS), Computer, Computa-
tional and Statfstical Sciences (CCS-3), Los Alamaos National
Laboratory, Los Alamos, NM 87545, USA.

“To whom comrespondence should be addressed. E-mail:
gsbsmith@gmail.com
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closely related to the no-cloning theorem (7),
which states that quantum information cannot be
copied, because the coherent information roughly

REPORTS I

zero-capacity channels are known One class
consists of channels for which the joint quantum
state of the output and environment is symmetric

measures how much more i B holds
than E. The no-cloning theorem itself is deeply
tied to the fundamentally quantum concept of
entanglement, in which the whole of a quantum
system can be in a definite state while the states
of its parts are uncertain.

The best-known expression for the quantum
capacity Q is given {8—10) by the “regularization”
of @ @A) :mﬂig“lw*"). Here N

represents the parallel use of i copies of . The
asymptotic nature of this expression prevents one
from determining the quantum capacity of a
given channe! in any effective way, while also
making it difficult to reason about its general
propertics. In contrast to Shannon's capacity,
where regularization is unnecessary, here it can-
not be removed in general (11, 12). Consequent-
ly, even apparently simple questions, such as
determining from a channel's description whether
it can be used to send any quantum information,
are currently unresolved. We find that the answer
1o this question depends on context; there are
pairs of zero-capacity channels that, used to-
gether, have a positive quantum capacity (Fig. 3).
This shows that the quantum capacity is not
additive, and thus the quantum capacity of a
channel does not completely specify its capability
for transmitting quantum information.

Although a complete characterization of zero-
capacity channels is unknown, certain classes of

Fig. 1. Representation
of a quantum channel. A
channel reversibly trans-
fers the state of a physical
system in the laboratory
of the sender to the
combination of the sys-
tem possessed by the
receiver and an environ-
ment that is inaccessible

o A—

input

under interchange. Th tric channels are
quite different from Shannon's zero-capacity chan-
nels, because they display comelations between
the input and output. However, they are useless
by themselves for quantum communication be-
cause their symmetry implies that any capacity
would lead to a violation of the no-cloning the-
orem (7, 13). Another class of zero-capacity chan-
nels is entanglement-binding channels (14, 15),
also called Horodecki channels, which can only
produce very weak!ly entangled states, satisfying a
condition called positive partial transposition (/6).

Even though channels from one or the other
of these classes cannot be combined to faithfully
transmit quantum data, we find that when one
combines a channel from each class, it is some-
times possible to obtain a positive quantum ca-
pacity. We do this by proving a new relationship
between two further capacities of a quantum
channel: the private capacity (/0) and the assisted
capacity (/7).

The private capacity P(A} ofa quantum chan-
nel A is the rate at which it can be used to send
classical data that is secure against an eavesdropper
with access to the environment of the channel. This
capacity is closely related to quantum key dis-
tribution protocols (3) and was shown (/) to
equal the regularization of the private information

PN = %(I(X;BH(X;E)) @

B

output

to the users of the channel. Discarding the environment results in a noisy evolution of the state. The input
and output denote separate places in space and/or time, modeling, for example, a leaky optical fiber or
the irreversible evolution of the state of a quantum dot.

Fig. 2. The quantum capacity of
a quantum channel. Quantum

Alice

Bob

data are held by a sender {tra-
ditionally called Alice), who would
like to transmit it to a receiver
(Bob) with many parallel uses of a
noisy quantum channel A", Alice
encodes the data with a collective
encoding operation £, which results
in a joint quantum state on the in-
puts of the channels A7, The

L. N
sy =

& D

.- v

encoded state is sent through the

noisy channels. When Bob receives the state, he applies a decoding operation D, which acts collectively
on the many outputs of the channels. After decoding, Bob holds the state that Alice wished to send. The

quantum capacity is the total number of qubits
channel uses.

VOL 321

in the state Alice sends divided by the number of
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Fig. 3. (A) Alice and Bob attempt to separately use two zero-capacity channels A and A to
transfer quantum states. Alice uses separate encoders & and & for each group of channels, and
Bob uses separate decoders P; and D,. Any attempt will fail because the capacity of each channel
is zero. (B) The same two channels being used in parallel for the same task. Alice's encoder £ now
has simultaneous access to the lnputs of all channels being used and Bob's decudlng D is also

is no

performed jointly. Noiseless

where the maximization is over classical random
variables X and quantum states p on the input of
N depending on the value x of X0

In order to find upper bounds on the quantum
capacity, an “assisted capacity” was recently in-
troduced (/7), in which one allows the free use of
arbitrary symumetric channels to assist quantum
communication over a given channel. Letting A
denote a symmetric channe! of unbounded dimen-
sion (the strongest such chamnel), the assisted
capacity @ 4 (V') of a quantum channel A" satisfies
(47) QalN) = QN x A) = QN x A).

Because the dimension of the input to A is
unbounded, we cannot evaluate the assisted ca-
pacity in peneral. Nonetheless, the assisted ca-
pacity helps to reason about finite-dimensional
channels.

Although Horodecki channels have zero quan-
tum capacity, examples of such channels with
nonzero private capacity are known (/8, 19). One
of the two zero-capacity channels we will combine
to give positive joint capacity is such a private
Horodecki channel Ny and the other is the sym-
metric :hmm;l A, Our key tool is the following

new rel ship between the cap of any
channel AT (Fig, 4)
3PN £ QM) @)

A channel's assisted capacity is at least as
large as half its private capacity. It follows that
any private Horodecki channel Ay has a posi-
tive assisted capacity, and thus the two zero-
capacity channels Vz; and A satisfy Q4 (M) =
QNg x A) >0,

Although our construction involves systems
of unbounded dimension, one can show that any
private Horodecki channel can be bined with
a finite symmetric channel to give positive

26 SEPTEMBER 2008 VOL 321

possible because Q is not additive.

quantum capacity. In particular, there is a private
Horodeck! channel acting on a four-level system
(19). This channel gives positive quantum ca-
pacity when combined with a small symmetric
channel—a 50% erasure channel A, with a four-
level input, which half of the time delivers the
input state to the output, otherwise telling the
receiver that an erasure has occurred. We show
(20) that the parallel combination of these chan-
nels has a quantum capacity greater than 0.01.
We find this “superactivation” to be a startling
effect. One would think that the question, “‘can
this communication link transmit any informa-
tion?” would have a straightforward answer.
However, with quantum data, the answer may
well be “it depends on the context” Taken
separately, private Horodecki channels and sym-
metric chanmels are useless for transmitting
quantum information, albeit for entirely different
reasons. Nonetheless, each channel has the po-
tential to activate the other, effectively canceling
the other's reason for having zero capacity. We
know of no analog of this effect in the classical
theory. Perhaps each channel transfers some
different but complementary kind of quantum
information. If so, can these kmds of mfmmaunn

p.\'.\l' p,\'IHE{‘
X —X
A e
T E
5 =

Fig. 4. Relating the private capacity and the as-
srslzdcapamy A straightforward proof of Eq. 3 uses
the expression (17} Q 4N} = Yema; 10 —
HXEIQ). Here, (X8I0} is the conditional mutual
information: HXC) + H(BQ) — HOBO — HIO. It is
evaluated on the state obtained by putting the A
part of a state p™ into the channel AV, which can
be thought of as mapping A - BE as in Fig. 2. The
maximization here is similar in form to Eq. 2, butis
over a less-constrained type of state. Therefore,
% PMN) < Q4 (V). This bound holds for the as-
sodiated regularized quantities, and because regular-
ization does not change .4, Eq. 3 follows.

two channels never has a higher capacity than the
comresponding average of the capacities of the
individual channels. Violation of convexity leads
to a counterintuitive situation in which it can be
beneficial to forget which channel is being used.
‘We also find (20) channels with an arbitrarily
between Q) [the so-called “hashing
rate” (8-10)] and the quantum capacity. It had
been consistent with prevmus results (I, I2) 10
believe that @ and Q"would be equal up 1o
small corrections. Our work shows that this is not
the case and indicates that the hashing rate is
an overly pessimistic benchmark against which
1o measure the performance of practical error-
correction schemes. This could be good news for
the analysis of fault-tolerant quantum compu-
tation in the very noisy regime.
Forms of this sort of superactivation are
known in the multiparty setting, where several
{ parties com i via a 1y
channe! with multiple inputs or outputs (2/-24),
and have been conjectured for a quantum channel
assisted by classical communication between the
sender and receiver (25, 26). Because these set-
tings are rather complex, it is perhaps unsur-
prising to find exotic behavior. In contrast, llle
problem of noiseless quantum
with a noisy quantum channel is one of the sim-
plml and most natural communication tasks

be quantified in an perationally gful way?
Are there other pairs of zero-capacity channels
displaying this effect? Are there triples? Does the
privaie capacity also display superactivation? Can
all Horodecki channels be superactivated, or just
those with positive private capacity? What new
insights does this yield for computing the
quantum capacity in general?

Besides additivity, our findings resolve two
open questions about the quantum capacity. First
we find (20) that the quantum capacity is not a
convex function of the channel. Convexity of a
capacity means that a probabilistic mixture of

ble in a quantum-mechanical context.
Our findings uncover a level of complexity in
this simple problem that had not been anticipated
and point toward several fundamentally new
Questions about information and communication
in the physical world.
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Synthesis and Solid-State NMR
Structural Characterization of
3C-Labeled Graphite Oxide

Weiwei Cai,* Richard D. Piner,® Frank ]. Stadermann,® Sungjin Park,* Medhat A. Shaibat,"
Yoshitaka Ishii, Dongxing Yang,* Aruna Velamakanni,* Sung Jin An,* Meryl Stoller,®

Jinho An,! Dongmin Chen,? Rodney S. Ruoff*

The detailed chemical structure of graphite oxide (GO), a layered material prepared from graphite
almost 150 years ago and a precursor to chemically modified graphenes, has not been previously
resolved because of the pseudn—randum chemical functionalization of each layer, as well as variations in
exact composition. Carbon-13 {10) solid-state nuclear magnetu: resonance (SSNMR) spectra of GO
for natural abundance °C have poor signal-t ly 100% “C-labeled
graphite was made and converted to *C-labeled GO, and BC SSNMR was used to reveal details of the
chemical bonding network, including the chemical groups and their connections. Carbon-13—labeled

graphite can be used to prepare chemically modiﬁedlgraphenes for *C SSNMR analysis with

enhanced sensitivity and for fundamental studies of

nlike crystalline materials, the structure of

materials that are amorphous or that vary

in chemical composition can be difficult
to determine. Solid-state nuclear magnetic reso-
nance (SSNMR) can provide important structural
insights, but ofien requires very high enrichment
of nuclei with NMR-active spins. One example of
such a material that has proven difficult to char-
acterize, despite having been first prepared almost
150 years ago (1), is graphite oxide (GO), which

C-labeled graphite and graphene.

can be prepared by heating graphite in oxidizing
chemicals. GO is a layered material containing in-
terlamellar water. Materials derived from GO in-
clude its chemically functionalized (2), reduced
{3), and thermally expanded forms (), as well as
chemically modified graphenes (2, 3, 5-8).
SSNMR has been done on GO but has not
provided a complete understanding of the chemi-
cal structure of this material, although the detailed
chemical structure has been actively researched for

‘many years (2, 7). One difficulty is that the spectra
do not attain a high signal-to-noise (S/N) ratio for
natural abundance °C. The lack of *C-labeled
GO has prevented application of modern multi-
dimensional SSNMR. methods that can provide
information on the bonding arrangements of atoms
and their connectivities. Although a series of one-
dimensional (1) C SSNMR studies for GO and
reduced GO revealed signal assignments and the
basic chemical compositions of each, there is
sparse experimental evidence of the connectivities
of the chemical groups such as sp’-bonded carbons
{C=C), epoxide, carbonyl, and carboxylic groups.
Thus, a variety of structural models of GO are stll
debated (2). However, we found from Monte Carlo
simulations that even at only 20% “C, the abun-
dance of *C-*C bonds will be 400 imes that of
an unlabeled sample, so that the time required for
detecting *C-C pairs in SSNMR of such a

"Departiment of Mechanical Engineering and the Texas
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78712, USA. “Befjing Mational Laboratary for Condensed
Matter Physics, Institute of Physics, Chinese Academy of Sci-
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Engineering, Pohang University of Science and Technology,
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Fig. 1. (A) Optical images of Ni, and SEM images of (B) **C-labeled synthetic graphite and (C) the wrinkles.
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sample will be less by a factor of about 160,000
than that of unlabeled samples. Evaluation of de-
tailed bonding networks (three neighboring "*C’s
and so on) can be done with Monte Carlo model-
ing in a strai way for any percentage
labeling of *C.

There have been a number of recent publica-
tions exploring the catalytic growth of graphite or
graphitic structures (9-20). We have developed a
thermal chemical vapor deposition (CVD) method

for growing synthetic graphite from methane on a
resistively heated N1 foil as a catalytic substrate.
A detailed description of our reactor is given in
the supporting online material (21). Briefly, our
reactor consists of a vacuum chamber with a metal
foil supported in the center with high-current elec-
trodes. The Ni foil can be resistively heated to near
its melting point During the deposition, the sub-
strate temperature was held at ~1200° to 1300°C
and the pressure at | atm. The gas used was a mix-

ture of 10% methane and 90% Ar. The methane was
1%, 30%, 50%, 70%, and 99.95% “CH,, in differ-
ent growth nns. A deposition rate of ~2 pm/hour
(for thin films) was obtained, and the growth rate
was slowed to ~0.2 pmhour for thicker films
Atomic force microscopy (AFM), scanning elec-
tron microscopy (SEM), x-ray diffraction (XRD),
and Raman spectroscopy confirmed that the as-
deposited carbon was very high-quality graphite.
The graphite films deposited onto the Ni foils ap-
peared very smooth and contmuous by optical
microscopy (Fig. 1). The smooth surface areas are
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Fig. 2. (A) The G band of various "*C-labeled synthetic graphites. (B) Shift of the G band frequency as a
function of percentage of C, as determined by SIMS. The theoretical curve was obtained as described in (22).
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Fig. 3(A) 1D *C MAS and (B) 2D *¢/C chemical-shift correlation solid-state NMR spectra of “*C-labeled
graphite oxide with (C) slices selected from the 2D spectrum at the indicated positions (70, 101, 130, 169,
and 193 ppm) in the ey dimension. All the spectra were obtained at a °C NMR frequency of 100.643
MHz with 90 kHz 'H decoupling and 20 kHz MAS for 12 mg of the sample. In (A), the *C MAS spectrum
was obtained with direct *C excitation by a r/2-pulse. The recycle delay was 180 s, and the experimental
time was 96 min for 32 scans. In (B), the 2D spectrum was obtained with cross polarization and fpRFDR
B¢ dipolar recoupling sequence (24). The experimental time is 12.9 hours with recycle delays of 15 s
and 64 scans for each real or imaginary ¢; point. A Gaussian broadening of 150 Hz was applied. The
green, red, and blue areas in (8) and circles in (C) represent cross peaks between sp’ and C-OH/epoxide
(green), those between C-OH and epoxide (red), and those within sp groups (blue), respectively.

50
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D d from each other by wrinkles that are
likely caused by the different thermal expansion
coefficients of the deposited graphite and the
nickel substrate (/7). A typical smooth surface
region is about 2 pum across, much smaller than the
substrate grain sizes, and the typical wrinkle
height as obtained by AFM is about 50 nm {fig.
$2) (21). The "*C content of the graphite samples
was measured with a modifiedl CAMECA ims3f
secondary fon mass spectrometry (SIMS) instru-
ment (CAMECA, Gennevilliers, France). The
analytical error of these measurements is estimated
0 be ~5%, largely because the sample surfaces are
uneven on a 10 to 100 ym scale. The ¢ content
of each of the graphite films measured by SIMS
was 1%, 19%, 41%, 54%, and 86% for samples
prepared from 1%, 30%, 50%, 70%, and 99.95%
BCH,, respectively, The C contents measured
by SIMS (19%, 41%, 54%, and 86%) differed
significantly from the percentages of *CH, used
because for these four experimental runs the cham-
‘ber had accumulated considerable residual carbon-
containing material from many trial experiments
with unlabeled methane. A thorough cleaning of
the chamber before another run with 99.95%
CH, yielded 99.5% "C-content synthetic graph-
ite measured by SIMS. Use of a clean chamber is
thus important for the *C content of the graphite to
mare closely match the *C content of the input
BCH, and PCH,,

Raman spectra were acquired and the peak fre-
quency shifts caused by **C-enrichment were de-
termined. Figure 2 shows the relationship between
the wave number of the G band and the *C/°C
ratio. The Raman frequencies shifi from 1580 cm !
101523 cm Y, from unlabeled to 99.5% “C graph-
ite (as measured by SIMS), respectively. There is
good agreement between the frequency shift and
the square root of the atomic mass, assuming the
respective bond force constanis.

AFM, SEM, and XRD data, as well as further
details about SIMS and Raman analysis of '*C-
labeled graphite, are presented in (27).

High-resolution SSNMR using magic angle
spinning (MAS) has been used as a primary
method to characterize GO at the molecular level
(2, 22, 23). Figure 3A shows 1D "*C MAS spec-
trum, and Fig. 3B shows 2D '*¢/C chemical-
shift correlation SSNMR spectrum of *C-labeled
GO (made from approximately 100% “*C-labeled
graphite) that was prepared using a modified
Hummer's method (2) with "*C-labeled graphite
(21). The signal assignments for the three major

SCIENCE www.sciencemag.org



peaks at 59.7 (epoxide 1*C), 69.6 (**C-OH), and
1293 (sp” *C) parts per million {ppm) in Fig. 3A
are based on smdies by Lerf et af. (23). We per-
formed additional analyses and confirmed that
these assignments are likely correct (27). The ob-
tained 1D spectrum shows similar features with
those reported in (23) except for the relatively
well-resolved minor peaks at 101, 169, and 193
ppm, which respectively vield only 12%, 15%,
and 4% of the integrated intensity of the 70-ppm
peak. The spectrum shows a considerably stronger
sp’ peak and a much weaker peak at 169 ppm
compared with that by Szabo ef al (22), although
the observed peak positions are similar. The peak
at 169 ppm was previously attributed to *C=0
(22). The results imply that their sample was
subject to a higher level of oxidization than ours.

Because the natural abundance of “*C is only
1%, attaining sufficient sensitivity in a 2D spec-
trum, as shown in Fig. 3B, is extremely difficult
without the “*C-labeled samples. For example,
BeBC bonds exist only at 0.01% abundance
without labeling; thus, obtaining an equivalent 2D
spectrum for an unlabeled sample would require
about 10° times as much time. The experiment in
Fig. 3B was performed with a finite-pulse radio
frequency—driven dipolar recoupling (fpRFDR)
mixing sequence (24). With the labeled sample
and a relatively short mixing time (1.6 ms), the
experiment permitied us to identify *C-C pairs
directly bonded or separated by two bonds. In Fig.
3B, there are several strong cross peaks. For ex-
ample, cross peaks were observed at the positions
(e, ;) = (133 ppm, 70 ppm) and (130 ppm, 59
ppm) (green signals in Fig. 3B). These cross peaks
represent spin polarization transfer from sp” car-
bans observed at ~130 ppm in ;, to C-OH and
epoxide groups, which appear at 70 ppm and 59 ppm
in s, respectively. Unlike previous studies, these
cross directly present the ivity be-

found cross peaks only for the peak at 101 ppm
(orange box). There are no visible cross peaks for
the other minor components at 169 and 193 ppm,
despite these minor peaks having comparable in-
tensities to the 101-ppm peak. The resulis imply
that these minor components at 169 and 193 ppm,
which were previously attributed to the presence
of C=0 (2, 22), are spatially separated from a
majority of the sp”, C-OH, and epoxide carbons.
Among six previously proposed models (22),
only two, the Lerf-Klinowski model (23) and the
Dékiny model (22), present such a network. The
model proposed by Dékany ef al. may be correct
for their more highly oxidized compound, because
that structural model seems to call for a consider-
ably higher level of oxidization to complete the mod-
ification of an sp2 network into a network of linked
cyclohexanes. Further studies would be needed to
define all of the structural details of the system.
Chemically modified graphenes that will be
of importance in a variety of new materials can
now be *C-labeled and more effectively studied
by SSNMR. Highquality **C-labeled graphite
should find use for fundamental property mea-
surements, including of '*C-laheled graphene
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peaks

tween sp2 B¢ and nC—GH, as well as that between
sp* and epoxide 'C through spin-spin dipolar
couplings. The cross peak intensities are about
10%, compared with the diagonal signals, which
represent signals for "°C spins that had the same
NMR frequencies in the two dimensions (m; = w,).
The relatively strong intensities of the cross peaks
suggest that a large fraction of the sp® *C atoms are
directly bonded to **C-OH and/or epoxide *C.

We also observed strong cross peaks between
BC.OH and “C-epoxide (red signals). Again,
the data suggest that a large fraction of C-OHand
epoxide carbons are bonded to each other. The
blue cross peaks indicate that there are sp” spe-
cies having slightly different chemical shifts and
that they are bonded with each other. Indeed, the
sp® 12C shifis for the cross peaks (green) are
slightly different for the cross peaks to C-OH
(133 ppm) and that to epoxide (130 ppm).

In the previous studies (23}, the proximities of
the chemical groups were teniatively assigned
based on formation of the phenol group during the
deoxidization of GO. In contrast, the present
SSNMR data directly shows that these groups
are chemically bonded. For the minor species, we

www.sciencemag.org SCIENCE

Linear Response Breakdown
in Solvation Dynamics Induced by
Atomic Electron-Transfer Reactions

Arthur E. Bragg, Molly C. Cavanagh, Benjamin ). Schwartz*

The linear response (LR} approximation, which predicts identical relaxation rates from all
nonequilibrium initial conditions that relax to the same equilibrium state, underlies dominant models
of how solvation influences chemical reactivity. We experimentally tested the validity of LR for the
solvation that accompanies partial electron transfer to and from a monatomic solute in solution. We
phatochemically prepared the species with stoichiometry Na® in liquid tetrahydrofuran by both adding
an electron to Na™ and removing an electron from Na™. Because atoms lack nuclear degrees of
freedom, ultrafast changes in the Na® absorption spectrum reflected the solvation that began from our
two initial nonequilibrium conditions. We found that the solvation of Na® accurs more rapidly from Na™
than Na~, constituting a breakdown of LR. This indicates that Marcus theory would fail to describe
electron-transfer processes for this and related chemical systems.

role in solution-phase chemical reactivity and/or electronic charge distribution (2)—help

S olvent-solule interactions play an integral  response of the solvent to changes in solute size

and particularly in electron-transfer (ET) drive the motion of charge from donor to ac-
ceptor. Current theoretical understanding of how

reactions (1), in which solvation dynamics—the
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solvation dynamics influence chemical reactivity
[for example, through the Marcus theory of ET
(1)] is based largely on the idea of linear re-
sponse (LR) (3-6). If the Hamiltonian govern-
ing solute-solvent interactions is assumed to
change linearly with respect to a perturbation
that moves the system out of equilibrium, then
the relaxation of the perturbed nonequilibrated
state should be identical to the regression of the
spontancous fluctuations of the system at equi-
librium; this assumption is ly called the

times the temperature (~ksT)] (3)}, it has
recently been shown that IR arises wh

sures the difference in solvent spectral density

the fluctuations of a system are Gaussian, re-
gardless of the magnitude of the deviation fram
equilibrium (5, 7, &). Tt is these Gaussian sta-
tistics, in tum, that give fise to the familiar para-
bolic potentials along the generalized solvent
coordinate that lie at the foundation of the
Marcus theory of ET (/). Thus, when valid, the
LR approximation provides a useful means of

i il i i heccekedlly fhe e

LR approximation (3). In this work, we per-
formed an experimental test of LR in which we
investigated the solvation dynamics associated
with elementary steps that play a role in many
common chemical transformations, specifically
the spontaneous partial transfer of an electron to
and from an atomic solute in solution. We dem-
onstrate that the LR approximation fails to
underlie the solvation processes associated with
this particular atomic ET reaction, leading us to
predict that LR may break down more broadly
in solution-phase chemical dynamics than pre-
viously appreciated.

A convenient way to characterize the evo-
lution of solute-solvent interactions is to use the
framework of time correlation functions (TCFs).
At equilibrium, the evolution of solvent-solute
interactions can be quantified by Eq. 1

(BE(1)3E(0))

C =
0 == asop

o

which autocorrelates the fluctuations of the
solute-solvent interaction energy E about its
average value, 8E(f) = E(f) — (E); the angled
brackets represent equilibrium ensemble aver-
ages. This TCF can be viewed as describing
the time scale of the intrinsic fluctuations of
an equilibrium solvent-solute system: if we ar-
tificially prepared a specific solvent-solute con-
figuration that could be reached via thermal
fluctuations at equilibrium, then C(r) would re-
flect the time dependence of the subsequent
relaxation away from this configuration. Within
the limit of LR, the nonequilibrium relaxation of
the solvent-solute interaction energy afier per-
turbation of the system from equilibrium, S(1),
should match the TCF of the system at equi-
librium (3, 7, &8)

E(t) — E(w)

S =
0= %0 - )

=Cn  (2)
where the overbars indicate nonequilibrium en-
semble averages. Although the LR approxi-
mation (Eq. 2) can be derived from statistical
mechanical perturbation theory {and thus is ap-
plicable when the perturbation to a system is
near thermal energies [Boltzmann’s constant

Department of Chemistry and Biachemistry, University of
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dependent relaxation that follows the preparation
of many (1, 3-5, §), but not all (6, 7, ¥), highly
perturbed solvent-solute configurations.

How can we test the validity of LR exper-
imentally, particularly for the solvation dy-
namics tied to chemical reactivity? To test LR
directly, we must not only track the dynamics
of quantity associated with the time-evolving
solute-solvent interaction as the system relaxes
from a well-defined nonequilibrium configura-
tion [S(7)], but also measure the solvent-solute
fluctuations at equilibrium [C(r)]. Unfortunately,
the equilibdum TCF is difficult to access, al-
though a recently developed approach that mea-

Q
@

Fig. 1. (A to O lllustra- A
tion of how LR can be
tested by examining the
dynamic solvation of the
same solute prepared from
two different well-defined
initial conditions. (A} Sche-
matic depiction of the lo-
cal solvent reconfiguration
required to solvate the
nonequilibrum (Na”, €7
TCP (green circles labeled
0) prepared after both
electron detachment from
Na™ (right, blue circle with
minus sign} and electron
attachment to Na* (left,

C

o] NGBV

@
0 og%

afier the phs of a probe solute shows
great promise toward making this direct compar-
ison (10). Here, we describe an altemative ap-
proach to assess the LR approximation: We
compare the relaxation dynamics that begin from
two different well-defined nonequilibrium con-
figurations but end in the same final equilibium
state. If LR holds, then the time dependence of
the solvent-solute relaxation from both nonequi-
librium states should be identical to the equilib-
rium TCE If the two nonequilibrium configurations
relax on different time scales, as we discuss be-
low, then the IR prediction must fail to describe
one or both of the relaxation pathways.
Although our approach should apply to any
solute-solvent system, we have chosen to sur-
vey the relaxation of atoms in solution because
these solutes lack intemal nuclear degrees of free-
dom. Thus, unlike the large molecular chromo-
phores that are typically used as solvation probes,
the atomic relaxation dynamics that we observe
directly reflect the motions of the surrounding
solvent and are unobscured by competing intra-
molecular processes (/). Specifically, we ex-

SNCO
204

red circle with plus sign).
In both cases, the solvent
must relax to accommo-
date changes in solute
size and charge that result
from partial ET reactions.
(B) Ancther rep: K

of the two sobent relaxa-

tion pathways shown in D

(), presented using the 27 507] + il = 7]
picture derived from the 2 E 60 ‘\N& 5') \ e

Marcus theory of ET. (C) E""E R RAVAY ; (Na*, &) .
A schematic presentation 8a 204 v e ]
of the time depend 2, ) oo

of the two nonequilib- 200 250 500 1000 1500 2000 2500

rium solvent relaxation
processes shown in (A)
and (B); the ordinate in

Wavelength (nm)

both (B) and (C) i the solute-solvent interaction energy. (D) The steady-

state equilibrium spectra of the chemical species examined in this work: the absorption spectra of the
equilibrated THF-solvated (Na™, e7) TCP [green solid curve (18)]; the THF-solvated electron [e™nr,
purple dashed curve (19)]; the THF-solvated Na™ [blue dashed curve (23)]; and the CTTS transition of
the Na™-1™ ion pair in THF (red dash-dotted curve). We used both Na™ and Na™-I" as precursors for the
photachemical production of nonequilibrium (Na™, €7) TCPs in liquid THF via electron detachment and

attachment, respectively.
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amined the nonequilibrium relaxation of neutral
atomic sodium (Na®) in liquid tetrahydrofuran
(THF) that was prepared both by photoinduced
ET to sodium cations (Na") and by electron
photodetachment from sodium anions (Na', or
sodide). Figure 1A schematically illustrates the
solvent reconfiguration that occurs after each
of these photochemical preparations; Fig. 1B
presents this same relaxation in terms of the
picture derived from the Marcus theory of ET,
in which the relaxation of the solvent-solut

‘brated for an ion and thus poorly accommodates
the neutral Na. The nearby solvent molecules
will then relax by both translating to accommo-
date the change in solute size and rotating so
that the solvent dipoles become favorably ori-
ented for the neutral Na. We label the nonequi-
librium relaxation of the neutral Na that begins
with the initial configuration characteristic of the
Na anion “S_{f)” {right side of Fig. 1, A to ),
and we label the relaxation that begins from the
initial ¢ fated with the Na cation

interaction energy, E, is expressed as a function
of a collective solvent coordnate; and Fig. 1C
illustrates the time-dependent solute-solvent
interaction energy as would be typically exam-
ined in a molecular dynamics (MD) simulation.
The red and blue curves in Fig. 1C reflect fluc-
tuations of the ion-solvent inferactions about
their equilibrium average values before each
photochemical process. If we promptly add or
remove an electron to or from one of the ini-
tially equilibrated fons through photoinduced
ET (vertical black arrows in Fig. 1, A to C),
the solvent interaction energy associated with
the newly created neutral solute will be out-
side the range of the equilibrium fluctuations
[green curves labeled C{r) in Fig. 1, B and C],
because the initial solvent structure is equili-

Fig. 2. Ultrafast transient

“Su(f)” (left side of Fig. 1, A to C). If LR holds,
then we expect 8,(f) = S_(r) because both should
be equal to C(7).

Atomic Na in THF is a convenient system
for testing the LR approximation through this
approach for several reasons. The precursors
we used to create neutral Na photochemically
{Na~ and the Na*-T" ion pair) are stable in liquid
THF. In addition, the solvent structure and the
nature of the delocalized solvent-supporied elec-
tronic states of liquid THF (12, 13) allow us to
rapidly shuttle electrons to and from these ion
precursors via photoinduced ET (14, 15). Final-
ly, the spectrum of atomic Na in THF is highly
sensitive to the nature of the local solvent en-
vironment (/6) and spans visible and near-
infrared wavelengths (Fig. 1D, green solid curve),

‘Wavelength (nm)
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s0 we can easily track the solvation dynamics that
follow each photochemical preparation, using
transient absorption spectroscopy.

The extraordinary sensitivity of the Na atom's
absorption spectrum to the local solvent environ-
ment arises from the chemical nature of Na in
THF: Rather than a solvated atom, the equili-
‘brated neutral Na solute in THF is better thought
of asa (Na”, &) tight-contact pair (TCP), in which
the electron has substantial interactions with
the solvent as well as a partial-valence interac-
tion with the Na cation core (16, /7). The steady-
state absorption spectrum of the (Na', ¢7) TCP
peaks at 870 mmn [Fig 1D, green solid curve
(18)). a wavelength that lies between the nar-
row gas-phase Na D line (peaking at 590 nm)
and the broad absorption of the THF-solvated
electron, ¢y [Fig. 1D, purple dotted curve,
peaking at 2160 nm (/9)], reflecting the fact that
the chemical nature of this solute lies between
the extremes of pure cation-electron and solvent-
electron interactions. As a result, the TCP is fonned
from either a solvent separated Na© + ¢ yp pair
or a weakly solvated, gas-phase-like Na” atom
by partial transfer of an electron toward or away
from the Na” core, respectively

(Nat*---¢7) ﬂlea ) —0 ikl ¢ (3)

In our experiments, we used two different

absorption dynamics after 500 1000 1500 2000 2500
the 263-nm CTTS excita- 25 -1 L hotoind
tion of Na™™ in liquid A (Nat-e )ch (Na )" | | ime (ps)

THF. (A) Spectral reconstruc-
tion (SOM text) showing
the dynamics of Na*™-e~
attachment to form the
(Na®, &) TCP; the symbols
represent the data, which
are connected with colored
lines to guide the eye (the
large linear region near
800 nm results from diffi-
culty in probing near the
laser fundamental with

—n— 15

our transient absorption
setup; error bars represent
95% confidence limits of
measurements). The fact
that the earlytime data
do not match the equilib-
rum spectrum of equr
(shown as the long-dashed
black curves that have been
scaled for ease of compar-
ison to the data at 1.5 and
12 ps) near ~1700 nm in-

Absorptivity (10° M1 em™)

dicates that some of the
CTTS-generated electrons
rapidly attach to Na* to
form Na cation-electron

1000
Wavelength (nm)

LCPs. The short-dashed black curve shows the equilibrium (Na”, &) TCP spectrum for reference. (B) Spectral
dynamics associated with the (Na®, e} TCP created after electron attachment [colored lines, as in (A)]; the

spectrum of this species has been isolated by subtracting the contributions of €™y and (Na™

€ )icr (SOM

text). The data show that after the LCP -+ TCP partial ET reaction, dynamic solvation results in a spectral
blue shift of the nonequilibrium TCP absorption that occurs on a ~5-ps time scale. Different wavelength

scales are used in (A) and (B).
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d ET processes {Fig. 1, Ato C) to
cmme the species on both the left and right of
Eq. 3 and then track the solvation dynamics
associated with the spontaneous partial ET reac-
tions that generate (Na*, e ) as a result of the
subsequent solvent-solute relaxation.

The THF -solvated (Na*, ¢”) TCP can be gen-
erated readily from its consituent parts, Na™ and
& (lefi side of Eq. 3) (/8&), but under most con-
ditions it is challenging to measure the dynamic
solvation of a solute produced through electron
attachment, because the rate of attachment is
generally limited by the mutual diffusion of the
reactants. However, by taking advantage of the
relatively strong fon-pair interactions that exist
in weakly polar solvents such as THF, we can
locate an electron-donating chromophare (here,
iodide) close to the Na cation and thus photo-
initiate prompt electron attachment. In previous
waork, we showed that electrons generated through
charge-transfer-to-solvent (CTTS) excitation
of counterion-free iodide in THF were ejected
~6 nm away from the iodine core (20), but that
the presence of nearby Na* collapses the CTTS-
clectron ejection distribution within ~2 nm of
the cation, so that >50% of the electrons attach
0 Na' to form (Na', &) TCPs within 2 ps (21).
Consequently, the Na*-I” ion pair in THF pro-
vides an ideal precursor to create our (Na®, ¢)
TCP solvation probe from its constituent parts
via excitation of the Na'-T" CTTS band (Fig.
1D, red dot-dashed curve) and to subsequently
probe in detail the ultrafast solvation dynamics
associated with electron attachment, S.(7).
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Figure 2A presents the temporal evolution of
the transient absorption that follows the 263-nm
CTTS excitation of 20-mM Nal in THF [see the
supporting online material (SOM) text for
details (22)]. The data show that CTTS
excitation rapidly induces an absorption in the
1200- to 2300-nm spectral region. This absorp-
tion then decays over the course of 200 to 300 ps
concwrently with the appearance of a new
absorption hand in the 480- to 900-nm region.
The absorption dynamics at infermediate wave-
lengths (900 to 1200 nm) evolve with more
complexity, although a quasi-isosbestic point
appears near 1130 nm. To first order, these spectral
dynamics reflect the disappearance of CTTS-
generated THF-solvated electrons (& ryp) as
they diffusively attach to nearby Na* in solu-
tion to form the (Na*, ¢7) TCP (21).

A closer examination of Fig. 2A, however,
reveals that the spectrum measured between
1200 and 2300 nm immediately afier CTTS ex-
citation of Nal (at 1.5 ps, pink trace) does not
maich that of the equiibrated THF-solvated elec-
tron (scaled and plotted as long-dashed curves).
We have observed a similar spectrum (that is,
slightly blue-shifted relative to the spectrum of
e ryr) after the CTTS cxcllamm of tetrabutyl-
ammonium iodide (-BA™-17) in THF (21), and
we determined that the weak ion-pair interac-
tions between T~ and #BA”" promote the forma-
Fig. 3. Spectrally re-

constructed ultrafast
transient absorption dy-

tion of a loose cation-electron contact pair (LCP).
The LCP is characterized by a weak Coulombic
cation-electron attraction (not the stronger partial
valence interactions that define the TCP), and its
spectrum can be thought of as arising from a
Stark shift of the ¢ e absorption induced by
the presence of the nearby cation. For the Na™1~
system studied here, the spectrum between 1200
and 2300 nm (Fig. 2A) rapididly decays in in-
tensity over the initial few picoseconds as TCPs
are formed, with the remaining feature matching
the shape of the ¢ ryr spectrum by ~12 ps (light
green trace). Thus, the data in Fig. 2A demon-
siraie the iransient formation of a sizeable Na*-¢~
LCP population afier CTTS excitation of Na™-~
in THF {21, 22)

I+ Na* 2SR 14 (Nat )y (~60%)
or I+ Na* + eqgp {~40%) (4a)

S.(e)
=

4.y puGlET e
(Na* e hee —ﬁ) {Na*, e)*

{Na*, e7) (4b)

viseq b
€ Yyop—= —>

(Na*t-
{Nat, ")

Ne*+ i

Gr

(4c)

Wavelength (nm)

700 800
'

namics of the neutral
Na species created after
395-nm CTTS excitation
of Na™ in liquid THF [(16)
and SOM text (22)]. (A)
Spedral dynamics (squares
connected by colored lines
to guide the eye; emor
bars represent 95% confi-
dence limits of mea-
surements) associated
with the chemical conver-
sion of a weakly solvated

3

(Na", ¢")* denotes a nonequilibrated TCP solute,
and [ is a spectator in Egs. 4b and 4c [(SOM text)
(22)]. As a result, CTTS excitation of Nal allows
us to rapidly create a population of LCPs, which
then spontaneously convert to a nonequilibrium
(Na', & * TCP population via partial ET to Na',

‘We can isolate the spectral evolution asso-
ciated with TCP solvation by subtracting the spec-
tral contributions from the LCP and ey [the
latter formed in ~40% yield after CTTS ejection
from iodide to locations far from a Na® cation
(Eq. 4a)], and by normalizing for TCP popula-
tion kinetics, as plotted in Fig. 2B [(SOM text)
(22)]. Although the first ~2 ps of the TCP
spectral dynamics are obscured by the LCP —
TCP interconversion process as well as by
experimental resolution effects (2/7), the data
clearly show that the initially produced (Na”, ¢ )*
species (at 1.9 ps) has a spectrum that is red-
shifted and slightly broadened relative to the
equilibrium absorption (black dashed curve). As
the solvent relaxes, the transient spectrum of the
TCP blue-shifis and narrows on a ~5-ps time
scale, with solvation complete by 10 ps.
Because the TCP solvation dynamics we
measured may be rate-limited by the LCP —
TCP reaction process (the first step of Eq. 4b).
this ~5-ps time scale represents an upper limit
for the decay of S.(7).

To examine the nonequilibrium solvation of
the same (Na*, ) TCP solute from a different
initial solvent-solute configuration (Fig. 1, A to
C, right panels), we also created the TCP in a
solvent environment that initially accommodates
its ding anion, Na~_ Like [, Na™ in liq-

Na atom, characterized by
the split and broadened
Na DHine transition near
600 nm (0.38 ps), to be-
come the THF-solvated
(Na™, €7} TCP; the iosbestic
point near 720 nm ind-
tes that Na® and (Na”, &)
TCPs are chemically dis-
tinct species that inter-
convert via a spontaneous
partial ET reaction. (B)

Absorptivity (10° M cm™)

(Na*,ey —» (Nat,e)

Spectral dynamics asso-
ciated with the (Na™, &)
TCP after electron detach-
ment (colored lines); the

500

T
600 700 800

Wavelength (nm)

spectral dynamics of this species have been isolated by subtracting the contribution from Na® and have
been normalized to remove corltnhuhuns from changes in TCP population [(16) and SOM text]. The data
demonstrate that after the Na® -» (Na*, ") partial ET reaction, dynamic solvation results in a substantial
red shift of the nonequilibrium TCP absorption that occurs on a ~10-ps time scale,
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uid 'ﬂ'[F has a slrong CTTS transition [Fig. 1D,
blue dashed curve (23)], photoexcitation of which
leads 1o subpicosecond electron ejection and
10 T T T e
+ Attachment = S ,(t)
—=—Delachment = S_(1 )

1130-nm TCP Absorptiol

20 25

Time (ps)

Fig. 4. Ultrafast spectral dynamics, probed at
1130 nm, of the (Na™, e7) TCP created after both
electron attachment via 263-nm CTTS excitation of
Na™1" [circles, S.()] and electron detachment via
395-nm CTTS excitation of Na™ [squares, S_(f)]. The
two spectral transients have been normalized at 2
ps and the detachment data have been inverted for
ease of comparison. To the extent that probing ata
single wavelength characterizes the entire solvent
response (26), the data show that solvation of the
nonequilibrium TCP occurs roughly twice as fast
after electron attachment than after electron de-
tachment (Ve time scales of 3.9 and 7.5 ps, re-
spectively), thus demonstrating a breakdown of LR.
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leaves behind a neutral atomic Na core. Because
of the cavities that are inherent in the structure
of liquid THF (42, 13), the distance to which the
CTTS-generated electrons are ejected from the
neutral Na core increases with increasing excita-
tion energy (24). Thus, by exciting the Na- CTTS
transition at 395 nm, we are able to move the
CTTS-generated electron far from the Na® core,
so that the spectral dynamics we measure for Na®
are negligibly affected by the proximity of (or
possible recombination with) the CTTS-gjected
electron {(/6). The spectral dynamics associated
with the Na” product generated via 395-nm ex-
citation of the Na~ CTTS band, corrected for the
modest Na’-¢ r recombination that does take
place, are shown in Fig. 3 (16, 22).

The spectrum of the nascent neutral Na atom
measured immediately after electron photode-
tachment from Na (at 0.38 ps) exhibits a broad,
intense absorption band that peaks between 600
and 650 nm. We (/6) and others {25) have as-
signed this feature to the sodium D-line transition,
albeit broadened and split by the asymmetry of
the surrounding solvent cavity. The similarity
in the position of this band to that measured in
the gas phase reflects the weak interaction of
the nascent neutral atom with the surrounding
solvent; this is expected because the initial sol-
vent structure had accommodated equilibrated
Na ', which is much larger than the neutral Na
atom (Fig. 1A, right) (16). Figure 3A further
reveals that this initially produced D-line
absorption feature decays substantially over the
next ~2 ps and that the decay is accompanied by
a concomitant increase in spectral intensity at
longer wavelengths (>700 nm); a well-defined
isoshestic point at ~720 nm indicates that these
spectral changes result from a kinetic intercon-
version between two chemically distinct species.
Careful analysis of this spectral progression re-
veals that the neutral Na solute starts from a
state in which the 35 valence electron is bound
almost exclusively by the Na* core but then un-
dergoes a spontaneous partial ET reaction on a
~730-fs time scale to produce a nonequilibrated
{(Na', & )* TCP in which the electron is subject to
substantial interactions with the solvent (16)

In

o v, CTTS Na? + e (5a)
Nt P () ', ) (50)

70 &

After this partial ET from the nascent neutral
atom (which was produced via photoinduced
CTTS detachment from Na), (Nat & )* relaxes
with the surrounding solvent to reach equilibri-
um, 8.(2).

Figure 3B highlights the spectral evolution
of the TCP during the S_{f) relaxation, which
has been isolated by removing contributions from
the Na’ absorption at 600 nm and normalized for
its time-dependent population kinetics (16, 22).
The salvation induced evolution of the (Na®, &7}

www.sciencemag.org SCIENCE

spectrum occurs more slowly than the partial ET
reaction that farms this species from Na”. Figure
3B shows that the time-dependent TCP spectrum
red shifts (and broadens to maintain a constant
oscillator strength) as it relaxes to equilibrium,
The data show that this dynamic solvation pro-
cess takes place on a ~10-ps time scale and that
the S_(f) relaxation is not complete for at least
20 10 25 ps.

One way to approximately quantify the 5.(:)
and S_(f) TCFs inherent to the data in Figs. 2B
and 3B is to compare the dynamics at a single
wavelength (26). Thus, in Fig. 4, we compare
the time-dependent TCP spectral dynamics at
1130 nm for both sclvation processes. We chose
this wavelength for two reasons. First, 1130 nm
lies near the isosbestic point for the TCP and
LCP/e 1y absorption bands; thus, for the photo-
induced electron-attachment pathway, this wave-
length probes primarily TCP solvation and not
population dynamics, guaranteeing that the ki-
netic model we used to deconstruct our data does
not nfluence the S.(f) solvation response we de-
rive at this wavelength [(SOM text) (22)]. Sec-
ond, the long-time TCP solvation after electron
photodetachment is observed most cleanly at
this wavelength, because there is no interfer-
ence from Na~ bleach and the & 13 absorption
contribution can be removed readily (/6). To
directly compare the 1130-nm spectral dynam-
ics from the two pathways, we have inverted the
S{) response from the photodetachment path-
way, because the TCP spectral red shift results
in a delayed rise (rather than a decay) at this
wavelength (/6). We also have normalized the
1130-nm spectral transients at 2 ps in order to
focus on the long-time solvation dynamics and
10 exclude contributions from the faster ET in-
tercanversion kinetics observed along both re-
laxation pathways. Figure 4 indeed illustrates
that, as estimated by the 1130-nm spectral dy-
namics, ) decays roughly twice as fast as S_(7)
(1/e time scales of 3.9- and 7.5-ps, respectively).
Because we know that the 5.} response is partly
rate-limited by the LCP — TCP conversion pro-
cess, whereas the S.(f) response occurs more
slowly than the Na® — (Na', ¢) reaction time
scale, this difference in the two responses rep-
resents a lower limit.

Together, Figs. 2B, 3B, and 4 prove that LR
does not apply for the solvation dynamics that
accompany the creation of the (Na', &) TCP
through the two different partial ET reactions.
The 8.(f) solvation response that follows the
creation of the TCP via partial ET from a LCP
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that was optimized to accommodate the large
Na~ anion, prompting a red shifi of the TCP spec-
trum that is not complete for 20 to 25 ps. This
large difference in time scale in the solvation dy-
narnics of the same species approaching equilib-
rium from two different initial configurations is a
clear indication that the LR approximation, which
predicts identical S.(f) and S_() responses, does
not describe the solvation dynamics that follow
these simple partial electron-transfer reactions.

‘Why should we observe this breakdown of
LR? Guided by results of MD simulations that
have demonstrated a failure of LR similar to
what we observed here (6), we believe that the
changes in solute size involved in these partial
charge-transfer reactions help promote the
breakdown of LR. These simulations revealed
that when the solute size decreases (as occurs
upon the removal of an electron), the rate of
the solvent response is essentially limited by
the translational diffusion of first-shell solvent
molecules into the void space left behind after
the solute shrinks. Thus, we expect LR to break
down in this case both because the initial sol-
vent configuration about the smaller solute is
never explored through equilibrium fluctuations
and because the comresponding diffusional sol-
vent motions that relax this configuration are
slower than those at equilibrium. In contrast, the
simulations also have shown that the solvent
response that accompanies a solute size increase
{as occurs upon the addition of an electron) is
driven rapidly by strong, short-ranged repulsive
interactions between the enlarged solute and the
first-shell solvent molecules. The fact that §.(f)
is substantially slower than S.{f) strongly sug-
gests that the relative changes in size of the ini-
tial Na” and LCP as they become the TCP are
primarily responsible for the breakdown of LR
that we observed in our experiments.

To what extent do the processes we have
studied reflect the solute-solvent relaxation in
more common chemical transformations? Is the
breakdown of LR we cbserved in this model
system the rule, and not an exception, for the
‘nonequilibrium solvation that occurs in the course
of typical chemical processes? In addition to our
observations, a breakdown of LR has recently
been observed to follow the photodissociation
of the ICN molecule in ethano! (28), which
produces a CN fragment whose excited rota-
tional motion is only slowly quenched by in-
teractions with the surrounding solvent. This
behavior demonstrates an anticipated failure of
LR in scenarios in which a chemical process

[which was created via electron pt h

(Eq. 4)] starts from a solvent configuration that
was optimized to accommodate the small Na”,
prompting a blue shift of the TCP spectrum that
is complete within ~10 ps; this time scale is sim-
ilar to the solvent relaxation measured after the
excitation of a dye molecule in liquid THF (27).
In contrast, the S_(f) solvation response that fol-
lows the creation of the TCP via partial ET from
Na® (Eq. 5) starts from a solvent configuration
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partitions substantial intemal energy (many kgT)
into a product fragment (7, 28). Even though
the photochemical preparation in our experi-
ments involves photons with energies of hun-
dreds of kg7, most of this energy is used to
detach an electron from either Na~ or T and
move it through liquid THF; the bulk of this
energy is not partitioned directly to the TCP
product. Moreover, our experiments measure the
TCP solvation only after spontaneous partial ET
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reactions (Eqs. 3 to 5). Thus, although we may
anticipate that the solvation dynamics measured
involve substantial changes in the local solvation
structure due to the solute size change, we ex-
pect that the energies associated with (Na*, & )*
formation are not chemically extreme and are
representative of those associated with common
solution-phase reactions.

This clear breakdown of LR implies that the
solvent fluctuations coupled to the (Na*, &) TCP
are not Gaussian, and thus that the potential sur-
faces associated with these ET processes are high-
ly nonparabolic. As a result, the Marcus theory
of ET would poorly describe these ET processes.
We anticipate that this could be an important con-
sideration in many similar outer-sphere ET reac-
tions, where substantial rearrangement of the
local solvent structure could induce a similar LR
breakdown. It is also important to note that the
LR approximation is built on the idea that the
same solvent-solute motions that underlie equi-
librium fluctuations are also responsible for the
no ilibrium solvation d; ics (3). Al
though we observed a clear difference in the
time dependence of two solvation pathways that
reflects a breakdown of LR, observing an iden-
tical time dependence would not have guaran-
teed that the LR holds. This is because even
when the specific molecular motions responsible
for relaxing a nonequilibrium perturbation differ
considerably from the solvent fluctuations active
at equilibrium, LR may appear to be valid if the
relevant nonequilibrium and equilibrium solvent

motions happen to occur on similar time scales;
what we have termed a hidden breakdown of LR
(29, 30). Overall, these findings demonstrate that
an accurate assessment of solvation dynamics—
and, by extension, our understanding of solution-
phase chemical reactivity—must be considered
directly at the molecular level in order to deter-
mine correctly how best to understand the solvent
relaxation resulting from a given nonequilibrium
perturbation.
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Mars’ Paleomagnetic Field as the
Result of a Single-Hemisphere Dynamo

Sabine Stanley,** Linda Elkins-Tanton,” Maria T. Zuber,” E. Marc Parmentier®

Mars' crustal magnetic field was most likely generated by dynamo action in the planet's early
history. Unexplained characteristics of the field include its strength, concentration in the
southern hemisphere, and lack of correlation with any surface features except for the hemispheric
crustal dichotomy. We used numerical dynamo modeling to demonstrate that the mechanisms
proposed to explain crustal dichotomy formation can result in a single-hemisphere dynamo. This
dynamo produces strong magnetic fields in only the southern hemisphere. This magnetic field
morphology can explain why Mars’ crustal magnetic field intensities are substantially stronger in
the southern hemisphere without relying on any postdynamo mechanisms.

that Mars possesses remanent crustal mag-
netic fields from a dynamo that was opera-
tiona! for a short time in Mars™ early history (7).
Remanent crustal magnetism is observed in early
Noachian (=3.9 billion years old) crust in both

The Mars Global Surveyor mission showed
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the northemn and southem hemispheres, except
for much of the Tharsis volcanic province and the
large impact hasins Hellas and Argyre in the south-
em hemisphere, and Isidis and Utopia in the north-
em hemisphere. There is a conspicuous difference
in the magnetic field intensites in the two hemi-
spheres: The northem hemisphere contains only
weak magnetic fields, whereas the southem hem-
isphere contains both strong and weak fields (2).

The timing of the dynamo is constrained by
the observations that the floors of the large im-
pact basins formed during the Late Heavy Bom-
bardment [~3.9 billion years ago (Ga)] are not

magnetized (f) and that the ancient Martian
meteorite ALH84001 contains a remanent mag-
netic field dated earlier than 3.9 Ga (3). Most
likely, the dynamo was active sometime between
core formation (~4.5 Ga) and the Late Heavy
Bombardment. The driving force for the dynamo,
the intensity and morphology of the generated
field, and the cause of the dynamo’s demise are
not well understood.

Another ancient Martian crustal feature is
the hemispheric dichotomy. The northern and
southern hemispheres have similar-aged crusts
(4) but different topographies, thicknesses, and
sediment covers (5). The northern hemisphere
crust is low, thin, and covered with volcanic flows
and sediments, whereas the southern hemisphere
crust is high, thick, and largely devoid of sed-
imentary or volcanic resurfacing. Cratering evi-
dence and the dichotomy’s long wavelength
suggest that the dichotomy is an ancient feature,
directly related to crustal formation sometime
between 4.5 and 3.9 Ga (6, 7).

Because the crustal magnetic field and the
dichotomy are similar in age, it is possible that
their formation processes are related. Several en-
dogenic mechanisms could explain both dichoto-
‘my formation and a concurrent dynamo sometime
between 4.5 and 3.9 Ga. A hemispheric-scale
(degree-1) pattern of mantle circulation resulting
from either mantle convection in the presence of

SCIENCE www.sciencemag.org



radial viscosity variations (8, 9), early magma
ocean crystallization resulting in overtum (10, 1),
or superplumes resulting from destabilization of
the mantle lower thermal boundary layer (12)
provides degree-1 crustal structure along with

Table 1. Nondimensional parameter values in the
dynamo model Model values are given for the
Prandtl number (Pr = wx, where v is the kinematic
viscosity and x is the thermal diffusivity); a mag-
netic Prandtl number (g, = x/n where 1 is the
magnetic diffusivity); the Ekman number [E =
ul2€r,7), where 2 is the angular rotation rate of
the planet and r, is the core radius]; and the
modified Rayleigh number [Ra = agfnr,’ f(ZQr[)
where o, g, and hy are the thermal expansion
coefficient, the gravitational acceleration at the
CMB, and the prescribed superadiabatic tempera-
ture gradient at the inner core boundary, respec-

fmel!] Using represenmlve Mars values of o =
,y =35ms?,r,=1700 km, Q=7.1x
10 landn=2m s“, combined with the

cha;en value for the Rayleigh number, implies a
superadiabatic mempera‘ture gradient at the inner
core boundary of 53 10 K m ™", corresponding to
a superadlabatn( temperature gradnem at the CMB
of iyri2 = 6 x 1077 K m ™™ (where r,, is the inner to
outer core radius ratio}.

Parameter Value
Pr 1

9« 1

E 2% 107
Ra 18,000

Fig. 1. Filled contours of the radial component of the magnetic field.
For a model with a degree-1 heat flux outer-boundary condition, the
field is plotted at the CMB in (A) and at the surface in (). For a
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sufficiently vigorous core convection to sustain a
short-lived dynamo. Effects from a very large
impact (/3) or several large impacts (/4) were
also suggested early on but encountered difficul-
ties (/5, 16). The probability of several large
impacts forming the northern lowlands is low,
and there is no evidence of individua! basins. A
single very large impact is statistically possible.
Presently, the dichotomy boundary is not circular
o elliptical; however, a recent analysis of crustal
thickness (/7) demonstrated that its original shape
was elliptical. Therefore, the dichotomy boundary
and northern lowlands could be the result of a
glant low-angle impact,

Although explanations fcr dichotomy forma-
tion with concurrent field ion ap-
pear feasible, a serious problem is the markedly
different mtensities of the crustal magnetic fields
in the northem and southem hemispheres. If the
dynamo produced an axial-dipole-dominated mag-
netic field, similar to the geomagnetic field, and the
northem and southem crusts formed at similar times
with similar magnetic mineral densities and mag-
netic layer thicknesses, then one would expect crust-
al fields of similar strength in both hemispheres.
Efforts to explain the hemispheric magnetic infensity
differences generally involve postdynamo mecha-
nisms in the northem hemisphere, such as hydro-
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involve hemispheric-scale mantle circulation,
which will necessarily produce a degree-1 tem-
perature anomaly in the mantle and hence at the
core-mantle boundary (CMB). Numerical models
mechanism could also produce a degree-1 tem-
perature anomaly in the mantle and at the CMB
(18). Because the CMB is the outer-bounding sur-
face of the dynamo region, this temperature anom-
aly will result in a hemispheric heat flux variation
on the outer boundary of the core. We therefore
imposed a degree- | variable heat flux pattem at the
CMB i a dynamo simulation.

We used the numerical dynamo model of
Kuang and Bloxham (/9-2/) with the parameter
wvalues given in Table 1. We imposed a heat flux
across the CMB that was lower in the northern
hemisphere than in the southern hemisphere (fig
S1). The heat flux variation on the CMB is rel-
atively large, with the root mean square of the
lateral variations three times the average super-
adiabatic heat flux. This may be reasonable for
Mars when considering the relative temperatures
of downwellings and upwellings at the CMB (11).

This spatially variable heat flux boundary
condition produces a stable one-hemisphere dy-
namo. The radial component of the magnetic
field is strongest and concentrated in the southemn

thermal alteration (6) or d on resulting
from early large impects (15,

Here, we show that dynamo generation can
also explain the hemispheric magnetic ntensity
differences, thereby removing the requirement for
a postdynamo solution. All endogenic mechanisms

x 108

hemisphere with only weak fields in the northem
hemisphere (Fig. 1A). Oscillatory hemispheric
dynamos have been found in certain parameter
regimes (22), producing a strong field in each
hemisphere periodically. The dynamo in our sim-
ulation is different in that fields are actively gen-

x 10°
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homogeneous heat flux outer-boundary condition, the field is plotted
at the CMB in (B) and at the surface in (D). The CMB radius is 1700 km,
the surface radius is 3400 km, and the units are nT.
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erated in only a single hemisphere. The fields are
smaller-scale and, although highly time-variable in
morphology, remain strong in only the southem
hemisphere (fig. 82). A dynamo mode! with a
similar variable heat flux boundary condition as
our model but with a different choice of velocity
boundary condition does not produce a single-
hemisphere dynamo (23), most likely because of
the different force balances in the models [sup-
porting online material (SOM) text].

Fig. 2. Filled contours of the axisymmetric part of
the nondimensional diabati P 2
The profile for a model with a degree-1 heat flux
outer-boundary condition is shown in (A) and for
a model with a homogeneous heat flux outer-
boundary condition in (B}. The temperature plotted
is with respect to the average CMB temperature, so
positive values are hotter than the average CMB
temperature and negative values are colder than
the average CMB temperature. To dimensionalize
in Kelvin, nondimensional values should be multi-
plied by 0.085.
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The radial field at the CMB in our mode! was
more infense than that in a model with the same
parameter values but with a homogeneous heat flux
‘boundary condition that produced an axial-dipolar
dynamo (Fig. 1B). However, because the power in
the field components fell off faster with distance
for smaller scales, the magnetic field at the surface
was slightly weaker in our variable heat flux mod-
el than in the homogeneous heat flux model but
was the same order of magnitude (Fig. 1,C and D).

The hemispheric boundary condition in the
mode! changed the equatorial symmetry of the
superadiabatic temperature (Fig. 2), affecting the
dominant force balance in the core. This had a
substantial effect on the velocity fields of the core
in our mode! (Fig. 3A). The zonal flows, maily
resulting from thenmal winds, were eq fally

hold when Coriolis and pressure forces dominate
in the core (24). In addition, the meridional cir-
culation pattem was concentrated in the southern
hemisphere rather than filling the whole core, as
in a model with homogeneous heat flux bound-
ary conditions (Fig. 3B). The convection rolls were
concentrated in the hemisphere with the colder
CMB temperature and generated the strongest
dynamo action in this region.

Our results suggest that the concentration of
strong crustal fields in the southemn hemisphere of
Mars could result from a dynamo that produced a
‘magnetic field concentrated in the southern hemi-
sphere. In this scenario, no postdynamo process is
required to remove a strong crustal field in the
northern hemisphere. Although large basins are

antisymmetric and therefore did not adhere to the
Taylor-Proudman constraint, which is expected to

Fig. 3. Axisymmetric
component of the non-
dimensional velocity field.
Filled contours of the zon-
al velocity are shown on
the left, and stream lines
of the meridional circu-
lation are shown on the
right for a model with a
degree-1 heat flux outer-
boundary condition (A)
and a model with a home-
geneous heat flux outer-
boundary condition (B).
For the zonal velodity, red
indicates prograde zonal
flow, and blue, retrograde
zonal flow. For the merid-
jonal dirculation, red indi-
cates prograde dirculation,
and blue, retrograde cir-
culation. The color bars
apply to the zonal veloc-
ity figures only, and the
units are m $°%. The in-
tensity of the meridional
circulation is prescribed
by the spacing of the
stream lines.

A
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« gnetized in the northem hemisphere (as they
are in the southern hemisphere), this mechanism
can explain why none of the magnetized regions

x107°
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in the northem hemisphere are as strong as the
regions in the south.

In addition to explaining the occurrence of a
strong field in only one hemisphere, our model is
also able to explain the conflicts between various
Mars paleomagnetic studies and rotational stability
studies. The inferred paleomagnetic pole positions
vary in location depending on the ndividual crustal
anomaly used (23, 26). Some of the paleopoles are
also located in equatorial regions near the Thalsts
bulge and h far from thy
icpoles. This has been interpreted as evidence fora
large true polar wander event that relocated Tharsis
from polar o equatorial regions in early Mars
history (27). However, large Tharsis-driven true
polar wander is in conflict with rotational stabil-
ity studies (28, 29) that demonsirate that the
present-day gravitational figure of Mars favors a
small Tharsis-driven true-polar wander scenario.

An asstn-npuon made in the paleomagnetic
studies is that the dynamo-generated magnetic
field was axial-dipolar dominated. This assump-
tion implies that the magnetic pole coincided with
the rotation pole and is used extensively in Earth
paleomagnetic studies. Our models would dictate
that the Mars dynamo-generated field was not
axial-dipolar dominated and hence that the mag-
netic poles would not coincide with the rotation
poles, rendering paleopole interpretations useless.
In add.m)n, hn’:guse our dynamo-, gmmm:d fields
are ! crustal fields at
different lumuuns can point to different paleo-
magnetic poles, thereby explaining the discrep-
ancies in the different paleomagnetic studies.

A single-hemisphere dynamo also has impli-
cations for evolution of the martian atmosphere.
A strong dynamo-generated magnetic field can
more easily explain the intense crustal magnetism.
However, efficient atmospheric erosion, necessary
10 explain the loss of Mars” early thick atmosphere,
favors a weak internal magnetic field (30). Our
single-hemisphere dynamo may provide an elegant
solution to this problem because the northern
hemisphere would be prone to atmospheric
removal early in solar systern history when the
young Sun was more active (37), but the southern
hemisphere could still possess a strong magnetic
field in which the crusial rocks could magnetize.
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The Structure and Dynamics of
Mid-Ocean Ridge Hydrothermal Systems

D. Coumou,* T. Driesner, C. A. Heinrich

Sub-seafloor hydrothermal convection at mid-ocean ridges transfers 25% of the Earth's heat
flux and can form massive sulfide ore deposits. Their three-dimensional (3D) structure and
transient dynamics are uncertain. Using 3D numerical simulations, we demonstrated that
convection cells self-organize into pipelike upflow zones surrounded by narrow zones of focused
and relatively warm downflow. This configuration ensures optimal heat transfer and efficient
metal leaching for ore-deposit formation. Simulated fluid-residence times are as short as 3 years.
The concentric flow geometry results from nonlinearities in fluid properties, and this may influence
the behavior of other fluid-flow systems in Earth's crust.

ydrothermal convection at mid-ocean
Hridgcsprcadir@ centers transports a major

part of Farth's total heat flux, substantial-
ly affects the chemistry of crust and overlying
ocean, and provides nutrients for chemosynthetic
life on and beneath the sea floor. Mass, heat, and
associated chemical fluxes from the crust to the
ocean at mid-ocean ridge spreading centers are

Department of Earth Scences, Eidgendssische Technische
Hochschule-Zurich, Clawsiussirasse 25, Zurich 9082, Switzerland.
“To whom comrespondence should be addressed. E-mail:
coumou@pik-potsdam.de
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large (1, 2). Fundamental features of this flow,
such as the location of seawater recharge and the
relative importance of off- versus along-axis con-
wvection, are still uncertain. Recent studies of active
(3) and ancient (#) systems show that discharge
can be highly focused in pipelike regions, possibly
continuing to the base of the hydrothermal system
(3). Recharge is often thought to oceur over exten-
sive areas (3, 6), with off-axis faults guiding fluid
pathways toward the base of the hydrothermal
system. A common alternative view is that of fluid
circulation being restricted to a high-permeability
along-axis zone (7, &). Micro-carthquake data
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indicate that recharge can be focused close to the
spreading center in some systems (9).

Recent two-dimensional (2D) numerical studies
that included accurate themmodynamic properties of
water have shown that the nonlinear dependence of
fluid properties on pressure and temperature is a
first-order control, detenmining the self-organizaton
of convection cells (/0-12). Quantitative 3D numer-
ical models have been applied to low-permeability
(13) or sedimented systems (/4) and to a config-
uration with an along-axis high-permeability frac-
ture (15, 16) but not to the more highly permeable
basaltic systems, which represent the greater and
‘most active part of mid-ocean ridge spreading cen-
ters. Here, we describe a 3D mode! that represents
the hydrothermal system without geological com-
plexity so as to identify the first-order physical
factors controlling the behavior of mid-ocean
ridge convection cells.

The goveming equations are an appropriate
version of Darcy's law (1 7), conservation of mass
and energy in an incompressible porous medium
(12) and an accurate equation of state for pure
water (/8). Using pure water substantially re-
duces the computational complexity because pure
water above the critical pressure (21.1 MPa) is
always a single-phase fluid with properties closely
resembling those of seawater. Two-dimensional
across-axis simulations including the full-phase

26 SEPTEMBER 2008
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relations of seawater have shown that the overall
narrow shape of the upwelling plume remains
similar in spite of phase separation (/9), hence
the simplification employed here is justified. The
equations are solved within the 3D box shown
in Fig. 1, which has been discretized by a total
of ~2.5 million tetrahedral elements. The total
amount of energy added to the system can be esti-
mated from the spreading rate of the oceanic plates.
Magma crysiallization and cooling to ambient tem-
peratures release energy up to ~120 MW/km of
the spreading axis (2). Direct measurements from
individual vent fields or ridge segments have
given substantially larger values, indicating that
magma supply is episodic and local (20-22). In
the model, we set the heat flux at an intermediate
value of 350 MW/km, which is distributed along
the bottom in a Gaussian profile that mimics an
elongated magma chamber with an across-axial

Fig. 1. 3D mesh consist-
ing of 2.5-m tetrahedron
elements. Resolution is
refined tovard the axial
center, with the finest reso-
lution between the dashed
lines, and colors indicate
computational domains
assigned to separate pro-
cessors (23). At the bottom
boundary, the bell-shaped
form of the heat flux
profie & plotted, ranging
from 10 Wim® (blue} to
300 Wim” (red).

« 1000 m >

Fig. 2. Thermal and
fluid-flow structure of
the simulation after
~100 years. (A) The 3D
contours of the 300°C
(transparent) and 380°C
(yellow) isotherms. The
horizontal cross-section
plots vertical mass fluxes
[scale as plotted in (B)].
(B) Mass fluxes in kilo-
grams per square meter
per second through hor-
izontal cross-sections at
100- and 500-m depth.
Thin black lines plot the
100°C and 300°C iso-
therms, and the white
line separates the up-
flowing from downflow-
ing regions (x axk, meters;
y axis, meters). (€) Cross-
section through a thermal
plume plotting 100°C
(blue), 300°C (brown),
and 380°C (yellow) iso-
therms as well as mass
fluxes (arrows). High-

width of roughly 1 km (Fig. 1) (23). We setabulk
permeahility of & = 50 % 107" m®. At these
specific values of permeability and heat flux, the
temperature near the bottom of the model estab-
lishes itself to be close to the expected magmatic
temperatures of ~1200°C (24). At lower perme-
ahility, the system cannot remove heat fast enough,
and the system heats up unrealistically. At higher
permeabilities, heat is mined faster, suppressing
botiom boundary temperatures to values much
smaller than magmatic temperatures. The top
‘boundary represents the sea floor and is kept at a
pressure of 25 MPa, representing an ocean depth
of roughly 2.5 km. To allow hot fluids to vent
through the top, we used a mixed thermal boundary
condition {11, 12} In elements fencing up-

In the simulations, after a short initialization
period, convection developed nto pipelike up-
tlow regions, spaced at regular distances of rough-
ly 500 m (Fig. 2A). Although thermal instabilities
periodically form and rise close to the axial cen-
ter, the locations of the main upflow regions re-
main relatively fixed. Within these pipes, fluids
of ~400°C move upward vigorously and vent at
the sea floor, forming near-circular discharge areas.
The surface area of these fields is ~2 * 10" m”,
which is in good agreement with the range ob-
served for natural black smoker fields of 3 » 10" o
101 % 10° m? (25). Most of the downflow happens
in concentric tube-shaped regions directly sur-
rounding the upflow plumes (Fig. 2, A to C).
Fluid in these regions ranged from

flow, the thermal gradient is set o zero to represent
unobstructed outflow to the ocean, whereas ele-
ments experiencing downflow take in 10°C water.

’:’W’Ussr'vg
'(a-sz-r.e.ﬁi'i":fm

hydraulic-conductivity downflow zones between the 100° and 300°C isotherms are clearly visible.
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1007 1o 300°C at already shallow depth. At a
radius of less than twice that of the upflow zone,
the downward mass flux reached a value five
times as large as the average downward mass
flux and about half the maximum upward flux.
At a depth of 500 m, the integrated upward mass
flux through the whole model is ~800 kg's,
which implies ~200 kg/s per kilometer of ridge
segment and ~100 kg/s per vent field. Roughly
two-thirds of this mass is provided by downflow
in the warm near-axial regions. Elevated temper-
atures of the downflowing fluids reaching 300°C
imply that substantial heat is recirculated; rough-
ly one-quarter of the heat traveling upward is lost
conductively to the adjacent downflow zones, in
which it is recirculated back to the bottom. This
recirculation process therefore controls the ther-
‘mal structure of the downflow zone, heating it to
average temperatures of ~200°C. Relatively warm
downflow has been observed in 2D models (26),
in which downflow has 10 take place in between

SCIENCE www.sciencemag.org



hot upflow zones, but is not naturally expected in
3D. Darcy fluxes in the system are ~5.0 x 107° m/s
in the upflow zone and ~0.75 % 107 mis in the
surrounding near-axial downflow zone. By con-
verting these values to actual pore velocities, a
residence time of only ~3 years is calculated fora
fluid particle entering the system through the prox-
imal recharge zone, traveling to the base of the
hydrothermal cell, and flowing out again through
the black smoker. This short travel time is in
agreement with recent estimates made with nat-
ural radionuclide tracers (27, 28).

To understand why this system evolves this
way, we analyzed the steady-state pressure gra-
dient (8p/dz) in a simplified geometry, taking ac-
count of the nonlinearity of the fluid properties. In
the near-axial region, the vertical pressure gra-
dient must have a value between that of acold and
hot hydrostatic, so that cold fluids can be brought
downward and hot fluids can be brought upward.
As a first approximation, we assumed that re-
charge is limited 1o a region directly surrounding a
pipe-shaped upflow zone (fig. S1). The mass ba-
lance between up- and downflowing water is

ki [ép —
A"P“;T“ [5 P..g] =

z m

ks
Adpa— [Psg ~
g

Here, A, is the cross-sectional area of the upflow
zone and Ay is the cross-sectional area of the
downflow zone. Subscripts u and d indicate prop-
erties of the upwelling and the downwelling fluid,
respectively; p is the water density; u is the water
viscosity; and g is the acceleration due to gravity
(fig. S1). Equation 1 assumes that horizontal
pressure gradients between up- and downflow
areas can be neglected. This assumption is allowed
in the near-axial region because there the fluid
flow is dominantly vertical. The vertical pressure
gradient can be expressed in terms of the density p,,
of a fictitious neutrally buoyant fluid, ding to

erties pgpytiypa. Physically, the product ¥R can be
seen as the ratio of the resistance against flow in the
downflow region over that in the upflow region
and, depending on pressure and can
have values ranging from 0.1 to 10 y. From Eq. 2,
we can derive an expression for the fluxibility F,
defined as the ability of a system to transport energy

by buoyancy-driven convection
Pull ~ha)lps —p) 1
F A T 3
Hy 1+9R @

where /i is the specific enthalpy of the fluid.
Equation 3 is an extension of the ordinary defini-
tion of fluxibility (29) because it allows resistance in
the downwelling limb as well as the upwelling
Limb. In the limit ¥ — 0, in which the resistance of
the downwelling limb is negligible as compared
with that of the upwelling limb, Eq. 3 reduces to the
original definition of fuxibility (29, 30).

Heating water from 10° to 200°C decreases p
by approximately one order of magnitude, where-
as p changes by only about 10% (Fig. 3A). Asa
consequence, 200°C fluids can be brought down-
ward highly efficiently: The greatly reduced
wviscosity makes them mobile, whereas their only
weakly d I density maintains a substantial
downward buoyancy force as compared with the
upflow zone. Heating the fluid to even higher
temperatures would cause the density to decrease
substantially and hence lower the downward buay-
ancy force. Downward mass transport can there-
fore be optimized at temperanires of around 200°C.

In order to analyze our numerical results, we
took y as ~1 because k is homogeneous (k;= k),
and the area of upflow is roughly the same as the
area of increased downflow (Fig. 2B). Figure 3B
plots F against temperatures of the up- and down-
flowing fluid using ¥ = 1. It shows that energy
transport can be maximized when upflowing
water reaches temperatures of ~400°C and down-
flowing water is ~200°C, exactly like the thermal
structure observed in the numerical simulations.
The thermal structure of the cal simulati

pldz = pug. Equation | can now be written as

Pa— Py _ 1

PP LR

2)

Here, the geometric constant y represents the
ratio Ak,/44ky and R is the ratio of fluid prop-

featured enhanced downflow for fluids in the
temperature range from 100° to 300°C, which fits
with the peak of maximum fluxibility in Fig. 3B.
At these conditions, a neutrally buoyant fluid has
a density of ~600 kg/m® (Fig. 3C), implying that
dpldiz is ~6000 Pa/m, which is in agreement with
simulation results. Ifupflowing fluids have either

Fig. 3. (A) Density (soli) A
and viscosity (dashed) as a
function of temperature
at 30 MPa. (B) F plotted
against upwelling and

ing temperatures
(Eq. 3). Solid black lines
follow contours at down-
welling temperature {7y =
100°C, Ty = 200°C, Ty =

1000

g8

density p [kg m”]
§

300°C, and 7, = 400°C.
Blue, 0 <F < 1e15; Green,
1e15 < F < 2e15; Yellow,

2e15 <F < 3e15; and Orange, 3e15 < F < 4e15. (C) Neutral density (in kilograms per cubic meter) plotted against u
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a lower or higher temperature than ~400°C, then
their hydraulic resistance will increase, hence the
pressure gradient has to increase to drive such fluids
upwards, resulting in larger neutral buoyancies
(Fig. 3C). Similarly, the resistance of the down-
flow zone increases if ils temperature is either
larger or smaller than ~200°C. Cooling a ~200°C
fluid will increase its viscosity more rapidly than
its density, whereas heating a ~200°C fluid will
decrease its density faster than its viscosity (see
Fig. 3A). Both effects result in a larger hydraulic
resistance of the fluid. This analysis shows that the
convection cells operate in a state of least hydrau-
lic resistance in order to maximize the overall
efficiency of energy transport. Thus, surprisingly,
substantial recirculation of heat unexpectedly
enhances mass fluxes through the system and
thereby increases the overall heat transport of the
cell. Previous studies indicated that black smoker
systems could well be operating in a state of
‘maximum energy transport (30-33), explaining
why black smoker vent fields are ofien close to
‘but never higher than ~400°C (11).

Convection cells evolve toward and remain in
this state of least resistance by counteracting
feedback mechanisms that self-regulaie the flow
in convection cells, For instance, increasing resist-
ance by cooling the downflow zone to temper-
atures lower than ~200°C slows down the fluid
flow through the system. This reduced flow in-
creases conductive heat losses from the upflow
area, heating up the downflow area again 1o tem-
peramres of ~200°C. Furthermore, the upflow
temperature cannot become hotter than ~400°C
(11, Therefore, if convection stagnates because of
extemal forces, the boundary layer between the
magma chamber and hydrothermal cell will broad-
en, but upflow temperatures will stay at ~400°C,

The regular spacing between black smoker
fields has previously been explained with a slot-
convection model, in which convection domi-
nantly takes place in a high-permeability axial
plane and therefore could be considered a 2D
system (/2). Our simulations show that this re-
striction is not required and that, at high heat-flux
conditions, convection naturally forms individual
black smoker fields at regular spacing because of
the nonlinear temperature and pressure depen-
dence of the fluid's properties.

The Main Endeavour Field (MEF) on the
Juan de Fuca ridge appears to be a natural exam-
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ple closely matching our simulation results. There,
regularly spaced vent sites, with black smokers
venting fluids close to 400°C, have been active for
several years (34, 35). Magnetic anomaly data
show that upflow zones are narrow pipelike struc-
tures that reach to a depth of at least a few hun-
dreds of meters and possibly to the base of the
hydrothermal system with a regular spacing com-
parable with that in our simulations (3). Though
natural systems are geologically much more com-
plex than the numerical model described here, we
suggest that the MEF is likely to operate in a state
of maximum energy transport, with recharge oc-
curring close to the vent sites. The optimal site for
future in situ tracer injection experiments would
therefore be about twice the radius of a black
smoker vent field. The relatively short residence
times resulting from our calculations also indicate
that such an experiment can lead 1o a successful
tracer test within a realistic time frame.

Massive sulfide ore deposits form when con-
vecling seawater leaches metals from new basal-
tic crust and reprecipitates them as sulfides at the
outflow points of active black smokers. The solu-
bility of iron, zinc, and copper increases almost
exponentially with temperature (36). Cur simu-
lations indicate that the average temperature of
fluid-rock interaction is much higher than would
be expected from dispersed seawater infiltra-
tion across the spreading axis (37). As a result,
solubility-limited leaching is expected to be much
more effective by including large parts of the hot
downflow path and not being restricted to the
basal reaction zone of the system. With an average
copper content in mid-ocean ridge basalt of 25
parts per million, a typical small seafloor sulfide
deposit of 0.2 million metric tons containing 3%
copper (38) can be formed by leaching only the

upflow zone and its immediately surrounding hot
downflow zone. The copper solubility in this region
varies from ~107" moldkg at 200°C 1o ~107" molkg
at 350°C, ensuring that the metals are quickly
leached and a deposit can form within a period of
100 10 1000 years.
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Neodymium-142 Evidence for
Hadean Mafic Crust

Jonathan O“Neil,** Richard W. Carlson,? Dan Francis,* Ross K. Stevenson®

Neodymium-142 data for rocks from the Nuwua

Canada, show that some rock types have lower *

ll‘tuq ‘greenstune belt in northern Quebec,
’Nd/*“*Nd ratios than the terrestrial standard

(£3°Nd = —0.07 to 0.15). Within a mafic amphibolite unit, “**Nd/**N ratios correlate positively
with Sm/Nd ratios and produce a *%sm-'**Nd isochron with an age of 4280%7} million years.
These rocks thus sample incompatible-element-enriched material formed shartLy after Earth
formation and may represent the oldest preserved crustal section on Earth.

eries concemning the oldest rocks on Earth,

with precise zircon ages pushing the ter-
restrial rock record back beyond 4 billion years
ago (Ga) () and the detrital zircon record to be-
yond 4.3 Ga (2). Because zircon is a rare to non-
existent phase in most mafic rocks, prospecting for
ancient crust through zircon analysis has focused
the search on the more evolved rock types that
likely, as today, do not represent the major volume
of Earth’s crust.

The past decade has seen dramatic discov-
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The short-lived “**Sm-"**Nd isotopic system
[half life (Tyz) = 103 million years (My)] has
proven useful for investigating the early differen-
tiation of the silicate portion of Earth. Recent mea-
surements of the ***Sm-**?Nd system in Eoarchean
{4.0 10 3.6 Ga) rocks, primarily from Greenland,
show excesses in ““Nd/“*Nd ratios of 10 1o 20
parts per million (ppm) compared to modem ter-
restrial standards testifying to Earth differentiation
events within a few tens of million years of Earth
formation (3-7). The high "*Nd/**'Nd measured

for these rocks indicate that the Eoarchean crustal
rocks were sourced in a mantle with high Sm/Nd
ratio, We describe evidence from the Nuvvuagittug
greenstone belt that a complimentary, low Sm/Nd
ratio, reservoir is also found in the temestrial rock
record and that these rocks may be the oldest yet
discovered on Earth.

The recent discovery of the Nuvvuagittug green-
stone belt in Ungava, Québec, provides a new
suite of Eoarchean rocks with which to further
our understanding of the early crust-mantle sys-
tem. The Nuvvuagittug belt exposes volcanic and
metasedimentary rocks in an isoclinal synform
refolded into a more open south-plunging synform
(Fig. 1) (8) and is surrounded by a 3.66-billion-
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year (Gy) tonalite (9, /0). Geochronological
constrainis for the belt come mainly from rare
felsic bands (0.5 to 1 m in width) composed of
plagioclase, biotite, and quartz that have yielded
a discordant zircon age of 3817 £ 16 My (9). A
minirmun age of 3750 My has also been obtained
from U-Pb ion microprobe analyses of zircons
found in a similar lithology (/[). Although no
clear crosscutting relationship has been found,
the felsic bands are commonly found within
gabbroic sills that may suggest an intrusive nature
for these rocks. The dominant lithology of the belt
is a cummingtonite-amphibolite referred to as
“faux-amphibolite” because of its unusual min-
eralogical composition in which the dominant
amphibole is curnmingtonite, in contrast to the
hornblende-dominated amphibolites usually
found in the Superior Province. The faux-
amphibolite is composed of variable amounts of
cummingtonite, plagioclase, biotite, and quartz
plus or minus gamet (&), commonly with
compositional layering defined by the alternation
of biotiterich and cummingtonite-rich lamina-
tions. These rocks are very heterogencous and
can be almost entirely composed of cumming-
tonite, giving them a light gray color, whereas
some are reddish brown in color and mainly
consist of biotite and gamet, with minor amounts
of cummingtonite.

The faux-amphibolite is intruded in the
western limb of the synform by ul fic and

ite samples also show low "Nd/"*Nd (&'*Nd =
—0.12 to —0.16) as do both felsic band samples
(£"Nd = ~0.09 to ~0.10), although the felsic
‘bands overlap the terrestrial standard within the
external error of 0.06 as determined by the 2o-
population reproducibility of the standards (SOM
text). The gabbros have “7Sm/**Nd ratios (0.183 to
0.193) and measured “*Nd/*“Nd ratios (¢'*Nd =
~4.7 10 0.6) that are ‘51451 slightly below chondritic
values, with "Nd/™**Nd ratios overlapping the
temestrial standard (&' Nd = —0.09 to —0.02).
The Nuvvuagittuq rocks have "Nd/"*'Nd
ratios that fall between the “*Nd/**Nd ratios of
chondrites and the terrestrial standard [eg.,
(12)]. This is in contrast to Foarchean rocks of
Greenland that have “PNd/"**Nd values higher
than the terrestrial standard (3-7). Also, unlike
the Greenland rocks, the *“Nd/"*'Nd ratios of
the gabbros and faux-amphibolite correlate posi-
tively with their Sm/Nd ratios, producing a sta-
tistically significant slope corresponding to a
M8y ™sm ratio of 0.00116 £ 0.00049 [mean
square welghted deviation (MSWD} = 0.67, er-
ror with 95% confidence] and an initial £ '**Nd =
—0.02 £ 0.15 relative to the terrestrial standard
(Fig. 3). This line is fit assigning a constant 6
ppm error for “INAMNd for all samples 1o rep-
resent the extermnal reproducibility of these isotope
ratio determinations. For a solar system initial
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198m/"Nd = 0.008 (/3) at 4567 Ga (14), this
slope comresponds to an age of 42807 My. Fit-
ting just the faux-amphibolite data provides a
slope of 0.0012 + 0.0011 corresponding to an age
of 4286135 My with an initial e**Nd = +0.02 +
0.32 relative to the terestrial standard. Both the
tonalites and the felsic bands fall off these cor-
relations to the low Sm/Nd ratio side.

At the whole rock scale, isochrons need not
provide the crystallization ages of the rocks
that define the isochron. Because 4.28-Gy-old
the isochron shown in Fig. 3 goes through the
wvalue of the modem temrestrial mantle, the unfrac-
tionated rocks would plot close to the modem
mantle value on Fig. 3 regardless of their age.
For example, 12 ultramafic to gabbroic samples
from one sill cutting the faux-amphibolite give a
'79m"**Nd isochron age of 3840 = 280 My
(MSWI» = 3.8) with inifial £'*Nd = +0.9 (Fig,
4A), but the data for some of the same samples lie
close to the 4.28-Gy isochron in Fig. 3. The old
age in Fig. 3 is dictated by the low Sm/Nd ratios
of the faux-amphibolite. The faux-amphibolite
defines a scattered "Sm-"**Nd correlation with
an age of 3819 + 270 My (MSWD = 5.5) and
an initial £"*Nd = -1.4. The negative initial
£"*Nd of the faux-amphibolites is unusual for
rocks of this age but is consistent with the low
MINQ/ **Nd ratios measured for these samples.

pabbroic sills. Compared with these relatively
undeformed gabbros, two larger gabbroic sills
toward the center of the belt display pronounced
gneissic textures, suggesting that they may be
older than the less-deformed gabbroic sills. The
faux-amphibolite in the westem limb rarely
comtains gamet, whereas toward the center of
the belt it has abundant gamet and commonly
higher AL O, contents (§). The faux-amphibolite
was originally interpreted to be a paragneiss (/0)
because of the abundance of gamet and composi-
tional layering. These rocks, however, are more
mafic than typical Archean shales and have a
basaltic major element composition similar to those
of the gabbroic sills but with lower Ca0, slightly
lower TiOy, and commonly higher Al,Oy contents.
These features suggested that they could be highly
altered mafic pyroclastites comagmatic with the
gabbro sills (§). The faux-amphibolite, however, is
enriched in light rare earth elements (LREEs),
which argues against a direct cogenetic relation-
ship with the gabbros that intrude it, all of which
have flat REE patterns (table S1).

Seven samples of the faux-amphibolite
yielded low “Sm/"**Nd ratios (0.143 10 0.179)
with correspandingly low measured “*Nd/*Nd
(e'*Nd from ~27.4 t0 -9.7, where e''Nd =
[(l“Ndfl“Nd)ﬂ,,pLJ{mNdfl«Nd)m —1 %
10" and CHUR is chondritic uniform reservoir)
and ““Nd/**'Nd ratios (e"Nd = -0.07 1o
-0.15, where &"Nd = [(**Nd/*Nd)smpic/
(PN Nugptara) — 1] % 10%) relative 10 the
terrestrial standard [Fig. 2, table S2, and sup-
porting online material (SOM) text]. Two tonal-
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Fig. 1. Simplified geological map of the Nuvvuagittug greenstone belt. The gealogy of the belt is
described in more detail in (8). Coordinates are in universal transverse mercator zone 18 NAD 27.
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Sm/Nd ratios as low as those measured in the
faux-amphibolite and felsic bands would not
produce Nd/"**Nd ratios owside of measure-
ment uncertainty from the terrestrial standard
if this parent/daughter fractionation occurred
later than ~4.1 1o 4.2 Ga. Thus, even if the faux-
amphibolite has crystallization ages of 3.8 Gy,
the steepness of the '**Nd/"*'Nd-Sm/Nd co-
variation requires that they sample a LREE-
enriched material that is at least 4.28 Gy old.
This LREE-enriched component could be either
older crust that contaminated parental melts
like the gabbros or a LREE-enriched mantle source
that melted to produce the faux-amphibolite. Re-
gardless of the nature of the IREE-enriched com-
ponent, its low Sm/Nd ratio must have formed
while "**Sm was still extant, and the 4.28-Gy-
old isochron provides the best indication of the
age of this end member.

An alternate interpretation is that the 4.28-
Gy-old isochron indeed dates the formation age
of the faux-amphibolite, but this possibility is not
supported by the 3 8-Gy-old *"Sm-'*Nd age of
this unit. For an isochron that passes through the
terrestrial mantle point, however, a reduction in
Sm/Nd ratio of the faux-amphibolite with the
lowest Sm/Nd ratios by only 4.4% caused by
metamorphism at 3.8 Ga would rotate a WSm-
“Nd isochron of 4.28 Gy to 3.8 Gy. Increasing
the Sm/Nd ratio of the low—Sm/Nd ratio faux-
amphibolite by 4.4% would increase the "%Sm-
H20d isachron age by only 25 My, well within
the uncertainty of the data, illustrating the
potential of the "**Sm-"Nd system to see
through later metamorphic events

Obviously, other comoborative data would
help resolve whether the 4.28-Gy age dates the
rocks themselves or an older component in-
volved in their genesis. In spite of attempts to do
so, zircons have not yet been found in the faux-
amphibolite. Whole-rock Pb isotope data for the
faux-amphibolite (table S1) do not define a
valid isochron. The best fit line through the
2ph P ph—""Pb*Ph data comresponds to an
age of 24 + 0.4 Gy, indicative of a late dis-
turbance of the U-Pb system at the whole-rock
scale. The faux-amphibolite is crosscut by the
gabbro sills and therefore must be older than the
gabbros. Although the undeformed gabbros give
a ""Sm-'"Nd isochron age of 3.84 Gy (Fig.
4A), an isochron constructed from nine samples
of the more gneissic, presumably older, gabbros
gives an age of 4023 £ 110 My (MSWD = 0.78)
with initial ¢'*Nd = +1.7 (Fig. 4B). All samples
of the faux-amphibolite, except PC-129, yield
negative £*Nd(3.8 Gy) values ranging from
-3.2 1o -1.0, compared with the mostly positive
£"Nd(3.8 Ga) (- 0.2 o +3.1) for the gabbro and
ultramafic sills (table S2). When the e"*Nd
values for the faux-amphibolite, except PC-129,
are calculated for an age of 4.28 Gy, they range
from —0.3 to +2.3 with an average value of 0.6.
This average initial £ *Nd value is consistent with
the mantle value at 4.28 Ga predicted by various
depleted mantle evolution models (5, 15, 16), but

Fig. 2. The "?Nd/"**Nd ratios for the TTT I

Nuvvuagittuq rocks normalized to the La
Jolla standard. Gray solid bar corresponds
to the external (6 ppm) error obtained on
the terrestrial standard. Error bars for in-
dividual samples correspond to either the
2c-mean internal precision of the mass spec-
trometer analysis or the 2a-mean of repeat
analysis of the sample on the same mass
spectrometer filament load. Solid circle
indicates ultramafic sil; open drcles, gab-
bro; diamonds, faux-amphibolite {alternating
open and solid diamonds show data for rep-
licate analyses of single samples); squares,
tonalite; and triangles (alternating open
and solid triangles show data for replicate
analyses of single samples), felsic band.
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Fig. 3. “2nd™*Nd versus *7sm/"**Nd isachron diagram. Symbols as described for Fig. 2. Only the
average value of replicate analyses is plotted on this figure. The horizontal gray band shows the +6 ppm
external precision obtained on the terrestrial standard. Error bars on individual samples are either the
2a mean of multiple analyses or the 26 mean of the individual mass spectrometer run for samples run
only once. The best fit line through the faux-amphibolite and gabbro data corresponding to an age of
4.28 Gy is shown, as are 3.8- and 4.0-Gy isochrons for reference. The gray dircle shows the average
value measured for ordinary and enstatite chondrites (12).
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